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1 Abstract 

 

The high affinity and specificity of monoclonal antibodies (mAbs) against a single epitope, 

combined with the actual possibility to produce them in large quantities through different 

well–established technologies, make mAbs extremely important research tools for a broad 

spectrum of biochemistry, molecular and cellular biology applications and sharp devices in 

medical contexts, both for diagnostic and therapeutic purposes. However, the development 

of new approaches for the generation, isolation and production of mAbs is critical to address 

the limited ability of hybridoma technologies to represent the antibody repertoire diversity 

generated following immunization of wild type or Hu–Ig transgenic mice, or the display 

technologies propensity to lose the naturally selected heavy and light chains variable regions 

pairing. 

Structurally–complex transmembrane protein families such as GPCRs, ion channels and 

solute carrier (SLC) membrane transporters are functional in many important cellular 

processes and involved in several pathological conditions. For these reasons they are very 

attractive targets for the development of monoclonal antibodies either for diagnostic or 

therapeutic applications. However, the technical difficulties encountered in their generation 

make these potential therapeutic targets still poorly exploited. 

The aim of this PhD project is to define an effective method for the production of monoclonal 

antibodies targeting structurally–complex transmembrane proteins, in order to facilitate the 

development of potential diagnostics and therapeutics mAbs towards hard–to–target 

antigens. 

Combining single antigen–specific Antibody Secreting Cells (ASCs) isolation and cloning 

of immunoglobulin (Ig) heavy– and light–chain variable regions (VH and VL) it was possible 

to identify monoclonal antibodies recognizing different epitopes and conformational 

structures of a complex multi–spanning membrane protein from mice immunized with the 

protein natively overexpressed on cell surface or with a recombinant fragment of it. One of 

the newly generated antibodies efficiently recognizes a cell–surface exposed conformational 

epitope on a cancer cell line. To date, there is no evidence in the literature of existing 

antibodies capable of specifically recognizing the selected target protein in its 

conformational form. 
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The results achieved allow the validation of the method described in this work. At the same 

time, the new developed molecular tool will be very useful for an in–depth functional 

characterization of a transmembrane amino acid carrier involved in several diseases; a tool 

that could be eventually further developed for diagnostic and therapeutic applications. 
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2 Introduction 

 

2.1 Monoclonal antibodies: characteristics and applications 

Since their first production in 1975 by Georges J. F. Köhler and César Milstein [1], through 

an innovative experimental procedure subsequently renamed “hybridoma technology”, the 

monoclonal antibodies (mAbs) have become essential tools for a broad spectrum of 

biochemical, molecular biology, and medical applications.  

Unlike polyclonal antibodies (pAbs), which are immunoglobulins secreted by different 

plasma cell clones that recognize and bind a multiplicity of epitopes of the same antigen, 

mAbs are produced by a single B lymphoid cell clone and therefore have affinity for a unique 

antigenic determinant. This mono–specificity makes mAbs particularly suitable for 

structural analyses, evaluation of conformational, interactional, or post–translational 

modifications and identification of single antigen in a defined protein family. 

Another difference between polyclonal and monoclonal antibodies lies in their 

reproducibility. pAbs are directly purified from the immune repertoire present in the blood 

serum of animals immunized with the antigen of interest. For this reason, their reactivity and 

titer significantly vary among different batches, with a production limited by the animal’s 

size and lifespan. On the other hand, both traditional (i.e., hybridoma) and novel techniques 

of mAbs development are based on the identification and the maintenance of the genetic 

information relative to the single monospecific antibody, thus generating a system for the 

constant production of antibodies with elevate specificity. This mAbs feature is useful for 

the establishment of immunoassay systems under safe and standardized conditions [2]. 

Overall, the possibility to produce large quantities of mAbs with highly specific binding 

make them extremely important tools for basic research and clinical applications, including: 

• Qualitative and/or quantitative analyses to evaluate antigen presence and 

abundance in complex mixtures (e.g., enzyme–linked immunosorbent assay, ELISA 

[3], enzyme–linked immunospot, ELISPOT [4], immunoblot [5], 

immunoprecipitation [6], X–ray crystallography [7], proteome/antibody microarray 

[8], [9]), single–cell suspensions and sections of immobilized cells/tissue (e.g., 

immunofluorescence and immunohistochemistry [10], flow cytometry [11]), or even 

organisms in vivo (e.g., radioimmunoimaging [12]); 
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• Purification and/or enrichment of soluble antigen and antigen–associated 

molecules (e.g., immunoaffinity chromatography [13]) or subpopulations of antigen–

expressing cells (e.g., magnetic–activated cell sorting, MACS [14], panning [15], 

fluorescence–activated cell sorting, FACS [11]); 

• Mediation and/or modulation of physiological effects by targeting an antigen 

presented in an extracellular environment (e.g., abzymes [16]), in intact and viable 

cells (e.g., cell signalling activation [17] or neutralization [18] and intra–antibodies 

[19]) or in live animals and human patients (e.g., cell depletion [20], cell signalling 

neutralization [21] and immunotherapy [22]). 

Given their high applicational versatility, the mAbs industry has managed to grow 

exponentially in recent years, with 115 potential mAbs therapeutics currently in late–stage 

clinical studies [23] and a global market of 126 approved antibody drugs by the US Food 

and Drug Administration (FDA) and EU European Medicines Agency (EMA) [24]. Recent 

data show that the mAbs market nearly quadrupled from the average of 1,6 new antibodies 

released per year in the period between 2002 and 2012, thanks also to a streamline in the 

approval process by the US and EU regulatory bodies and a good pipeline. In fact, 90 new 

mAbs have entered the market since 2013 and this trend is expected to continue in the future 

years, with a market value potentially reaching $300 billion by 2025 [25]. 

Although mAbs have a stable niche of use in biochemistry, molecular and cellular biology, 

and in basic research as probes capable to recognize and bind a specific biomarker, the mAb 

industry has mainly focused on their development in medical contexts (e.g., oncology, 

immunology, haematology) both for diagnostic and therapeutic purposes [26]. It is evident 

that the importance of mAbs as therapeutic drugs has grown over the past years (Figure 2.1), 

making them the predominant treatment approach for several human diseases. During this 

period, there was also a strong interest of pharmaceutical companies in the repurposing of 

already existing mAbs to counteract any biosimilar effects and in the development of new 

technologies to make the discovery and the time–to–clinic processes of antibody therapies 

rapid and effective, including single-cell printing and cloning, high-throughput screening, 

selection of the best clones and culture in miniaturized bioreactor systems for improved 

scalability [26]. 
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Figure 2.1: Timeline from 1975 showing the successful development of therapeutic antibodies and their applications. 

Many biotech companies that promised antibodies as anticancer “magic bullets” were launched from 1981 to 1986. The 
height of the line and numerical annotations represent the estimated market value of mAb therapeutics in each indicated 

year (shown as billions of US dollars). Antibodies coloured in red represent the top 10 best-selling antibody drugs in 

2018 (adapted from [25]). 

 

2.2 Hybridoma technology 

The main purpose of the hybridoma development technique is to immortalize an isolated 

murine B cell capable of producing antibodies of single specificity, which would normally 

survive only a few days after isolation, so that it can be propagated in continuous cultures 

and obtain a virtually unlimited supply of high–quality murine mAbs. 

mAbs production through hybridoma technologies can be divided in 5 main stages (Figure 

2.2): 

I. Animal immunization: The antigen is presented as an immunogen capable of 

stimulating an immune response in the animal, in the form of a protein, short peptide 

coupled to a carrier protein (i.e., keyhole limpet hemocyanin, KLH [27]), synthetic 

multiple–antigenic peptide or antigen–expressing cells. The immunogen is typically 

administrated through intraperitoneal or subcutaneous injection with a non–specific 

immune enhancer (e.g., complete/incomplete Freund’s adjuvant CFA/IFA). Regular 

boosters are required to increase the immune response and to induce class–switch 
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recombination (CSR) via somatic hypermutation, in order to generate higher affinity 

antibodies such as IgG, particularly appreciated for therapeutic applications due to 

their longer half–life (6 to8 days) [28], [29]. The most commonly used mouse strain 

is the BALB/c, an exceptional model for immunology research due to its ability to 

produce plasma cell tumours within soft tissue and the easy activation of Th2 cells 

following immunization [30]. Other animal models that can be used for 

immunization are rabbits [31] and rats [32]. Although in vivo immunization is the 

most used approach, this step can also be performed in vitro, using cultured splenic 

cells and lower antigen amounts [33];  

II. B cells isolation and fusion: After the identification of a mouse with an appropriate 

immune repertoire through antigen–specific antibody titration on serum samples, B–

cells are aseptically removed from its lymphoid tissues (e.g., bone marrow, lymph 

nodes, spleen). The murine B lymphocytes thus obtained are fused with 

histocompatible myeloma cells (e.g., NS0, NS1, Sp2/0, X63Ag8.653 cell lines), 

derived from antibody–producing plasma cancer cells, through physical (i.e., pulsed 

UV laser microbeam [34]), chemical (i.e., polyethylene glycol PEG [35]) or 

electrochemical (i.e., electrofusion [36]) techniques. The myeloma fusion partners 

are previously selected in 8–azaguanine enriched medium [37] for a deficiency in 

hypoxanthine–guanine–phosphoribosyl transferase (HGPRT), an enzyme required 

for the salvage pathway for purine biosynthesis. The resulting HGPRT– myeloma 

cells are therefore completely dependent on the de novo pathway to survive; which 

is extremely important during the selection of fused cells; 
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Figure 2.2: Schematic depiction of the traditional hybridoma technology main stages: I. Animal immunization; II. B 

cells isolation and fusions; III. Hybridoma selection; IV. Hybridoma screening and expansion; V. mAb characterization. 

 

III. Hybridoma selection: Since fusion process has a low success rate, it is critical to 

remove any unfused myeloma cells, which can outgrow particularly unstable 

hybridomas. For this reason, the hybrid cells are seeded in tissue culture wells 

containing hypoxanthine–aminopterin–thymidine (HAT) selective medium. While 

hypoxanthine (a purine derivate) and thymidine are intermediates in the DNA 

synthesis, aminopterin is a folic acid analogue which inhibits dihydrofolate reductase 
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(DHFR), a key enzyme in the de novo pathway for purine biosynthesis. Hence, it is 

possible to select only B–myeloma fused cells, able to survive in HAT medium 

thanks to the salvage pathway enzyme supplied by the splenic B cells, compared to 

HGPRT– myeloma cells, fully auxotrophic for nucleic acids, and the spleen cells, 

limited in proliferation by a short lifespan. After a monitoring period of 20 to 30 days 

after transfection, in order to evaluate any regressions, consolidated hybridomas are 

propagated in multi–well plates with hypoxanthine–thymidine (HT) medium; 

IV. Hybridoma screening and expansion: A primary screening of the culture 

supernatants is performed through immunoassay (e.g., ELISA, 

immunocytochemical, Western Blot, immunoprecipitation–mass spectrometry, flow 

cytometry). in order to identify the hybridomas that produce antigen–specific mAbs 

and eliminate the non–specific ones. To ensure that this screening maintains a good 

degree of equity among all the samples, hybridomas are tested after reaching a 75% 

cell confluence [38]. Samples showing a positive staining pattern are then re–cloned 

[39], [40], in order to isolate the individual hybridomas and prevent the colonies from 

being composed of multiple unrelated hybrids, and retested to confirm the previous 

immunoassay. Once the single positive hybridomas have been identified, they are 

recovered from the multi–well plates and expanded in tissue culture flasks, to obtain 

sufficient cells for cryopreservation and supernatants for further characterization. In 

the event that many hybridomas test positive at the screening, only those with a more 

intense staining are kept, while the less favoured ones are frozen and studied at a later 

date; 

V. mAb characterization: During this stage, hybridomas undergo to an in–depth 

characterization of isotype, specificity, and reactivity of the mAbs produced against 

a wild panel of related antigens preparations [38]. The isotype determination is 

particularly important since, in addition to provide information on the 

immunoglobulin class and subclass, it allows to validate the presence of a single 

isotype and to evaluate the most suitable purification technique for the antibodies. 

Two crucial aspects that must be considered during mAbs characterization are the 

assay restriction [41], [42], that is how an assay system can bias the correct 

presentation of the target epitope to the antibody, and any problems of cross–

reactivity or dual specificity [2], which can occur when the antibody recognizes 
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multiple antigenic determinants due to their structural or sequence similarity. These 

two phenomena make it necessary to rigorously ascertain the reactivity profiles of 

the monoclonal antibodies [43], which can be carried out through epitope mapping 

[44], cross–competition studies, recombinant phage methodologies or affinity 

measurements through surface plasmon resonance (SPR). 

Once hybridomas with the desired characteristics of specificity and reactivity against the 

antigen of interest are identified, they are propagated in surface expanded tissue culture 

flasks or hollow fibre bioreactor systems, for a bulk production of the mAbs [38]. 

 

2.3 Limitations of hybridoma technology 

Although the hybridoma development technology has been an indispensable platform for the 

production of high–binding specificity murine mAbs, capable of leading to a real revolution 

on their application in both research and clinical fields, it has several technical and 

applicational limitations. 

As already mentioned, this methodology is based on the fusion of myeloma cells with 

antibody–secreting B cells, to immortalize the latter and propagate them over a prolonged 

period of time. However, its success is highly dependent on the myeloma conditions, so it 

becomes imperative to maintain cell cultures in optimal conditions, with strictly standardized 

protocol for routine passage and continuous checks for any mycoplasma contamination [45]. 

Despite this, fusion is still a very inefficient process and only a minimal number of the B 

cells can be immortalized and sampled (5×10–6 efficiency with chemical PEG fusion) [46], 

limiting the potential diversity of the immune repertoire generated by immunization and 

decreasing the chances of identifying and isolating infrequent antibodies with desired 

reactivity and specificity characteristics. 

Another critical step during the hybridomas production is the screening stage, as it is strictly 

dependent on the hybrids growth rate. Slow–growing hybridomas, which are often the most 

stable, can take up to 25 to 30 days post–fusion to reach an acceptable confluence for the 

supernatant screening, while most are able to reach it in much less time. For this reason, the 

screening stage becomes an almost daily task, with a high workload and extremely time and 

materials–consuming [38]. 
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Even once the antigen–specific hybridoma has been identified, there is still the risk of a low 

mAb expression due to hybrids (e.g., non–secreting variants, overgrown of unrelated 

hybrids) and genomic instability (e.g., onset of mutation, loss of chromosomes). 

 

2.4 Limitations of murine mAbs 

The use of murine mAbs in therapeutic fields is hampered by the recognition of these 

molecules as non-self by the host immune system, generating in turn an adverse response 

against them. In fact, murine mAbs have a reduced half–life in human blood stream, also as 

a consequence of a relatively weak binding with human major histocompatibility complex 

(MHC) class I–like Fc receptor (FcRn) [47]. Their administration can lead to the 

development of allergic reactions, with the consequent induction of anti–drug antibodies 

(ADAs) [48]. Finally, mAbs application in oncology therapy are limited by a poor 

recruitment of essential mechanism for tumour destruction, such as effector function, 

antibody–dependent cellular cytotoxicity (ADCC) and complement–dependent cytotoxicity 

(CDC) [49]. 

However, all these limitations have given a strong push towards the development of new 

techniques to replace the murine antibody sequences with functionally equivalent human 

amino acid sequences, in order to overcome the problems of decreasing immunological 

potential and allow their effective therapeutic use without altering their binding properties 

[50]. The advances in molecular biology, involving in vitro gene sequences manipulation 

and their expression in cell culture systems, have made possible to engineer new types mAb 

(Figure 2.3): 

• Chimeric mAbs: these recombinant antibodies exhibit the variable region of a 

species (e.g., mouse), which will determinate its binding specificity against the 

antigen of interest, grafted to the constant region of a second species (e.g., human), 

towards which it will maintain its biological effector functions with a lower degree 

of immunogenicity [51]. While these antibodies can be used in therapeutic field, 

including a context of anticancer therapy (e.g., Rituximab [52]), the risk that the 

variable portion could lead to the development of ADAs by the host immune system 

still exists; 

• Humanized mAbs: these recombinant antibodies are developed by replacing the 

complementary–determining regions (CDRs), responsible for generating the 
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antigen–binding site within each of the heavy and light chains variable regions, and 

possibly also other important amino acids in the framework region for activity and 

stability maintenance of a human antibody with those from a non–human species 

(e.g., mouse) [53]. Currently, chimeric and humanized antibodies are the main forms 

of human therapeutic antibodies, particularly important for diseases that require 

long–term treatment, such as cancer and autoimmune diseases [54]. Although 

humanized antibodies have a humanization proportion of about 85–90%, they are 

still not able to completely evade the human immune system due to their murine 

component, decreasing but not completely eliminating ADAs incidence. 

Thanks to the push given by the excellent results in the engineering of monoclonal 

antibodies, new molecular approaches have been developed for the production and isolation 

of new mAbs directly derived from the gene sequences of human immunoglobulin. These 

technologies for the discovery of fully–human mAbs (hmAbs) can be grouped in the in 

vitro display technologies and in the immunization of transgenic mice expressing human 

immunoglobulins (Hu–Ig transgenic mice). 

 

 
Figure 2.3: Schematic depiction of antibody humanization from murine antibodies (red domains) to fully–human 

antibodies (blue domains): A. Murine antibody; B. Chimeric antibody: variable regions of murine origin and the rest of 

the chains are of human origin; C. Humanized antibody: only contain the complementary–determining regions (CDRs) of 

murine origin; D. Fully–human antibody. 
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2.5 Display technologies 

Since the first description of the phagic approach [55], display technologies have proved to 

be efficient tools for the creation and isolation of high affinity and specificity fully–human 

mAbs through a fine control of the selection and screening conditions. 

All these methodologies are characterized by iterative cycles of selection and amplification 

on combinatorial antibody libraries, which can accurately mimic the natural human immune 

repertoire in terms of molecular diversity [56], [57], used to isolate the ligand of interest 

from them. According to the source of sequences, these libraries can be classified in (Figure 

2.4): 

• Naïve libraries: these libraries are generated by diverse variable regions of the 

immunoglobulin genes (i.e., single–chain variable fragment (scFv), antigen binding 

fragment (Fab), random combination of heavy and light chains variable regions (VH 

and VL)) cDNA obtained through reverse transcription–PCR (RT–PCR) from mRNA 

of a natural source, such as B cells of healthy or unimmunized donors. The 

amplification of heavy chain–related mRNA can be limited to the IgM isotype, in 

order to increase the diversity of independent clones in these libraries [58]. In contrast 

to immune libraries, a single naïve library exhibits high levels of unbiased sequence 

diversity enough to be used to isolate antibodies that recognize a wide range of 

antigens, including toxins and autoantigens [55]; 

• Immune libraries: these libraries are amplified from B cell antibody repertoire of 

disease–infected or immunized donors, so they are predisposed to a limited panel of 

immunogens [59], [60]. Smaller in size compared to naïve libraries due to their 

predisposition, immune libraries are not suitable to identify antibodies against a large 

antigen panel, in particular autoantigens. However, these libraries benefit from a 

great representation of antibody–secreting B lymphocytes, due to the higher IgH and 

IgL chain genes transcription, compared to other B cells. Of all the combinatorial 

libraries, the immune ones are the richest source of antibodies that bind a desired 

antigen with high selectivity and affinity [61]; 

• Synthetic libraries: these libraries are based on computational in silico design and 

synthesis of varying parts of the antibody’s domains, with the introduction of defined 

and controlled sequence degeneration into the CDR loops to mimic the natural 

immune maturation and somatic hypermutation [62]. Similar in size compared to 



23 

 

 

naïve libraries, they are both known as ‘single–pot’ libraries, and even the synthetic 

ones can be used to isolate antibodies for different antigens [63], [64]; 

• Semi–synthetic libraries: these libraries are a key subset of synthetic libraries, 

composed by CDRs gene isolated from natural sources and subsequently inserted to 

a fixed framework sequence encoding the antibody backbone for a in silico design 

[65], [66]. In this way the diversity source still remains natural, unlike the synthetic 

libraries, but take advantage from the maturation processes of antibodies in vivo [67]. 

Before being able to pan and select the hmAbs that can specifically bind the antigen of 

interest, antibody libraries must be incorporated into a vector system to generate defined 

display–units, such as filamentous phages (i.e., phage display [55]), ribosomes (i.e., 

ribosome display [68]), or even cells (i.e., yeast display [69], bacterial display [70], 

mammalian cell display [71]). These units, each expressing and ‘displaying’ a single 

member of the corresponding antibody library of origin, can be screened against the antigen 

of interest, in order to identify the antibodies with high affinity for it. The display–units can 

therefore be isolated, thus recovering the hmAb–coding cDNAs which can be amplified and 

used for subsequent selection cycles. Consequently, the recognition and replication of the 

antibody is effectively linked to the coupling of phenotype (antibody) to genotype (cDNA), 

both easily identifiable through DNA sequencing, given by the display–unit. 

After having identified the hmAbs able to bind the antigen of interest with the higher affinity, 

the corresponding cDNA are subcloned into mammalian expression vector for a bulk 

production. 
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Figure 2.4: Types of combinatorial antibody display libraries, distinguished by source and design: Naïve libraries: 

generated from a natural source of healthy or unimmunized donors, can be used for a wide variety of antigen; Immune 

libraries: amplified from B cell antibody repertoire of disease–infected or immunized donors, they are predisposed for a 

limited panel of antigens; Synthetic libraries: based on computational in silico design and genes synthesis, with a 

precisely defined and controlled design and composition of CDR loops; Semi–synthetic libraries: key subset of synthetic 

libraries, they comprise both CDRs from natural sources as well as in silico design of defined parts. 

 

2.6 Phage display technology 

Among all the display technologies, the phage display is current the most widespread method 

for the selections of large collections of human mAbs and for the further engineering of the 
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selected ones [72], [73], which has allowed to generate nine fully–human antibody drugs 

approved by the US FDA. In this technique, the hmAb–coding cDNAs are inserted into a 

phage coat protein gene, causing the bacteriophage to exhibit the antibody–fragment on the 

surface of its capsid (Figure 2.5). 

The most commonly used bacteriophage for phage display are members of the Ff family, 

such as M13, Fd and f1 [74], [75], however Enterobacteria phage λ [76] and Escherichia 

viruses T4 [77] and T7 [78] can also be used. 

Regarding the fusion partners, the antibodies are usually merged with the N–terminus of 

M13 minor coat protein III (pIII) or a fragment of pIII, which facilitates its monovalent (3 + 

3) display in phagemid systems and multivalent display in phage systems [79]. In the 

monovalent format the mAb–pIII fusion gene is carried on a phagemid vector, a ‘minimal 

plasmid’ containing only an antibiotic marker for its selection and M13 phage origin of 

replication for its rolling circle amplification, and the display is achieved by infecting the 

phagemid harbouring bacteria with a helper phage, containing the complete M13 genome to 

produce functional phage display–units. However, the use of a helper phage can be 

eliminated by using bacterial packaging cell line technology [80]. This display format is 

mostly preferred for the generation of hmAbs, as it involves a selection of high–affinity 

ligands, which are not distorted by avidity effects, which determines a greater transformation 

efficiency of the phagemid vectors [59], [79], [81]. Other multivalent display formats use 

M13 major coat protein VIII (pVIII) [82], and minor coat protein IX (pIX) [83]. 

Through an in vitro panning selection the desired mAb–pIII fusion protein is isolated from 

the phage libraries exploiting its binding affinity towards the antigen of interest (e.g., 

proteins, cell–surface glycans and receptors [84]) previously immobilized on solid surfaces 

such as nitrocellulose, magnetic beads, column matrices, polystyrene immunotubes and 

immunoplates, or expressed on the surface of living or fixed cells [63], [85]. After the 

incubation of the antibody libraries with the immobilized antigen for affinity capture, a 

washing step removes the unbound phages. The presence of positive clones among the 

phages recovered during the subsequent elution step is generally determined through ELISA 

[85]. 

Positive phages are then amplified through Escherichia coli infection onto selective plates 

(with or without the helper phage) and precipitated for reiterative panning rounds, until 

hmAbs with desired high binding affinity are obtained [86].  
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Figure 2.5: Schematic depiction of the phage display technology main stages: Target binding; Washing; Elution; 

Infection ± helper phage; DNA purification; Phage amplification. 

 

The washing, elution and enrichment steps can be optimized to improve the phage libraries 

selection. In particular, the washing step can be modified to positively or negatively select 

some desirable properties for the antibodies, such as affinity, specificity, catalytic activity 

and manufacturability, through the introduction of different stringency degrees [58], [67]. 

A further tuning of the antibody characteristic is possible through site directed mutagenesis 

or depletion approaches. The elution step can be performed through the combination of acid–

pH elution buffer and sonication, a method that allows to loosen the interaction of the 

antibody with the target antigen and its detachment from the immobilization surface, or 

ultrasound [87]. 

Finally, the genes of the specific antibodies are subcloned into whole human IgG expression 

vectors and transfected into mammalian cells, in order to produce fully human mAbs. 
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2.7 Limitations of display technologies 

Despite their wide application for the rapid production of human recombinant mAbs, easily 

customizable for various downstream application in diagnostic [67] and therapeutics [88], 

display technologies have several drawbacks. 

These methodologies are highly relying on the random combination of antibody variable 

region genes during the display libraries preparation, which determinates a reduced specific 

diversity due to loss of natural cognate heavy and light chain pairings normally evolved and 

selected during an in vivo immune response [89], [90]. Furthermore, this random pairing 

often requires several in vitro engineering steps for hmAbs isolated from naïve libraries 

before they can be used for therapeutic applications. 

Another important limitation of these technologies is due to the display libraries screening. 

To perform the in vitro panning selection, it is essential to have the target antigen purified 

and immobilized on solid surfaces, which make this step strictly dependent on its quality and 

potentially challenging for some protein categories (e.g., glycosylated proteins, structurally–

complex transmembrane proteins). 

 

2.8 Hu–Ig transgenic mice technology 

Although the Köhler and Milstein’s classic hybridoma technique has proved to be 

straightforward and highly reproducible, its applicational limitations in human, combined 

with the advanced technologies available for the production of fully–human mAbs, have led 

to the development of a new immunization methodology based on transgenic rodents, like 

HuMabMouse [91] or XenoMouse [92]. 

Hu–Ig transgenic mice are engineered for the silencing of the endogenous IgH and IgL chain 

gene repertoire and the introduction of their human counterpart at the germ line level, in 

order to effectively ‘humanize’ the murine immune system (Figure 2.6) [93]. Following Hu–

Ig transgenic mice immunization against the antigen of interest, only human antibodies will 

be generated of. Single antibody–secreting B cells from the transgenic mice spleen are then 

recovered for the production of hmAbs through the conventional hybridoma technique. In 

addition to the several transgenic mice currently available on the market [94], several in 

progress studies aim to translate this methodology also on rat and bovine systems [95]. 

Similarly, a TransChromo (TC) MouseTM technology was developed through the 
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introduction of human chromosomes (hChrs) 14 and 2, bearing the IgH and Igκ loci 

respectively, into IgH and IgL chain gene KO mice [96]. 

 

 
Figure 2.6: Schematic depiction of the Hu–Ig transgenic mice technology main stages: Eggs collection and fertilization; 

Transgene microinjection; Transgenic zygote transfer; Implanted female pregnancy and delivery; Hybridoma 

development. 

Although display technologies are extremely faster, the transgenic mice approach exploits 

on the natural immune selection of intact organisms, which allows the production of high 

affinity hmAbs without the necessity of further in vitro engineering steps [93], [97], [98]. 

Currently, 19 new fully–human antibody drugs approved by the US FDA have been obtained 

through this new molecular approach. 
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2.9 Limitations of Hu–Ig transgenic mice technology 

Although this technology allows to easily produce a large quantity of hmAbs in a 

reproducible way, there are still some unsolved problems. 

In fact, the Hu–Ig transgenic mice model cannot absolutely imitate a human immune 

response since, despite having lost the possibility of producing its own murine antibodies, it 

maintains its genetic background relating to the production of T cells, antigen processing 

and B cell regulation. Moreover, the antibody glycosylation will also be mouse–specific, 

limiting the application in immunotherapeutic context due to their recognition by anti–Gal1α 

1–3Gal antibodies present in human serum [99]. The durability of human chromosomal 

material containing the Hu–Ig genes, which in any case turn out to be incomplete, is another 

major concern related to this technology. 

Another disadvantage of this methodology is the not easy accessibility of these Hu–Ig 

transgenic mice models, not freely available to the scientific community as they are owned 

by biological industries. 

It should also be emphasized that the use of transgenic mice, despite solving several 

applicational problems of the classic hybridoma approach, is still hampered by the technical 

limitations linked to the dependence on obtaining a myeloma–antibody secreting B cell 

hybrid, on its growth rate and on its maintenance. 

 

2.10 Single B cell technologies 

Both the classical hybridoma development and the novel molecular approaches of display 

technologies and the use of Hu–Ig transgenic mice have proved to be excellent methods for 

the production of high affinity and specificity monoclonal antibodies. 

However, the limited specificity diversity of the generable immune repertoire (hybridoma), 

the propensity to lose natural VH and VL pairing information (display technologies), or the 

inability to fully emulate the in vivo human immune response (Hu–Ig mice), have prompted 

to the development of new technological concepts based on isolation of Ig encoding genes 

from antigen–specific single B cells and their cloning into antibody expression vectors [90], 

[100]. 

Recently, there has been a rapid evolution of numerous strategies that allow the direct 

sampling of the immune repertoire from single B cells of human donors or immunized 
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animals [101]. mAbs production through single B cell technologies can be divided in 3 main 

stages (Figure 2.7): 

I. Single B cells isolation: Based on the type of future mAbs applications, single B 

cells can be isolated from lymphoid tissues or peripheral blood independently from 

their antigen–specificity, using micromanipulation [102], laser capture 

microdissection [103] and FACS [90], [104], [105], or in an antigen–selective way, 

with antigen–coated magnetic beads [106], haemolytic plaque assay [107], 

fluorochrome–labelled antigen via multi–parameter FACS [108]–[110] and 

fluorescent foci method [111]. Furthermore, high–throughput screening methods 

have been developed for rapid and efficient identification of single cells producing 

mAbs with the desired specificity and reactivity profile. These include cell–based 

microarray chip systems [112], [113], microengraving techniques [112], [114] and 

immunospot array assay on a chip (ISAAC method) [113]. FACS technologies are 

particularly advantageous for the isolation of B cells, as they can exploit the 

expression pattern of specific surface markers to determinate their stage of 

development and differentiation. For example, Ig class–switched memory B cells and 

ASCs exhibit hypersomatic mutations on the B cell receptors (BCRs) that increase 

their affinity for a given antigen, making them optimal candidates for mAbs retrieval 

[101]. Before isolating single B cells, it is necessary to define the degree of antigen–

specific immune response in the donor for an efficient mAbs recovery. This is 

achieved through ASCs titration in peripheral blood through ELISPOT [90], [115]; 
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Figure 2.7: Schematic depiction of the single B cell technology main stages: I. Single B cells isolation; II. Single B cell 

antibodies sequencing and cloning; III. Antibodies reactivity screening. 

 

II. Single B cell antibodies sequencing and cloning: through the reverse transcription 

of single B cell mRNA into cDNA, it is possible to have an unbiased and 

simultaneous approach analysis of the expressed IgH and IgL chain genes [116], 

[117]. Full length IgH and IgL gene mRNAs are normally amplified by nested or 

semi–nested RT–PCR. During the first round of PCR, where reverse transcription 

can be performed as a one–step reaction, the leader regions of the VH and VL genes 
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and the constant regions are amplified using forward primer mixes and a sequence–

specific reverse primer, respectively [105], [118]–[120]. In case the B cells are 

isolated independently of their isotype, amplification of heavy chains with different 

constant regions can be performed with reverse primer mixes. During the second 

round of PCR, in which the sensitivity and specificity of the encoded antibody is 

increased using nested primer or primer mixes, it is possible to introduce restriction 

sites into the rearranged IgH and IgL chain genes for the subsequent cloning stage, 

or linear expression cassettes to make them directly transfectable in mammalian cells 

for in vitro expression [121]. Strategies have also been developed for the combination 

of IgH and IgL chain genes, for example through a single cell multiplex RT–PCR 

with an overlap extension step and a subsequent cloning in a plasmid expression 

vector [89]. An alternative to single cell RT–PCR approaches, restricted to the 

functional VH and VL chain genes amplification by the limitations in forward primer 

mixes used, is the 5’ rapid amplification of cDNA ends – 5’–RACE method. This 

technology, which allows the amplification of 50 unknown 5’–ends of mRNA, 

normally is not suitable for the reverse transcription by single cell. However, the high 

levels of Ig–specific transcripts found in B cells make this approach appropriate for 

their isolation [122]. Once amplified, the IgH and IgL chain genes are sequenced in 

order to retrieve information relating the antibody specificity and to evaluate the 

presence of mutations, insertions and deletions introduced by somatic hypermutation 

of the V, D and J gene segments [123], [124] using specific databases (e.g., 

IgBLAST). To minimize the risk of cross contamination and facilitate handling of 

numerous samples, cDNA synthesis is typically performed in the original device used 

for cell deposition and lysis (e.g., 96–well plate). The type of B cells used for the 

amplification step influences the amount of specific Ig gene transcripts available, 

making some cells (e.g., ASCs) more suitable for its reverse transcription; 

III. Antibodies reactivity screening: In order to evaluate the biophysical and reactivity 

profiles of antibodies encoded by previously isolated Ig genes, it is essential to insert 

them in an in vitro expression system to have a large–scale production. The most 

commonly used expression systems are bacterial systems (e.g., Escherichia coli), in 

which the antibody is typically expressed as Fab, and stable or transient mammalian 

cell systems (e.g., CHO, HEK293 cells), where its expression can be in full Ig format. 
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If the single B cells had been isolated by cell–based microarray chip systems, the 

reactivity screening of the corresponding antibodies could be conducted even before 

the cloning step. 

Through these innovative technologies it is therefore possible to isolate mAbs from single B 

cells avoiding the inefficient fusion step of the hybridoma, which allows to isolate even 

infrequent antibodies with desired specificity and reactivity characteristics thanks to an 

efficient mining of the immune B cell repertoire. 

Unlike display technologies, these methodologies maintain the natural IgH and IgL chains 

pairing throughout the antibody cloning stage, and this feature favours the generation of 

recombinant antibodies with high affinity, specificity, stability and developability profiles. 

This approach can also be used for the isolation of mAbs from human immune donors, 

through peripheral blood recovery of ASCs from vaccinated subject which can be followed 

up 6 to 14 days post–immunization. It is imperative that their recovery occurs at the peak of 

the immune response against the antigen of interest, as the abundance of these cells in the 

blood stream rapidly decreases due to their maturation to long–lived plasma cells in the bone 

marrow for the maintenance of a specific humoral memory in the absence of persistent 

antigenic stimulation for the individual lifetime [125]. Alternatively, antigen–specific 

memory B cells can be recovered from peripheral blood of naturally infected or vaccinated 

subjects even months to years after exposure. In order to identify appropriate memory B cell 

donors, it is very useful to define the serum antigen–specific antibody titer, although the 

correlation with the frequency of these cells in human is not yet clear [101]. 

 

2.11 Antibodies against structurally complex membrane proteins 

To date, antibody development has mainly focused on addressing molecular targets as 

largely soluble proteins and cell surface receptors, the latter often investigated as single 

transmembrane α–helix (bitopic or mono–pass) proteins with a large extracellular ligand–

binding domain, such as tyrosine kinase receptor. Membrane proteins are one of the most 

important class of targets in term of drug development. Approximately the 26% of the human 

protein–coding genes encodes for membrane proteins [126] and include an immense 

structural and functional variety of proteins involved in important homeostatic and 

physiological processes, both in health and disease contexts [127]. 
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In addition to these integral membrane proteins, there is also great interest in structurally–

complex membrane proteins, characterized by multiple transmembrane α–helix domains 

(polytopic or multi–pass proteins). They comprise a wide range of protein families, including 

G protein–coupled receptors (GPCRs), ion channels and transporters, which can be 

associated with an equally extensive assortment of physio–pathological conditions [128]–

[130]. These protein families are also numerous; in fact, it is currently estimated the 

existence of approximatively 350 non olfactory GPCRs, 400 ion channels and 1.500 

transporters in the human genome [128], [131], [132].  

Small molecules are commonly used for an effective pharmacological targeting of these 

integral membrane proteins, especially for GPCRs and ion channels, that represent the first 

(33%) and third (18%) largest classes of marketed drugs, respectively [133]. However, their 

progression towards the clinical application can be severely limited by off–targets effects 

due to their lack of target selectivity or to in vivo toxicity, making these structurally–complex 

membrane proteins understudied opportunities for biomedical research and clinical 

development [134]. 

Therefore, the use of antibodies appears to be a much more suitable and advantageous choice 

for interfacing with structurally complex membrane proteins. In addition to providing the 

target–selectivity that is lacking in small molecule drugs, mAbs are also characterized by a 

high binding specificity and a longer duration of action, due to a long half–life in blood 

stream (11 to 30 days) [135]. Another factor antibodies benefits of, especially when it comes 

to modulating the activity of GPCRs that bind peptides, is their size more consistent with the 

ligand–receptor binding interface, which could be very limiting for small molecule drugs. 

The great efficacy of antibodies in the therapeutic field is closely linked to the extensive 

typology of mechanisms that they can implement specifically to the target they bind. For 

example, they can act as direct agonist or antagonist towards cell surface proteins with 

receptor function or bind the specific signal mediators of these membrane proteins, thus 

activating or inhibiting the downstream cell signalling pathways. Moreover, through their 

binding to specific allosteric sites, they can be used for a pharmacological modulation and 

stabilization of different conformational states of these integral membrane proteins. Thanks 

to the recognition of the Fc domain, antibodies are also able to activate components of the 

immune system such as the complement cascade or immune–effector cells (e.g., 

macrophages, NK cells), to induce the lysis of the cells that exhibit their specific binding 
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target [136]. Particularly interesting in this context is the use of recombinant mAbs with 

customized Fc domains for the induction of cellular exhaustion through the recruitment and 

activation of effector functions [137].  

All these functional advantages resulted in recent years in a strong push towards the 

development of preclinical and clinical pipelines of mAbs against structurally complex 

membrane proteins. Despite this, currently there are only two clinically authorized mAbs 

specific for GPCRs [138], [139] and no antibody therapy that targets ion channels or 

transport proteins has yet been approved, making their applicational potential against these 

target classes still largely ignored. 

 

2.12 Challenges for structurally complex membrane proteins antibody 

discovery 

Although there is a great interest in the development of mAbs against structurally complex 

membrane proteins, this goal presents several technical problems. 

The main limitation in antibody discovery and their functional profile screening lies in the 

difficulties encountered in the expression of polytopic membrane proteins and in their 

purification from the phospholipid bilayer for the generation of a stable and 

conformationally relevant antigen. Generally, there are low levels of native expression for 

integral membrane proteins on the cell surface, and their heterologous expression requires 

the optimization of different systems to reach sufficiently high levels, due to their 

conformational flexibility, lipophilicity, and low stability [140]–[142]. The development of 

heterologous overexpression systems, such as bacterial [143], [144], yeast [145], [146], 

insect [147], [148], and mammalian cells systems [149], [150], are commonly used as a 

source for protein extraction and purification. The formats used for antibodies isolation range 

from soluble portions of the antigen, such as extracellular domains or synthetic peptides 

[151], to full–length proteins purified through the use of detergents (e.g., calixarenes [152], 

maltose–neopentyl glycols [153]), discoid lipid nanoparticles (e.g., nanodiscs [154], 

saposin–lipoproteins – Salipro [155], styrene–maleic acid lipid particles, SMALPs [156], 

peptidiscs [157]) and complex membranous systems (e.g., virus–like particles, VLPs [158], 

proteoliposomes [159], paramagnetic proteoliposomes [160]), up to whole cells. Moreover, 

antigen preparations strategies must be adaptable to the high structural and functional 

diversity of the target proteins. For example, large extracellular domains, which will be more 
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easily recognized as antigenic determinants during antibody development, can be expressed 

and isolated as correctly folded functional units. On the other hand, the smaller extracellular 

domains, although still reachable by antibodies, do not present particular advantages in 

practical terms. 

The heterologous expression systems can also provide a stable cellular model for antigen 

native presentation useful for both in vitro or in vivo antibody identification and for 

preparation of functional screening analyses, such as electrophysiology, radioactive ion 

uptake, radioactive ligand binding, and reporter assays [161]. However, it is very important 

to underline that high levels of expression are not always indicative of the presence of a 

correctly folded and functional protein, so it is still essential to check its quality preparation 

[162]. 
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3 Aims and scope of the thesis 

 

Taking into account what has been detailed so far, the aim of this PhD project therefore is to 

define a reliable and robust method for the production of recombinant chimeric monoclonal 

antibodies as tools to address structurally–complex transmembrane proteins, in order to 

facilitate the development of potential diagnostics and therapeutics towards hardly targetable 

antigens. 

As a model to address this problem, it was selected a human multi–pass membrane protein, 

here called TLS2 for confidentiality issues, with a molecular weight of approximatively 

70kDa and a particularly complicated conformation, composed of 12 transmembrane α–

helix domains and 6 predicted extracellular loops of various sizes (Figure 3.1). This protein 

performs the function of amino acids transporter and is mainly expressed in small intestine 

and kidney proximal tubule epithelium, where it mediates their absorption and reabsorption, 

respectively. It is also known that mutations affecting this protein can lead to the onset of 

different metabolic pathologies, all linked to amino acids malabsorption. The choice of this 

protein for the establishment of our methodology was guided not only by its complex 

structure but also by the absence of antibodies capable to recognize the conformationally 

folded protein expressed on the cell surface. In this way, the obtainment of a conformational 

mAb specifically recognizing TLS2, in addition to validate our method, could also be the 

starting point for both a more in–depth characterization of this amino acid transporter and 

the development of an engineered antibody with possible diagnostic or therapeutic 

applications. 
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Figure 3.1: Schematic depiction of human TLS2 amino acid transporter in plasma membrane. This human multi–pass 

membrane protein with a molar weight of approximatively 70kDa is composed of 12 transmembrane α–helix domains 

(TM1–12) and 6 predicted extracellular loops of various sizes (Loop1–6).  

 

As a starting material for the identification and isolation of monoclonal antibodies it was 

chosen to purify CD138+ plasma cells from murine bone marrow after the induction of a 

suitable TLS2–specific antibody titre in BALB/c mice by an appropriate immunization 

strategy. The choice to focus on plasma cells for the recovery of Ig–specific genes, although 

they represent less than 1% of lymphoid cells, was based on evidence that these cells are 

responsible for the secretion of the vast majority of IgG present in the serum [125], [163]–

[165]. Unlike memory B cells which require a process of differentiation into effector cells 

before being able to secrete immunoglobulins, plasma cells readily secrete large amounts of 

antibodies and can be used directly after purification to evaluate their antigen specificity in 

functional assays. Another advantage over memory B cells is that plasma cells exhibit higher 

Ig–specific mRNA transcriptional level [120], [165], [166], which allows an easier retrieval 

of corresponding genes from single isolated cells. For the generation of recombinant mAbs 

it was chosen to investigate a new protocol to combine the recovery of the Ig heavy and light 
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chains variable regions by RT–PCR with their insertion into a human antibody framework 

through Transcriptionally Active PCR (TAP), in order to generate linear minigenes that are 

directly transfectable into mammalian cells for the production of recombinant chimeric 

mAbs. After the identification of antibodies with a good binding specificity against the 

antigen of interest, their VH and VL corresponding sequences will be inserted into appropriate 

expression vectors, in order to obtain a large–scale production of the chimeric antibodies, 

thus increasing the reproducibility of subsequent functional analyses for further 

characterization.  
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4 Materials and Methods 

 

4.1 Recombinant plasmids creation 

4.1.1 Synthetic plasmids design  

4 synthetic plasmids (TLS2polyP–HuIgFc, TLS2Full, pcDNA3.4–6His, 

pAAV.CMV.Luc.IRES.EGFP.SV40) were designed and ordered to GeneArt Gene 

Synthesis (Invitrogen). The characteristics of each construct are listed below: 

• TLS2polyP–HuIgFc: synthetic plasmid containing the DNA sequence coding a poly–

epitope derived from TLS2 extracellular loops intercalated by (G4S)3 linkers and 

fused to human IgG constant region (HuIgFc); 

• TLS2Full: synthetic plasmid containing the DNA sequence coding the full–length 

amino acid transporter TLS2; 

• pcDNA3.4–6His: synthetic plasmid developed by inserting a 6His–TAG inside a 

pcDNATM 3.4 TOPOTM backbone; 

• pAAV.CMV.Luc.IRES.EGFP.SV40: synthetic plasmid containing an Internal 

Ribosome Entry Site (IRES) sequence cloned upstream a EGFP cassette (Addgene 

plasmid #105533; http://n2t.net/addgene:105533; RRID: Addgene_105533); 

Each freeze–dried synthetic plasmid was rehydrated with 50µL of TE Buffer (10mM Tris–

HCl, 1mM EDTA, pH 8.0) to reach a final concentration of 100ng/µL.  

A pcDNA5–FRT–EGFP recombinant plasmid, obtained cloning pEGFP–N1 (Clontech, 

#6085–1) HindIII+NotI digested cassette in a pcDNATM5/FRT Mammalian Expression 

Vector (Invitrogen, #V601020), and a pcDNATM 3.4 TOPOTM plasmid with a customized 

multiple cloning site (GeneArt Gene Synthesis, Invitrogen) were already available in 

laboratory. 
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4.1.2 Synthetic DNA strings design 

3 synthetic DNA strings (TLS2Loop4, TLS2stopcodon–IRES–BstXI, cMyc–AP2,) were 

designed and ordered to GeneArt Gene Synthesis (Invitrogen). The characteristics of each 

construct are listed below: 

• TLS2Loop4: synthetic DNA string containing the coding sequence for a TLS2 

recombinant fragment derived from the largest loop4; 

• TLS2stopcodon–IRES–BstXI: synthetic DNA string containing the TLS2 stop codon 

fused upstream of an IRES sequence; 

• cMyc–AP2: synthetic DNA string containing the auxiliary protein AP2–encoding 

sequence, cloned downstream of a cMyc–TAG. 

Each freeze–dried synthetic DNA string was rehydrated with 50µL of TE Buffer (10mM 

Tris–HCl, 1mM EDTA, pH 8.0) to reach a final concentration of 100ng/µL. 

 

4.1.3 Plasmid DNA amplification (heat–shock bacterial transformation) 

All synthetic and recombinant plasmids were amplified in E. coli Subcloning Efficiency™ 

DH5α Competent Cells (Invitrogen, #18265017) through heat–shock transformation, as per 

manufacturers’ instructions.  

For each transformation, 50µL of chemically competent cells were thawed on ice and 

aliquoted into a 1,5mL microcentrifuge tube containing 10ng of DNA (1µl of plasmid diluted 

1:10 in TE Buffer). Each tube was incubated on ice for 30min and then heat–shocked, using 

a MB–5A Heating Circulator with Open Bath (Julabo, #9142305) at 42°C for 30sec. The 

tubes were placed again on ice for 2 minutes. Afterwards, 950µl of pre–warmed sterilized 

Luria–Bertani (LB) Broth (Sigma–Aldrich, #L3522) medium were added to each tube and 

they were incubated at 37°C for 1h in the Multitron Standard (Infors HT) incubator shaker 

for bacterial cultures at 250rpm. Then, 100µL and 900µL of each transformation cell culture 

were seeded on pre–warmed selective plates Lennox LB Broth with agar (Sigma–Aldrich, 

#L2897) + 100µg/mL Ampicillin (Millipore, #171254) and incubated at 37°C O/N. The 

following day a single colony was spotted, added to 6mL of LB+100µg/mL ampicillin 

medium and incubated at 37°C O/N at 250rpm. 5mL of the culture recovered the next day 

were submitted to the plasmid DNA purification, while the remaining 1mL was used to 

create a working seed with the addition of 25% glycerol and kept at –80°C. 
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4.1.4 Plasmid DNA purification 

All plasmids transformed into DH5α cells were extracted using QIAprep Spin Miniprep Kit 

(Qiagen, #27106), as per manufacturers’ instructions.  

Briefly, 5mL of the bacterial cultures were centrifuged at 4,000rpm for 10min, after which 

the resulting pellets were resuspended in 250µL of Resuspension Buffer P1. The bacterial 

cells were lysed by adding 250µL of Lysis Buffer P2, mixed gently by rotation and inversion 

of the tube, and incubated for 3–5min at room temperature. Then, 350µL of 

Neutralization/Binding Buffer N3 were added to stop the cell lysis: this determined the 

formation of precipitates with a gelatinous consistency that contains both cellular debris and 

genomic DNA. The suspensions thus obtained were centrifuged at 13,000rpm for 10min. 

The supernatants were transferred into a QIAprep spin column and centrifuged at 8,000rpm 

for 1min, in order to retain the plasmid DNA in the silica membrane. The columns were 

washed by adding first 500µL of Wash Buffer PB and then 750µL of Wash Buffer PE, 

centrifuging each time at 13,000rpm for 1min. They were centrifuged an additional time at 

13,000rpm for 2min, in order to remove any residual ethanol traces of Wash Buffer PE from 

the silica membranes. The plasmids were finally eluted in 50µL of Elution Buffer EB and 

recovered by centrifugation at 13,000rpm for 2min. 

For DNA quantification and purity evaluation, the absorbances were measured at 260 and 

280nm with NanoVueTM 4282 V1.7 Spectrophotometer (GE Healthcare). Only purified 

plasmids with a A260/A280 ratio between 1.75 and 2.00 were kept and used for the subsequent 

steps. 

 

4.1.5 Synthetic DNA strings amplification (PCR) 

All synthetic DNA strings were amplified through polymerase chain reaction (PCR), using 

specific primers which allow the introduction of cutting sites for their correct cloning within 

the corresponding expression vectors. The DNA templates were diluted in TE Buffer to a 

final concentration of 10ng/μL and then 1μL was added to the PCR Mix (Table 4.1): 
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Table 4.1: PCR Mix used for the amplification of TLS2Loop4–6His, TLS2stopcodon–IRES–BstXI and cMyc–AP2 

synthetic DNA strings. 

PCR Mix 1× Final concentration 

UltraPureTM DNase/RNase–Free Distilled H2O (Invitrogen, #10977035) 17,3μL  

10× Taq DNA Polymerase PCR Buffer (Invitrogen, #18067017) 2,5μL 1× 

2,5mM each dNTP Mix (Invitrogen, #R72501) 2,5μL 0,25mM each 

25mM MgCl2 (Thermo Scientific, #AB0359) 1μL 1mM 

100μM Primer Forward (Eurofins Genomics) 0,1μL 0,4μM 

100μM Primer Reverse (Eurofins Genomics) 0,1μL 0,4μM 

1U/μL KOD Hot Start DNA Polymerase (Sigma–Aldrich, #71086) 0,3μL 0,012U/μL 

5U/μL Taq DNA Polymerase, recombinant (Imvitrogen, #10342046) 0,2μL 0,04U/μL 

Final volume/sample 24μL  

 

PCR was conducted using a MiniAmpTM Plus Thermal Cycler (Applied Biosystems, 

#A37835), with the following amplification profile (Table 4.2):  

 

Table 4.2: Amplification profile used for TLS2Loop4–6His, TLS2stopcodon–IRES–BstXI and cMyc–AP2 synthetic DNA 

strings. 

Step Temperature Time Cycle 

Initial denaturation 95°C 3min 1 

Denaturation 95°C 30sec 

35 Annealing 55°C 30sec 

Extension 72°C 1min 

Final extension 72°C 10min 1 

Maintenance 4°C ∞ – 

 

Due to overlaps with specific sequences of TLS2 and AP2 proteins, the primer sequences 

used for synthetic DNA strings amplification cannot be reported for confidentiality reasons. 

The quality of the amplified sequences was evaluated by run on an electrophoresis 1% 

agarose (Sigma–Aldrich, #A9539) gel with 1×TAE Buffer (40mM Tris–HCl, 1mM EDTA, 

pH 8.5), using 5μL of 1Kb Plus DNA Ladder (Invitrogen, #10787018) for DNA sizing. 
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4.1.6 PCR products purification 

For higher purity of all PCR products, previously amplified synthetic DNA strings were 

purified using QIAquick Gel Extraction Kit (Qiagen, #28706), as per manufacturers’ 

instructions. Amplification products were run on electrophoresis 1% agarose gel with 

1×TAE Buffer, using 5μL of 1Kb Plus DNA Ladder for DNA sizing. Gel bands 

corresponding to the amplified DNA fragments of interest were excised from the gel and 

weighed, to which Buffer QG was subsequently added with a 1:1 w/v ratio. The gel slices 

were incubated at 50°C and mixed by vortexing the tubes every 2min, until it was completely 

dissolved. 1 gel volume of isopropanol was then added to the samples, which were loaded 

on QIAquick column and centrifuged at 8,000rpm for 10min, in order to retain the DNA in 

the silica membranes. Subsequently, the columns were washed by adding first 500µL of 

Buffer QG and then 750µL of Buffer PE, centrifuging each time at 13,000rpm for 1min. 

They were centrifuged an additional time at 13,000rpm for 2min, to remove any residual 

ethanol traces of Buffer PE from the silica membranes. The DNA fragments were finally 

eluted in 50µL of Buffer EB, recovered by centrifugation at 13,000rpm for 2min and 

quantified with NanoVueTM 4282 V1.7 Spectrophotometer. Only purified amplification 

products with a A260/A280 ratio between 1.75 and 2.00 were kept and used for the subsequent 

steps. 

 

4.1.7 Production of pcDNA3.4_TLS2Loop4–6His recombinant plasmid  

The recombinant plasmids used for the transient expression of TLS2 extracellular loop4 

recombinant fragment in ExpiCHO–S™ cells were obtained through a ligase–dependent 

cloning strategy. 

For pcDN3.4_TLS2Loop4–6His, both amplified TLS2Loop4 DNA string and pcDNA3.4–

6His synthetic plasmid were subjected to digest reaction with HindIII (NEB, #R0104) and 

BamHI (NEB, #R0136) restriction enzymes for 1h at 37°C. During this enzymatic cutting 

step, pcDNA3.4–6His was also dephosphorylated at the 5'–ends adding FastAP 

Thermosensitive Alkaline Phosphatase (Thermo Scientific, #EF0651) at the last 10min of 

the incubation at 37°C, in order to prevent vector recircularization during the ligation step. 

At the end of the restriction digestion, TLS2Loop4_HindIII+BamHI insert and 

dephosphorylated pcDNA3.4–6His_HindIII+BamHI vector were purified through agarose 

gel electrophoresis using QIAquick Gel Extraction Kit, as previously described (see in 
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Section 4.1.6). These were then used to set up the ligase step with T4 DNA Ligase 

(Invitrogen, #15224017) with a 5:1 insert:vector molar ratio, incubating the reaction O/N at 

room temperature. 

The next day, the ligase mixture was used for the heat–shock transformation of chemically 

competent DH5α, selecting the transfected cells on LB+100µg/mL ampicillin plates (see in 

Section 4.1.3). The colonies present on the plate the following day were expanded in 100μL 

of LB+100µg/mL ampicillin medium for 3h at 37°C in the incubator shaker for bacterial 

cultures at 250rpm, and screened through colony PCR with specific primers to evaluate the 

effective presence of TLS2Loop4 insert (sequences not shown, confidential) in the plasmid 

contained within them. 1μL of the bacterial cultures was directly added to the Colony PCR 

Mix (Table 4.3): 

 

Table 4.3: Colony PCR Mix. 

Colony PCR Mix 1× Final concentration 

UltraPureTM DNase/RNase–Free Distilled H2O (Invitrogen, #10977035) 5,6μL  

10× Taq DNA Polymerase PCR Buffer (Invitrogen, #18067017) 1μL 1× 

2,5mM each dNTP Mix (Invitrogen, #R72501) 1μL 0,25mM each 

50mM MgCl2 (Invitrogen) 1μL 5mM 

100μM Primer Forward (Eurofins Genomics) 0,1μL 1μM 

100μM Primer Reverse (Eurofins Genomics) 0,1μL 1μM 

5U/μL Taq DNA Polymerase, recombinant (Invitrogen, #10342046) 0,2μL 0,1U/μL 

Final volume/sample 9μL  

 

PCR was conducted using a MiniAmpTM Plus Thermal Cycler, with the following 

amplification profile (Table 4.4):  

 

Table 4.4: Amplification profile used for colony PCR. 

Step Temperature Time Cycle 

Initial denaturation 95°C 3min 1 

Denaturation 95°C 30sec 

40 Annealing 55°C 30sec 

Extension 72°C 1min 

Final extension 72°C 10min 1 

Maintenance 4°C ∞ – 
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The quality of the amplified sequences was evaluated by run on an electrophoresis 1% 

agarose gel with 1×TAE Buffer, using 1Kb Plus DNA Ladder for DNA sizing. 

If successful, the positive colonies were expanded into LB+100µg/mL ampicillin medium, 

to amplify and subsequently purify pcDNA3.4_TLS2Loop4–6His recombinant plasmid 

using QIAprep Spin Miniprep Kit (see in Section 4.1.4). Quantification of DNA and its 

purity were established by measuring the absorbance at 260 and 280nm with NanoVueTM 

4282 V1.7 Spectrophotometer. 

 

4.1.8 Production of pcDNA5_TLS2–EGFP recombinant plasmid 

The recombinant plasmid used for the stable/transient expression of TLS2–EGFP protein in 

Flp–In™–293 cells was obtained through a ligase–dependent cloning strategy. 

For pcDNA5_TLS2–EGFP, pcDNA5–FRT–EGFP recombinant plasmid was amplified 

through PCR, using specific primers (sequences not shown, confidential) that allowed the 

correct cloning of the TLS2Full insert in frame with the EGFP cassette. The DNA template 

was diluted in TE Buffer to a final concentration of 10ng/μL and then 1μL was added to the 

PCR Mix (Table 4.5): 

 

Table 4.5: PCR Mix used for the amplification of pcDNA5–FRT–EGFP recombinant plasmid. 

PCR Mix 1× Final concentration 

UltraPureTM DNase/RNase–Free Distilled H2O (Invitrogen, #10977035) 17,3μL  

10× Taq DNA Polymerase PCR Buffer (Invitrogen, #18067017) 2,5μL 1× 

2,5mM each dNTP Mix (Invitrogen, #R72501) 2,5μL 0,25mM each 

25mM MgCl2 (Thermo Scientific, #AB0359) 1μL 1mM 

100μM Primer Forward (Eurofins Genomics) 0,1μL 0,4μM 

100μM Primer Reverse (Eurofins Genomics) 0,1μL 0,4μM 

1U/μL KOD Hot Start DNA Polymerase (Sigma–Aldrich, #71086) 0,3μL 0,012U/μL 

5U/μL Taq DNA Polymerase, recombinant (Invitrogen, #10342046) 0,2μL 0,04U/μL 

Final volume/sample 24μL  

 

PCR was conducted using a MiniAmpTM Plus Thermal Cycler, with the following 

amplification profile (Table 4.6):  
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Table 4.6: Amplification profile used for pcDNA5–FRT–EGFP recombinant plasmid. 

Step Temperature Time Cycle 

Initial denaturation 95°C 3min 1 

Denaturation 95°C 30sec 

35 Annealing 55°C 1min 

Extension 72°C 5min 

Final extension 72°C 10min 1 

Maintenance 4°C ∞ – 

 

The quality of the amplified sequence was evaluated by run on an electrophoresis 1% agarose 

gel with 1×TAE Buffer, using 1Kb Plus DNA Ladder for DNA sizing. Gel band 

corresponding to the amplified vector of interest was recovered and purified using QIAquick 

Gel Extraction Kit, as previously described (see in Section 4.1.6). 

At this point, both TLS2Full synthetic plasmid and pcDNA5–FRT–EGFP amplified vector 

were subjected to digest reaction with HindIII and BamHI restriction enzymes for 1h at 

37°C. During this enzymatic cutting step, amplified pcDNA5–FRT–EGFP was also 

dephosphorylated at the 5'–ends adding FastAP Thermosensitive Alkaline Phosphatase at 

the last 10min of the incubation at 37°C, in order to prevent vector recircularization during 

the ligation step. 

At the end of the restriction digestion, TLS2Full_HindIII+BamHI insert and 

dephosphorylated pcDNA5–FRT–EGFP_HindIII+BamHI vector were purified through 

agarose gel electrophoresis using QIAquick Gel Extraction Kit, as previously described (see 

in Section 4.1.6). These were then used to set up two ligase reaction with T4 DNA Ligase 

with different insert:vector molar ratio (2:1 and 5:1), which were incubated O/N at room 

temperature. 

The next day, the ligase mixtures were used for the heat–shock transformation of chemically 

competent DH5α, selecting the transfected cells on LB+100µg/mL ampicillin plates (see in 

Section 4.1.3). Each colony present on the plate the following day was expanded in 100μL 

of LB+100µg/mL ampicillin medium for 3h at 37°C in the incubator shaker for bacterial 

cultures at 250rpm, and screened through colony PCR (see in Section 4.1.7) with specific 

primers to evaluate the effective presence of TLS2Full insert (sequences not shown, 

confidential) in the plasmid contained within them.  
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If successful, the positive colonies were expanded into LB+100µg/mL ampicillin medium, 

to amplify and subsequently purify pcDNA5_TLS2–EGFP recombinant plasmid using 

QIAprep Spin Miniprep Kit (see in Section 4.1.4). Quantification of DNA and its purity were 

established by measuring the absorbance at 260 and 280nm with NanoVueTM 4282 V1.7 

Spectrophotometer. 

 

4.1.9 Production of pcDNA5_TLS2–IRES–EGFP recombinant plasmid 

The recombinant plasmid used for the creation of a TLS2–IRES–EGFP stable line in Flp–

In™–CHO cells was obtained through a ligase–dependent cloning strategy. 

For pcDNA5_TLS2–IRES–EGFP, in order to separate the TLS2–encoding sequence and 

EGFP cassette by introducing an IRES between them, both 

pAAV.CMV.Luc.IRES.EGFP.SV40 synthetic and pcDNA5_TLS2–EGFP recombinant 

plasmid were subjected to digestion with BamHI and NotI (NEB, #R0189) restriction 

enzymes for 1h at 37°C. pcDNA5_TLS2–EGFP vector was dephosphorylated with FastAP 

Thermosensitive Alkaline Phosphatase in the last 10min of the incubation at 37°C, to prevent 

the vector recircularization. At the end of the restriction digestion, both pIRES–

EGFP_BamHI+NotI insert and dephosphorylated pcDNA5_TLS2–EGFP_BamHI+NotI 

vector were purified through agarose gel electrophoresis using QIAquick Gel Extraction Kit, 

as previously described (see in Section 4.1.6). These were then used to set up the ligase step 

with T4 DNA Ligase with a 5:1 insert:vector molar ratio, incubating the reaction O/N at 

room temperature. The ligase mixture was used for the transformation of DH5α, selecting 

the transformed cells on LB+100µg/mL ampicillin plates (see in Section 4.1.3). The colonies 

present on the plate the following day were screened by digestion with HindIII restriction 

enzyme, for the purpose of verifying the identity of the plasmid contained within them. 

pcDNA5_TLS2nostop–IRES–EGFP recombinant plasmid was then recovered from the 

positive colonies, expanded into LB+100µg/mL ampicillin medium and purified using 

QIAprep Spin Miniprep Kit (see in Section 4.1.4).  

Subsequently, the stop codon of TLS2–encoding sequence was restored by inserting 

amplified TLS2stopcodon–IRES–BstXI synthetic DNA string into pcDNA5_TLS2nostop–

IRES–EGFP recombinant plasmid. They were both subjected to digest reaction with BstXI 

(NEB, #R0113) restriction enzymes for 1h at 37°C, dephosphorylating 

pcDNA5_TLS2nostop–IRES–EGFP recombinant plasmid at the 5'–ends with FastAP 
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Thermosensitive Alkaline Phosphatase, added at the last 10min of the incubation at 37°C, in 

order to prevent vector recircularization during the ligation step. 

At the end of the restriction digestion, TLS2stopcodon–IRES–BstXI_BstXI insert and 

dephosphorylated pcDNA5_TLS2nostop–IRES–EGFP_BstXI vector were purified through 

agarose gel electrophoresis using QIAquick Gel Extraction Kit, as previously described (see 

in Section 4.1.6). These were then used to set up the ligase step using T4 DNA Ligase with 

a 5:1 insert:vector molar ratio, incubating the reaction O/N at room temperature. The ligase 

mixture was then transformed into DH5α cells, as previously described (see in Section 

4.1.3), and the ampicillin–resistant colonies were screened by digestion with XhoI restriction 

enzyme. If successful, they were expanded into LB+100µg/mL ampicillin medium and 

pcDNA5_TLS2–IRES–EGFP recombinant plasmid was purified using QIAprep Spin 

Miniprep Kit (see in Section 4.1.4). Quantification of DNA and its purity were established 

by measuring the absorbance at 260 and 280nm with NanoVueTM 4282 V1.7 

Spectrophotometer. 

 

4.1.10 Production of pcDNA3.4_cMyc–AP2 recombinant plasmid 

The recombinant plasmid used for the creation of a TLS2–IRES–EGFP/AP2 stable line in 

Flp–In™–CHO cells was obtained through a ligase–dependent cloning strategy. 

For pcDNA3.4_cMyc–AP2, both amplified cMyc–AP2 synthetic DNA string and 

customized pcDNA3.4 plasmid were subjected to digest reaction with HindIII and NotI 

restriction enzymes for 1h at 37°C, with a dephosphorylation step of pcDNA3.4 with FastAP 

Thermosensitive Alkaline Phosphatase in the last 10min of the incubation. cMyc–

AP2_HindIII+NotI insert and dephosphorylated pcDNA3.4_HindIII+NotI vector were 

purified through agarose gel electrophoresis using QIAquick Gel Extraction Kit (see in 

Section 4.1.6) and used to set up the ligase reaction with T4 DNA Ligase (5:1 insert:vector 

ratio). The ligase mixture was then transformed into DH5α and selected on LB+100µg/mL 

ampicillin plates, as previously described (see in Section 4.1.3). The resulting colonies were 

screened through digestion with XbaI (NEB, #R0145) and NotI restriction enzymes, and 

pcDNA3.4_cMyc–AP2 recombinant plasmid was then recovered from the positive ones 

expanded into LB+100µg/mL ampicillin medium and purified using QIAprep Spin Miniprep 

Kit (see in Section 4.1.4). Quantification of DNA and its purity were established by 
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measuring the absorbance at 260 and 280nm with NanoVueTM 4282 V1.7 

Spectrophotometer. 

 

4.1.11 Recombinant plasmids sequencing 

The identity of the recombinant plasmids thus obtained was confirmed by sequencing, using 

the LightRun Tube Barcodes (Eurofins) service. Briefly, 5μL of 100ng/µL purified 

recombinant DNA were added to 5μL of specific primer diluted to a final concentration of 

5pmol/µL in a 1,5mL DNA LoBindTM tube (Eppendorf, #0030108418). Due to overlaps with 

specific sequences of TLS2 and AP2 proteins, the primer sequences used for recombinant 

plasmids sequencing cannot be reported for confidentiality reasons. The LightRun Tube 

Barcodes were attached to the tubes, and they were brought to the GATC Collection Point 

at Le Scotte Hospital in Siena. Once the results of the sequencing were received via email, 

they were analysed through CLC Main Workbench software (Qiagen). 

 

4.2 TLS2polyP–HuIgFc poly–epitope and TLS2Loop4–6His 

recombinant fragment expression 

4.2.1 Cell cultures 

• Expi293FTM Cells (Gibco, #A14527) were cultured in Expi293TM Expression 

Medium (Gibco, #A143510). This suspension cell line was maintained in NalgeneTM 

Single–Use PETG Erlenmeyer Flask at 125rpm (Thermo Scientific, #4115), or in 

Deepwell Plate 96/2mL (Eppendorf, #0030502302) at 1,000rpm with MixMateTM 

Shaker (Eppendorf), at 37°C in a shaker with a humidified atmosphere of 8% CO2; 

• ExpiCHO–STM Cells (Gibco, #A29127) were cultured in ExpiCHOTM Expression 

Medium (Gibco, #A291000). This suspension cell line was maintained in NalgeneTM 

Single–Use PETG Erlenmeyer Flask at 37°C in a shaker with a humidified 

atmosphere of 8% CO2 at 125rpm. 

All the cell lines were tested for mycoplasma contamination through PCR analysis [167], 

[168]. 
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4.2.2 Expi293FTM cells transient transfection 

TLS2polyP–HuIgFc synthetic plasmid was transiently transfected into Expi293FTM cells 

using ExpiFectamineTM 293 Transfection Kit (Gibco, #A14525) as per manufacturers’ 

instructions.  

On the day before transfection, Expi293FTM cells were seeded in NalgeneTM Single–Use 

PETG Erlenmeyer Flask at a density of 8×105 viable cells/mL in 25mL of Expi293TM 

Expression Medium and maintained O/N at 37°C and 8% CO2 in a shaker at 125rpm, so that 

cell density reached 2,5×106 cells/mL at the time of transfection. 

On the day of transfection, 2,5×107 cells were recovered and diluted in 22,1mL of fresh, pre–

warmed medium to a final density of approximately 1,13×106 viable cells/mL. 

Plasmid DNA and ExpiFectamine dilutions were prepared in microtubes as described below: 

• Plasmid DNA: 26μg of TLS2polyP–HuIgFc synthetic plasmid were diluted in 

OptiMEMTM I Reduced Serum Medium (Gibco, #319850) to a final volume of 

1,3mL; 

• ExpiFectamine: 70,2μL of ExpiFectamineTM 293 Reagent were diluted in 

OptiMEMTM I Reduced Serum Medium to a final volume of 1,3mL. 

The plasmid DNA dilution was mixed with the diluted ExpiFectamine to a final volume of 

2,6mL and incubated for 5min at room temperature. The DNA–ExpiFectamine solution was 

then added dropwise to the shaker flask and the Expi293FTM cells were incubated at 37°C in 

a shaker with a humidified atmosphere of 8% CO2 at 125rpm. 

On the day after transfection (18 to 22 hours post–transfection), 130μL of ExpiFectamineTM 

293 Transfection Enhancer 1 and 1,3mL of ExpiFectamineTM 293 Transfection Enhancer 2 

were added to the transfected cell culture. 

At this point, the flask was incubated for 2 days before the supernatants were harvested by 

centrifugation at 1,800rpm for 5min, filtered with 0,22μm syringe filters and kept at +4°C 

for further characterization, while pellet was resuspended with fresh medium and placed in 

incubation again. A second recovery of the supernatants were made at 5–days post–

transfection (dpt).  
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4.2.3 Immunoaffinity chromatography 

The HuIgFc–tagged TLS2polyP–HuIgFc poly–epitope, secreted in the transfected 

Expi293FTM cells’ supernatant, was purified through immunoaffinity chromatography. For 

this purpose, HiTrapTM Protein G HP 1mL column (Cytiva, #17040401) was used through 

the help of the ÄKTA start (Cytiva).  

The column was conditioned with 10mL of Wash/Binding Buffer at 1mL/min, then the 

sample was applied by pumping it onto the column and recovering the flowthrough. The 

column was washed with 3mL of Wash/Binding Buffer A (dH20 + 20mM sodium phosphate, 

pH 7.0) at 1mL/min for 5 times, to remove any non–specifically adsorbed protein. Finally, 

the protein was eluted with 3mL of Elution Buffer B (dH20 + 0,1M glycine–HCl, pH 2.7) at 

1mL/min for 5 times, so as to be able to weak the binding affinity between the HuIgFc–

tagged protein and the G protein present in the resin of the column. To prevent the acid 

environment from damaging the TLS2polyP–HuIgFc poly–epitope, each fraction was 

immediately adjusted to neutral pH, adding 300μL of Equilibration Buffer C (1M Tris–HCl, 

pH 9.0). 

 

4.2.4 ExpiCHO–STM cells transient transfection  

TLS2Loop4–6His recombinant plasmid was transiently transfected into ExpiCHO–STM cells 

using ExpiFectamineTM CHO Transfection Kit (Gibco, #A29129) as per manufacturers’ 

instructions.  

On the day before transfection, ExpiCHO–STM cells were seeded in NalgeneTM Single–Use 

PETG Erlenmeyer Flask at a density of 4–6×106 viable cells/mL in 25mL of ExpiCHOTM 

Expression Medium and maintained O/N at 37°C and 8% CO2 in a shaker at 125rpm, so that 

cell density reached 7×106 cells/mL at the time of transfection. 

On the day of transfection, 1,5×108 cells were recovered and diluted in 25mL of fresh, pre–

warmed medium to a final density of 6×106 viable cells/mL. 

Plasmid DNA and ExpiFectamine dilutions were prepared in microtubes as described below: 

• Plasmid DNA: 20μg of TLS2Loop4–6His recombinant plasmid were diluted in 

OptiPROTM SFM (Gibco, #12309019) to a final volume of 1mL; 

• ExpiFectamine: 80μL of ExpiFectamineTM CHO Reagent were diluted in 

OptiPROTM SFM to a final volume of 1mL. 
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The plasmid DNA dilution was mixed with the diluted ExpiFectamine to a final volume of 

2mL and incubated for 5min at room temperature. The DNA–ExpiFectamine solution was 

then added dropwise to the shaker flask and the ExpiCHO–STM cells were incubated at 37°C 

in a shaker with a humidified atmosphere of 8% CO2 at 125rpm. 

On the day after transfection (18 to 22 hours post–transfection), 150μL of ExpiFectamineTM 

CHO Enhancer and 6mL of ExpiCHOTM Feed were added to the transfected cell culture. 

At this point, the flask was incubated for 9 days before the supernatants were harvested by 

centrifugation at 1,800rpm for 15min, filtered with 0,22μm syringe filters and kept at +4°C 

for further characterization.  

 

4.2.5 Immobilized Metal Affinity Chromatography (IMAC)  

The 6His–tagged TLS2Loop4–6His recombinant fragment, secreted in the transfected 

ExpiCHO–STM cells’ supernatant, was purified through Immobilized Metal Affinity 

Chromatography (IMAC). For this purpose, HisTrapTM FF 1mL column (Cytiva, 

#11000458) was used through the help of the ÄKTA start (Cytiva).  

The column was conditioned with 10mL of Wash/Binding Buffer A (dH20 + 20mM sodium 

phosphate, 500mM NaCl, 10mM imidazole, pH 7.4) at 1mL/min, then the sample was 

applied by pumping it onto the column and recovering the flowthrough. The column was 

washed with 3mL of Wash/Binding Buffer A at 1mL/min for 5 times, to remove any non–

specifically adsorbed proteins. Finally, the protein was recovered through competitive 

elution with 3mL of Elution Buffer B (dH20 + 20mM sodium phosphate, 500mM NaCl, 

500mM imidazole, pH 7.4) at 1mL/min for 5 times, so as to be able to disrupt the protein 

binding with the Ni2+ ions present in the resin of the column. 

 

4.2.6 Purification control (SDS–PAGE) 

To verify the correct purification of TLS2polyP–HuIgFc poly–epitope and TLS2Loop4–

6His recombinant fragment, each fraction was analysed with Sodium Dodecyl Sulfate–

Polyacrylamide Gel Electrophoresis (SDS–PAGE).  

For the sample preparation, 30µL of each fraction (supernatant, flowthrough, wash and 

elution fractions) was added to 10µL of NuPAGETM LDS Sample Buffer 4× (Invitrogen, 

#NP0007) and boiled for 10min at 96°C. 
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20µL of each sample were loaded onto NuPAGETM 4 to 12%, Bis–Tris, 1.0mm, Mini Protein 

Gel, 12–well (Invitrogen, #NP0322), using as reference 5µL of SeeBlue™ Plus2 Pre–stained 

Protein Standard (Invitrogen, #LC5925) for protein sizing. Then, the gels were run for 1h at 

150V in SDS Running Buffer, prepared by diluting 50mL of NuPAGE™ MOPS SDS 

Running Buffer 20× (Invitrogen, #NP0001) or NuPAGE™ MES SDS Running Buffer 20× 

(Invitrogen, #NP0002) in 950mL of dH2O, respectively for TLS2polyP–HuIgFc poly–

epitope and TLS2Loop4–6His recombinant fragment, and loaded into the XCell SureLock™ 

Mini–Cell (Invitrogen, #EI0001) electrophoresis system. 

At the end of the run, the gels were stained by incubation with SimplyBlue™ SafeStain 

(Invitrogen, #LC6060) for 1h at room temperature under agitation. Subsequently, the 

staining solution was removed, and the gels were rinsed with dH2O under agitation until they 

became clear again. Images of the gel were obtained by ImageQuant LAS4000 (Cytiva). 

 

4.2.7 Desalting and protein quantification 

Once verified through the SDS–PAGE the quality of purified TLS2polyP–HuIgFc poly–

epitope and TLS2Loop4–6His fragment, the fractions containing the recombinant proteins 

of interest were desalted using PD–10 Desalting Columns (Cytiva, #17085101). The PD–10 

columns, containing Sephadex G–25 resin, were equilibrated by filling them with 5mL of 

1× DPBS (Gibco, #14190) for 5 times and letting the equilibration buffer to enter the packed 

bed completely. Subsequently, the elutions were loaded onto the columns and eluted in 

3,5mL of Desalting Buffer D (1× DPBS). 

To quantify recombinant proteins present in each elution, the desalted fractions were 

analysed with PierceTM BCA Protein Assay Kit (Thermo Scientific, #23225), following 

manufacturer’s instructions. 25µL of each desalted sample were added to 200µL of Working 

Solution, prepared by diluting PierceTM BCA Protein Assay Reagent A (Thermo Scientific, 

#23222) and PierceTM BCA Protein Assay Reagent B (Thermo Scientific, #23224) with a 

50:1 v:v ratio, and left to incubate at 37°C for 30min to allow the development of 

colorimetric reactions. The absorbances were measured at 562nm with Spectramax M2 

Microplates Reader (Molecular Devices), using dilutions of Albumin – BSA at known 

concentrations (2mg/mL, 1mg/mL, 500µg/mL, 250µg/mL, 125µg/mL, 76,5µg/mL) to 

define a standard curve. 
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4.2.8 Digestion with IdeZ protease 

A portion of the purified TLS2polyP–HuIgFc poly–epitope was subjected to enzymatic 

digestion with IdeZ Protease (Promega, #V8341), capable of recognizing and cleaving a 

unique site below the IgG hinge region, in order to generate the TLS2polyP fragment which 

will be used during the plasma cells screening step.  

After having reconstituted the lyophilized protease with 100µL of dH2O, to reach a final 

concentration of 50U/µL, the recombinant protein digestion was carried out by adding 1 unit 

of IdeZ per 1µg of TLS2polyP–HuIgFc. Samples were incubated at 37°C for 1h, after which 

the 6His–tagged enzyme was removed using Dynabeads™ His–Tag Isolation and Pulldown 

(Invitrogen, #10104D), with a ratio of 1mg of magnetic beads (40mg beads/mL) per 40µg 

of IdeZ protease. The purification mixtures were left to incubate on a roller for 30min at 

room temperature and then the IdeZ–beads complexes were removed through the application 

of a magnetic field. 

Subsequently, the HuIgFc–TAG was removed using Pierce™ Protein G Magnetic Beads 

(Thermo Scientific, #88848), with a ratio of 1mg of magnetic beads (10mg beads/mL) per 

60µg of HuIgFc fragment. The purification mixtures were left to incubate on a roller for 1h 

at room temperature and then the HuIgFc–beads complexes were removed through the 

application of a magnetic field. The purity of the TLS2polyP fragment thus recovered was 

verified through SDS–PAGE, as previously described. 

 

4.3 TLS2–EGFP and TLS2–IRES–EGFP/AP2 stable lines generation 

4.3.1 Cell cultures 

• Flp–In™–293 Cell Line (Invitrogen, #R75007) was cultured in DMEM, high glucose 

(Gibco, #41965) supplemented with 10% (v/v) heat–inactivated Fetal Bovine Serum 

FBS (Gibco, #10082147), 2mM (v/v) GlutaMAX™ Supplement (Thermo Scientific, 

#350500) and 1% (v/v) Penicillin–Streptomycin P/S (Gibco, #15140122). This 

adherent cell line was maintained in sterile, tissue culture multiwell plates, dishes or 

flasks (Corning) at 37°C in an environment with a humidified atmosphere of 5% 

CO2; 

• Flp–In™–CHO Cell Line (Invitrogen, #R75807) was cultured in Ham’s F12 Nutrient 

Mix (Gibco, #11765054) supplemented with 10% (v/v) heat–inactivated Fetal 
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Bovine Serum FBS, 2mM (v/v) GlutaMAX™ Supplement and 1% (v/v) Penicillin–

Streptomycin P/S. This adherent cell line was maintained in sterile, tissue culture 

multiwell plates, dishes or flasks (Corning) at 37°C in an environment with a 

humidified atmosphere of 5% CO2. 

All the cell lines were tested for mycoplasma contamination through PCR analysis.  

 

4.3.2 Flp–In™ cell lines stable transfection 

pcDNA5_TLS2–EGFP and pcDNA5_TLS2–IRES–EGFP recombinant plasmids were 

stably transfected into Flp–In™–293 and Flp–In™–CHO cells, respectively, using 

LipofectamineTM 2000 Transfection Reagent (Invitrogen, #11668) as per manufacturers’ 

instructions. 

On the day before transfection, 1×106 viable cells were seeded into p100 tissue culture dish 

in 6,5mL of complete medium and allowed to adhere in incubation O/N at 37°C and 5% 

CO2.  

On the day of transfection, plasmid DNA and Lipofectamine were prepared in microtubes 

as described below: 

• Plasmid DNA: 20μg of DNA, with a proportion of 10% of pcDNA5_TLS2–

EGFP/pcDNA5_TLS2–IRES–EGFP plasmid and 90% of pOG44 Flp–Recombinase 

plasmid (already available in laboratory), and 70μL of PLUSTM Reagent were diluted 

in Opti–MEMTM I Reduced Serum Medium, GlutaMAX™ Supplement (Gibco, 

#519850) to a final volume of 750μL; 

• Lipofectamine: 60μL of LipofectamineTM 2000 Reagent were diluted in Opti–

MEMTM I Reduced Serum Medium to a final volume of 750μL. 

The plasmid DNA dilutions were mixed with the diluted Lipofectamine to a final volume of 

1,5mL and incubated for 5min at room temperature. The DNA–Lipofectamine solutions 

were then added dropwise to the dishes and the cells were incubated at 37°C in an 

environment with a humidified atmosphere of 5% CO2. After 48h of incubation, the 

transfection medium was replaced with fresh one supplemented with Hygromycin B (Gibco, 

#10687010) at a final concentration of 200μg/mL for Flp–In™–293 cells or 400μg/mL for 

Flp–In™–CHO cells. Every 2 days of selection, the medium was replaced and the 

transfected Flp–In™–293/Flp–In™–CHO cells were monitored with inverted microscope, 

to evaluate cell viability, and with fluorescence microscope, comparing the EGFP emission 
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with the expression of TLS2–EGFP and TLS2–IRES–EGFP recombinant plasmids. After 

12 to 14 days of antibiotic selection, drug–resistant and well–isolated colonies were removed 

from the dish and seeded in 24–well plates, with a limited dilution of 0,3 cells/well, in order 

to selectively expand only the clones of interest. Once the Flp–In™–293 clones have reached 

the confluence, they will then be tested to evaluate the expression of the TLS2 proteins by 

confocal microscopy. The HEK293_TLS2–EGFP clones tested positive for this analysis, 

and the CHO_TLS2–IRES–EGFP clones that maintained the fluorescence given by the 

expression of the reporter protein were brought to confluence, expanded in p100 tissue 

culture dish and frozen in –80°C. 

To enhance TLS2 trafficking to the plasma membrane, CHO_TLS2–IRES–EGFP clones 

were used to generate stable lines expressing the auxiliary protein AP2. For this transfection, 

the LipofectamineTM 2000 Transfection Reagent protocol was maintained as previously 

described, however pOG44 plasmid was not required and the selection step was carried out 

with GeneticinTM Selective Antibiotic (Gibco, #101310) at a final concentration of 

600μg/mL. Once the Flp–In™–CHO clones have reached the confluence, they will then be 

tested to evaluate the expression of the AP2 and TLS2 proteins by flow cytometric and 

Western Blot analysis, respectively. Only the clones positive for both testes were kept, 

expanded in p100 tissue culture dish and frozen in –80°C until their use. 

 

4.3.3 Confocal microscopy 

The TLS2 protein expression in HEK293_TLS2–EGFP stable lines was verified through 

confocal analysis. 

Once the TLS2–EGFP transfected Flp–In™–293 clones have reached the confluence in a 

24–well plate, they were collected by centrifugation at 1,800rpm for 5min and washed with 

1× DPBS to remove the remaining culture medium. For each sample, including a negative 

control with Flp–In™–293 wild type, 5×104 viable cells were diluted in 500μL of complete 

DMEM Medium + 200μg/mL Hygromycin B and seeded on sterile Fisherbrand™ Cover 

Glasses: Circles (Fisher Scientific, #22–293–232P), previously placed into the wells of a 24–

well plate. After an O/N incubation at 37°C in an environment with a humidified atmosphere 

of 5% CO2, to allow the cells to adhere on the coverslips, they were washed with 500μL of 

1× DPBS and fixed with 200μL of 4% PFA in 1× DPBS for 10min at room temperature. The 

cells were washed again with 500μL of 1× DPBS and permeabilized with 500μL of 
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Permeabilization Buffer (0,25% TritonX–100 in 1× DPBS) for 5min at room temperature. 

After this step, the cells were washed 3 times with 500μL of 1× DPBS and incubated with 

500μL of Blocking Buffer (3% BSA + 0,05% TritonX–100 in 1× DPBS), in order to reduce 

the noise originating from nonspecific protein–protein interactions. At this point, the fixed 

and permeabilized cells were labelled with Concanavalin A, Tetramethylrhodamine 

Conjugate (Invitrogen, #C860) diluted 1:100 (50μg/mL) in Ab Dilution Buffer (1%BSA in 

1× DPBS) and incubated for 1h at room temperature. This will be followed by 3 more washes 

with 500μL of 1× DPBS and 5min incubation at room temperature with Hoechst 33342, 

Trihydrochloride, Trihydrate (Invitrogen, #H3570) diluted 1:3,000 (approximatively 

3,3μg/mL) in 1× DPBS for the nuclear counterstaining. After this last incubation, the cells 

were washed again with 500μL of 1× DPBS and the coverslips were placed overturned on 

glass slides, on which were previously deposited a drop of ProLongTM Gold Antifade 

Mountant (Invitrogen, #P36934). The mounting medium was then left to dry O/N at room 

temperature in the dark and the following day the glass slides were acquired using Leica 

TCS SP5 Confocal Laser Scanning Microscope (Leica Microsystems) and Leica Application 

Suite Advanced Fluorescence – LAS AF, version 2.7.3–9723 software (Leica 

Microsystems). 

 

4.3.4 Flow cytometry 

The cMyc–tagged AP2 protein expression in CHO_TLS2–IRES–EGFP/AP2 stable line was 

verified through flow cytometric (Fluorescent–Activated Cell Sorter, FACS) analysis. 

Once the AP2 transfected TLS2–IRES–EGFP stable line clones have reached the confluence 

in a 24–well plate, they were collected by centrifugation at 1,800rpm for 5min and washed 

with 1× DPBS to remove the remaining culture medium. For each sample, including a 

negative control with Flp–In™–CHO wild type, 5×104 viable cells were incubated with a c–

Myc Monoclonal Antibody 9E10 (Invitrogen, #MA1980) diluted 1:100 in 1× DPBS + 5% 

FBS for 1h at 4°C. At the end of the incubation, the cell pellets were washed twice with 1× 

DPBS + 5% FBS and incubated with an Alexa FluorTM 647 F(ab’)2 fragment of goat anti–

mouse IgG (H+L) antibody (Invitrogen, #A21237) diluted 1:200 (1µg/mL) in 1× DPBS + 

5% FBS for 1h at 4°C. The samples were washed again and resuspended in 200μL of 1× 

DPBS + 5% FBS. The fluorescence signal from the stained cells was acquired on the BD 

FACSCanto II (BD), through BD FACSDivaTM Software (BD). 
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4.3.5 Western Blot 

The TLS2 protein expression in CHO_TLS2–IRES–EGFP and CHO_TLS2–IRES–

EGFP/AP2 stable lines was verified through Western Blot analysis. 

For the samples’ preparation, 1×106 viable Flp–In™–CHO wild type, CHO_TLS2–IRES–

EGFP and CHO_TLS2–IRES–EGFP/AP2 cells were collected by centrifugation at 

1,800rpm for 5min and washed twice with cold 1× DPBS to remove the remaining culture 

medium. These cells were then lysed using RIPA Lysis and Extraction Buffer (Thermo 

Scientific; #89900), in order to extract their total protein content. The cell pellets were 

resuspended in 600μL of lysis buffer and incubated for 15min at 4°C under agitation. 

Subsequently, the mixtures were centrifugated at 13,000rpm for 15min at 4°C to pellet the 

cell debris and recover the proteins present in the supernatants. 

To quantify the protein content in each sample, the cell lysates were analysed with PierceTM 

BCA Protein Assay Kit, as previously described (see in Section 4.2.7). 

For each cell line, 20µg of lysate was added to an appropriate volume of NuPAGETM LDS 

Sample Buffer 4× and boiled for 10min at 96°C. The samples were loaded onto NuPAGETM 

4 to 12%, Bis–Tris, 1.0mm, Mini Protein Gel, 12–well, using as reference 5µL of SeeBlue™ 

Plus2 Pre–stained Protein Standard for protein sizing. Then, the gel was run for 1h at 150V 

in SDS Running Buffer, prepared by diluting 50mL of NuPAGE™ MOPS SDS Running 

Buffer 20× in 950mL of dH2O and loaded into the XCell SureLock™ Mini–Cell 

electrophoresis system. 

At the end of the run, the proteins in the polyacrylamide gel were dry–electroblotted in a 

Polyvinylidene Difluoride (PVDF) membrane using iBlot™ Transfer Stack, PVDF 

(Invitrogen, #IB4010). through iBlotTM Gel Transfer System (Invitrogen, #2033731). 

Finished the transfer, the PDVF membrane was incubated with 10% Skim Milk in 1× TBS–

T (20mM Tris, 150mM NaCl, 0,1% Tween–20) for 1h, in order to block free binding surface 

of the membrane and to avoid non–specific binding of the primary antibody. The membrane 

was then incubated with a commercial, rabbit–polyclonal anti–TLS2 antibody (reference 

number not shown, for confidentiality) diluted 1:1,000 in 1% Skim Milk in 1× TBS–T O/N 

at 4°C in a shaker at 15rpm. At the end of the incubation, the PDVF membrane was washed 

3 times with 1× TBS–T and incubated with a Goat Anti–Rabbit IgG (H+L) HorseRadish 

Peroxidase (HRP)–conjugated antibody (Bio–Rad, #1706515) diluted 1:5,000 in 1% Skim 
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Milk in 1× TBS–T for 1h at 4°C in a shaker at 15rpm. The membrane was washed again 3 

times with 1× TBS–T and the proteins were detected using PierceTM ECL Western Blotting 

Substrate (Thermo Scientific, #32209), with an incubation in ECL Substrate (dilution 1:1 

Detection Reagent 1 Peroxide Solution + Detection Reagent 2 Luminol Enhancer Solution) 

of 2–5min. Images of the PDVF membrane were obtained by ImageQuant LAS4000, in 

chemiluminescence condition for the proteins or in fluorescence condition (Cy5) for the 

SeeBlue™ Plus2 Pre–stained Protein Standard acquisition. 

 

4.4 TLS2 antibodies production 

4.4.1 BALB/c mice immunization 

For the production of murine TLS2–specific CD138+ plasma cells, 3 immunization group 

were set up, each consisting of 5 Female BALB/c mice (Charles River) 4 weeks old, to which 

CHO_TLS2–IRES–EGFP/AP2 stable line cells or TLS2polyP–HuIgFc/TLS2Loop4–6His 

recombinant proteins were respectively administrated. Each mouse was immunized through 

3 intra–peritoneal injections every 14 days with 1×107 CHO_TLS2–IRES–EGFP/AP2 cells 

or 20µg of purified TLS2polyP–HuIgFc/TLS2Loop4–6His protein with 1µL 200mM 

Dithiothreitol DTT (Invitrogen, #P2325) in a total volume of 100uL 1× DPBS, added to and 

100µL of Complete Freund’s Adjuvant CFA (Invitrogen, #F5506) or Incomplete Freund’s 

Adjuvant IFA (Invitrogen, #F5881). CFA was used only for the first dose and IFA for the 

subsequent boosts. Blood for sera analyses was taken 7 days after the 3rd immunization to 

evaluate the antibody titer through ELISA test. The CHO_TLS2–IRES–EGFP/AP2 stable 

line–immunized group underwent 2 further boosts, following which antibody titration was 

carried out again. 

Completed the immunization protocols, the mice were anesthetized with IsoFlo (Zoetis, 

#50019100) and, once the terminal blood sample was collected, they were euthanized by 

cervical dislocation. Subsequently, the mice bone marrow and spleen were recovered and 

used for the isolation of TLS2–specific single CD138+ plasma cells, or cryopreserved at –

80°C. 
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4.4.2 Antibody titration 

Anti–TLS2 antibody titer developed in sera of mice immunized with CHO_TLS2–IRES–

EGFP/AP2 stable line cells or TLS2polyP–HuIgFc/TLS2Loop4–6His recombinant proteins 

were assessed through Enzyme–linked Immunosorbent Assay (ELISA). 

Purified TLS2polyP or TLS2Loop4–6His fragments were coated onto SpectraPlate–384 

High Binding plates (PerkinElmer, #6007500) at 10μg/mL in a total volume of 12μL 1× 

DPBS /well, and incubated overnight at 4°C. The following day the plates were washed with 

0,05% Tween 20–1× DPBS and then blocked with 35μL Blocking Buffer (1× DPBS + 1% 

BSA, 1% FBS)/well for 1 hour at 37°C. Subsequently, the plates were washed again with 

0,05% Tween 20–1× DPBS and then mice sera were applied at various dilutions in Blocking 

Buffer (20μL/well) for 1 hour at 37°C. Then, the plates were washed 5 times with 0,05% 

Tween 20–1× DPBS and incubated with a Goat Anti–Mouse IgG (H+L) HRP–conjugated 

antibody (Bio–Rad, #170–6516) diluted 1:5,000 in Blocking Buffer (20μL/well) for 1 hour 

at 37°C. After 6 washes with 0,05% Tween 20–1× DPBS, the plates were incubated with 

20μL 1–StepTM Ultra TMB (3,3′,5,5′–Tetramethylbenzidine)–ELISA Substrate Solution 

(Thermo Scientific, #34028)/well for 30 minutes at RT and then the reaction was halted with 

0.5M HCl (20μL/well). The absorbances were measured at 450nm with Spectramax M2 

Microplates Reader. 

To evaluate the antibody titer developed in mice immunized with TLS2polyP–HuIgFc 

against the full–length, membrane TLS2 protein, a flow cytometric analysis (see in Section 

4.3.4) was performed on Flp–In™–293 cells transiently transfected with pcDNA5_TLS2–

EGFP using LipofectamineTM 2000 Transfection Reagent but omitting the use of pOG44 

plasmid. (see in Section 4.3.2). For the immunostaining, the serum of mice immunized with 

the poly–epitope and a pre–immune serum as a negative control were used as primary 

antibodies, and a Goat Anti–Mouse IgG (H+L) DyLightTM 650–conjugated antibody 

(Invitrogen, #84545) diluted 1:200 in 1× DPBS + 5% FBS as secondary antibody. The 

fluorescence signal from the stained cells was acquired on the BD FACSCanto II, through 

BD FACSDivaTM Software. 

To evaluate the antibody titer developed in mice immunized with TLS2Loop4–6His against 

the full–length TLS2 protein, Western Blot analysis was performed using Flp–In™–CHO 

wild type and CHO_TLS2–IRES–EGFP/AP2 stable line cell lysates, obtained using RIPA 

Lysis and Extraction Buffer, and TLS2Loop–6His recombinant fragment (see in Section 
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4.3.5). For the immunostaining, the serum of a mouse from both immunization groups and 

a pre–immune serum as a negative control diluted 1:1,000 in 1% Skim Milk in 1× TBS–T 

were used as primary antibodies, and a Goat Anti–Mouse IgG (H+L)–HRP conjugated 

antibody (Bio–Rad, #1706516) diluted 1:5,000 in 1% Skim Milk in 1× TBS–T as secondary 

antibody. The detection step was carried out using PierceTM ECL Western Blotting Substrate, 

and the images of PDVF membranes were obtained by ImageQuant LAS4000, in 

chemiluminescence condition for the proteins or in fluorescence condition (Cy5) for the 

SeeBlue™ Plus2 Pre–stained Protein Standard acquisition. 

 

4.5 Selection and identification of new TLS2 mAbs 

4.5.1 Identification and isolation of TLS2–specific single ASCs 

The enrichment of antigen–specific CD138+ plasma cells from bone marrow samples of mice 

immunized with CHO_TLS2–IRES–EGFP/AP2 stable line cells or TLS2Loop4–6His 

recombinant fragment was performed using the CD138+ Plasma Cell Isolation Kit (Miltenyi 

Biotec, #130092530), following the manufacturer's instructions. 

The bone marrow samples were washed with 1× DPBS and transferred into sterile 35mm 

culture dishes containing 1mL of Dissociation Buffer (1× DPBS + 0,5% FBS, 2mM EDTA), 

where they were mechanically minced with the flat end of a syringe plunger. The 

supernatants were then passed through FalconTM 100µm Cell Strainers (Falcon, # 352360), 

in turn washed with 2mL of Dissociation Buffer. The cell suspensions were centrifuged at 

1,500rpm for 5min, and the pellets thus obtained were resuspended in 50µL of Dissociation 

Buffer. The CD138+ plasma cells were magnetically labelled with 10µL of CD138 Micro 

Beads, mouse (Miltenyi Biotec, #130098257)/107 total cells and incubated for 15min on ice. 

At the end of the incubation, the cells were washed by adding 2mL of Dissociation Buffer, 

centrifuged at 1,500rpm for 5min and resuspended in 500µL of Dissociation Buffer. The cell 

suspensions were then passed through a LS Columns (Miltenyi Biotec, #130042401) placed 

in the magnetic field of a MidiMACS™ Separator (Miltenyi Biotec, #130042302) and 

washed 3 times with 3mL of Dissociation Buffer, in order to collect the unlabelled cells in 

negative selections. Subsequently, the LS Columns were removed from the MidiMACS™ 

Separator and washed again 3 times with 3mL of Dissociation Buffer, this time to recover 

the fraction with magnetically labelled cells. 
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The enriched CD138+ plasma cells were resuspended in Antibodies Expression Medium 

(RPMI1640 + 10% FBS, 1× NeAA, 10ng/mL recombinant mouse IL–6, 25% filtered 

supernatant of day3 M210B4 cell culture, 10µM β–mercaptoethanol) and plated with a 

distribution of 50 cells per well in a final volume of 25µL in CorningTM Low Volume 384–

well TC–treated Microplates (Corning, #3542). After 24h of incubation at 37°C with a 

humidified atmosphere of 5% CO2, the supernatant of each well was used to set up an ELISA 

assay on SpectraPlate–384 High Binding plates previously coated with TLS2Loop4–6His 

recombinant fragment at 10μg/mL (see in Section 4.4.2). For this analysis it was prepared a 

negative control, only Antibodies Expression Medium, and a positive control, using the 

serum of immunized mice diluted 1:100 in Antibodies Expression Medium. The cells inside 

the positive wells, containing the antibodies against TLS2, were resuspended in Antibodies 

Expression Medium and replated with a limiting distribution of 0,3 cells per well in news 

CorningTM Low Volume 384–well TC–treated Microplates. The next day, the ELISA assay 

was repeated to identify the single TLS2–specific plasma cells. The plasma cells inside the 

positive wells were washed with 1× DPBS and moved to 8–tubes PCR–strips containing 4µl 

of Lysis Buffer (Table 4.7), in sterile conditions, and used for the Reverse Transcriptase–

Polymerase Chain Reaction (RT–PCR), or cryopreserved at –80°C. 

 

Table 4.7: TLS2–specific single CD138+ plasma cells Lysis Buffer. 

Lysis Buffer 1× Final concentration 

UltraPureTM DNase/RNase–Free Distilled H2O (Invitrogen, #10977035) 3,31μL  

10× sterile PBS 0,25μL 0,625× 

0,1M DL–DTT (Promega, #P1171) 0,14μL 3,5mM 

40U/μL RNasinTM Plus RNase Inhibitor (Promega, #N2611)  0,3μL 3U 

Final volume/sample 4μL  
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4.5.2 Recovery of VH and VL coding sequences from single antigen-

specific ASC and “minigenes” assembly 

The TLS2–specific single CD138+ plasma cell lysates were reverse–transcribed to cDNA, 

using SuperScriptTM IV Reverse Transcriptase (Invitrogen, #18090050) primed with 

Oligo(dT)12–18 Primer (Invitrogen, #18418012) and Custom LNA Oligonucleotide 

Template–Switching Oligos – TSO (Qiagen, #339407) 

[AAGCAGTGGTATCAACGCAGAGTACATrGrG+G] [169]. For this amplification step, 

EppendorfTM ep Dualfilter T.I.P.STM (Eppendorf, 

#EP0030078500/#0030078535/#0030078551/#0030078578) PCR clean and sterile were 

used, and all subsequent mixes were prepared in a DNA/RNA–free hood. 

Single CD138+ plasma cell lysates were thawed on ice for 5min and centrifugated at 400g 

for 30sec at 4°C. To each sample was then added 4μL of RT–PCR Mix I (Table 4.8) in a 

circular motion along the edges of the tube: 

 

Table 4.8: RT–PCR Mix I. 

RT–PCR Mix I 1× Final concentration 

UltraPureTM DNase/RNase–Free Distilled H2O (Invitrogen, #10977035) 3μL  

25mM each dNTPs Mix (Thermo Scientific, #R1121) 0,8μL 1mM each 

100μM Oligo(dT)12–18 Primer (Invitrogen, #18418012) 0,2μL 1μM 

Final volume/sample 4μL  

 

Subsequently, they were centrifuged at 400g for 1min at 4°C and incubated for 3min at 72°C 

in pre–heated MiniAmpTM Plus Thermal Cycler. After the incubation, samples were placed 

on ice for 1–5min, during which time the RT–PCR Mix II was prepared as shown below 

(Table 4.9): 
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Table 4.9: RT–PCR Mix II. 

RT–PCR Mix II 1× Final concentration 

5× First Strand Buffer (Invitrogen, 180910) 4μL 1× 

50mM Betaine (Merck) 2,9μL 7,25mM 

50mM MgCl2 (Invitrogen) 2,4μL 6mM 

100μM DL–DTT (Promega, #P1171) 1μL 5μM 

100μM Custom LNA Oligonucleotide TSO (Qiagen, #339407) 0,2μL 1μM 

40U/µL RNasinTM Plus RNase Inhibitor (Promega, #N2611) 0,5μL 1U/μL 

200U/µL SuperScriptTM IV Reverse Trascriptase (Invitrogen, #18090050) 1μL 10U/μL 

Final volume/sample 12μL  

 

12μL of RT–PCR Mix II were added to each sample in a circular motion along the edges of 

the tube, then they were centrifugated at 400g for 1min at 4°C and incubated in a MiniAmpTM 

Plus Thermal Cycler with the following amplification profile (Table 4.10): 

 

Table 4.10: Amplification profile of RT–PCR. 

Temperature Time 

42°C 10min 

25°C 10min 

50°C 1h 

94°C 5min 

4°C ∞ 

 

The complementary DNAs double strands thus obtained were then pre–amplified with 

TerraTM PCR Direct Polymerase (Takara Bio, #639270), in order to increase the total amount 

of genetic material while maintaining reduced amplification bias [170], and IS–PCR primers 

[AAGCAGTGGTATCAACGCAGAGT] (Eurofins Genomics). 

10μL of each cDNA sample diluted 1:2 with UltraPureTM DNase/RNase–Free Distilled H2O 

was added to 15μL of preAmp–PCR Mix, previously prepared as shown below (Table 4.11): 
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Table 4.11: preAmp–PCR Mix. 

preAmp–PCR Mix 1× Final concentration 

UltraPureTM DNase/RNase–Free Distilled H2O (Invitrogen, #10977035) 1,95μL  

2× Terra PCR Direct Buffer (Takara Bio, #639270) 12,5μL 1× 

10μM IS–PCR primers (Eurofins Genomics) 0,05μL 20nM 

1,25U/μL Terra PCR Direct Polymerase Mix (Takara Bio, #639270) 0,5μL 0,025U/μL 

Final volume/sample 15μL  

 

cDNA pre–amplification was conducted using a MiniAmpTM Plus Thermal Cycler, with the 

following amplification profile (Table 4.12): 

 

Table 4.12: Amplification profile used for cDNA pre–amplification. 

Step Temperature Time Cycle 

Initial denaturation 98°C 3min 1 

Denaturation 98°C 15sec 

18 Annealing 65°C 30sec 

Extension 68°C 4min 

Final extension 72°C 10min 1 

Maintenance 4°C ∞ – 

 

At this point, both cDNAs and pre–amplified DNAs were amplified through 3 rounds of 

antibody–specific PCR, using KOD DNA Polymerase and Taq DNA Polymerase primed 

with Ig–specific primers [105], to amplify heavy– and light–chain variable region (VH and 

VL) genes and insert them into a human antibody framework. Through this approach it is 

possible to generate two linear Transcriptionally Active PCR (TAP) products directly 

transfectable into mammalian cells to produce recombinant chimeric mAbs, without the need 

of cloning into expression vectors or purification steps. 

Primers used in each amplification step were resuspended with UltraPureTM DNase/RNase–

Free Distilled H2O at 100pmol/μL and putted together in specific primer mixes. 

Subsequently, 0,1μL of each primer mix was added to the corresponding PCR mix. 

Every PCR product was verified through electrophoresis on 1.5% agarose gel with 1Kb Plus 

DNA Ladder for DNA sizing and used as a template for subsequent amplification step. 

The amplification protocols used are the followings:  
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• For the primary PCR (PCR I), it was set up a touchdown PCR in order to increase 

the specificity of the amplification reaction. As template, 3μL of the cDNA obtained 

through the RT–PCR step or 3μL of pre–amplified DNA diluted 1:10 with 

UltraPureTM DNase/RNase–Free Distilled H2O were added to 22μL of PCR I/II Mix 

(Table 4.13):  

 

Table 4.13: PCR I/II Mix. 

PCR I Mix 1× Final Concentration 

UltraPureTM DNase/RNase–Free Distilled H2O (Invitrogen, #10977035) 15,5μL  

10× Taq DNA Polymerase PCR Buffer (Invitrogen, #18067017) 2,5μL 1× 

2,5mM each dNTP Mix (Invitrogen, #R72501) 2,5μL 0,25mM each 

25mM MgCl2 (Thermo Scientific, #AB0359) 1μL 1mM 

100μM Primer Forward (Eurofins Genomics) 0,1μL 0,4μM 

100μM Primer Reverse (Eurofins Genomics) 0,1μL 0,4μM 

1U/μL KOD Hot Start DNA Polymerase (Sigma–Aldrich, #71086) 0,2μL 0,008U/μL 

5U/μL Taq DNA Polymerase, recombinant (Imvitrogen, #10342046) 0,1μL 0,02U/μL 

Final volume/sample 22μL  

 

The primer mixes used for VH and VL PCR I step were (Table 4.14): 
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Table 4.14: VH and VL PCR I primers. 

Chain Primer Sequence 

VH 

F–MsVHE GGGAATTCGAGGTGCAGCTGCAGGAGTCTGG 

R–C–M outer AGGGGGCTCTCGCAGGAGACGAGG 

R–C–gamma1 outer GGAAGGTGTGCACACCGCTGGAC 

R–C–gamma2c outer GGAAGGTGTGCACACCACTGGAC 

R–C–gamma2b outer GGAAGGTGTGCACACTGCTGGAC 

R–C–gamma3 outer AGACTGTGCGCACACCGCTGGAC 

R–Calpha outer GAAAGTTCACGGTGGTTATATCC 

VL 

F–L–Vk_3 TGCTGCTGCTCTGGGTTCCAG 

F–L–Vk_4 ATTWTCAGCTTCCTGCTAATC 

F–L–Vk_5 TTTTGCTTTTCTGGATTYCAG 

F–L–Vk_6 TCGTGTTKCTSTGGTTGTCTG 

F–L–Vk_6_8_9 ATGGAATCACAGRCYCWGGT 

F–L–Vk_14 TCTTGTTGCTCTGGTTYCCAG 

F–L–Vk_19 CAGTTCCTGGGGCTCTTGTTGTTC 

F–L–Vk_20 TCACTAGCTCTTCTCCTC 

R–mCK GATGGTGGGAAGATGGATACAGTT 

 

PCR I was conducted using a MiniAmpTM Plus Thermal Cycler, with the following 

amplification profile for both VH and VL genes (Table 4.15): 

 

Table 4.15: Amplification profile used for PCR I. 

Step Temperature Time Cycle 

Initial denaturation 94°C 3min 1 

Denaturation 94°C 30sec 

15 Annealing 65→50°C (–1°C per cycle) 30ses 

Extension 72°C 55sec 

Denaturation 94°C 30sec 

50 Annealing 50°C 30sec 

Extension 72°C 55sec 

Final extension 72°C 10min 1 

Maintenance 4°C ∞ – 

  

• As template for the secondary PCR (PCR II), 3μL of the touchdown PCR I products 

were added to 23μL of PCR I/II Mix (see in Table 4.13). 
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The primer mixes used for VH and VL PCR II step were (Table 4.16): 

 

Table 4.16: PCR II primers. 

Chain Primer Sequence 

VH 

F–AgeI P–mVH01 CTGCAACCGGTGTACATTCCCAGGTGCAGCTGCAGCAGCCTGG 

F–AgeI P–mVH02 CTGCAACCGGTGTACATTCCCAGGTGCAGCTGCAGCAGTCTGG 

F–AgeI P–mVH03 CTGCAACCGGTGTACATTCCCAGGTGCAGCTGAAGCAGTCTGG 

F–AgeI P–mVH04 CTGCAACCGGTGTACATTCCCAGGTGCAGCTGAAGGAGTCTGG 

F–AgeI P–mVH05 CTGCAACCGGTGTACATTCCGAGGTGAAGCTGGAGGAGTCTGG 

F–AgeI P–mVH06 CTGCAACCGGTGTACATTCCGAGGTGCAGCTGGTGGAGTCTGG 

F–AgeI P–mVH07 CTGCAACCGGTGTACATTCCGAAGTGCAGCTGTTGGAGACTGG 

F–AgeI P–mVH08 CTGCAACCGGTGTACATTCCGAGGTGCAGCTGCAGCAGTCTGG 

F–AgeI P–mVH09 CTGCAACCGGTGTACATTCCGAGGTGCAGCTGCAGGAGTCTGG 

F–AgeI P–mVH10 CTGCAACCGGTGTACATTCCGAGGTGCAGCTGCAGCAGTCTGTG 

F–AgeI P–mVH11 CTGCAACCGGTGTACATTCCGAGGTGAAGCTGGTGGAGTCTGG 

F–AgeI P–mVH12 CTGCAACCGGTGTACATTCCCAGATCCAGCTGCAGCAGTCTGG 

F–AgeI P–mVH13 CTGCAACCGGTGTACATTCCCAGGTTCAGCTGCAACAGTCTGA 

F–AgeI P–mVH14 CTGCAACCGGTGTACATTCCGAGTTCCAGCTGCAGCAGTCTGG 

F–AgeI P–mVH15 CTGCAACCGGTGTACATTCCGATGTACAGCTTCAGGAGTCAGG 

F–AgeI P–mVH16 CTGCAACCGGTGTACATTCCGAGGTGCAGCTTGTTGAGTCTGGTGGAG 

F–AgeI P–mVH17 CTGCAACCGGTGTACATTCCCAGCGTGAGCTGCAGCAGTCTGG 

F–AgeI P–mVH18 CTGCAACCGGTGTACATTCCGACGTGAAGCTGGTGGAGTCTGG 

F–AgeI P–mVH19 CTGCAACCGGTGTACATTCCGAAGTGATGCTGGTGGAGTCTGG 

F–AgeI P–mVH20 CTGCAACCGGTGTACATTCCCAGGTGCAGCTTGTAGAGACCGG 

F–AgeI P–mVH21 CTGCAACCGGTGTACATTCCCAGATGCAGCTTCAGGAGTCAGG 

F–AgeI P–mVH22 CTGCAACCGGTGTACATTCCCAGGCTTATCTACAGCAGTCTGG 

F–AgeI P–mVH23 CTGCAACCGGTGTACATTCCGAGTTCCAGCTGCAGCAGTCTGG 

R–SalI P–mJH01 GCTTGGGCCCTTGGTCGAAGCTGAGGAGACGGTGACCGTGG 

R–SalI P–mJH02 GCTTGGGCCCTTGGTCGAAGCTGAGGAGACTGTGAGAGTGG 

R–SalI P–mJH03 GCTTGGGCCCTTGGTCGAAGCTGCAGAGACAGTGACCAGAG 

R–SalI P–mJH04 GCTTGGGCCCTTGGTCGAAGCTGAGGAGACGGTGACTGAGG 

VL 

F–AgeI P–mVK01 CTGCAACCGGTGTACATTCCAACATTATGATGACACAGTCGCCA 

F–AgeI P–mVK02 CTGCAACCGGTGTACATTCCAACATTGTGCTGACCCAATCTCCA 

F–AgeI P–mVK03 CTGCAACCGGTGTACATTCCCAAATTGTTCTCACCCAGTCTCCA 

F–AgeI P–mVK04 CTGCAACCGGTGTACATTCCCAAATTGTTCTCTCCCAGTCTCCA 

F–AgeI P–mVK05 CTGCAACCGGTGTACATTCCGAAAATGTTCTCACCCAGTCTCCA 

F–AgeI P–mVK06 CTGCAACCGGTGTACATTCCGAAACAACTGTGACCCAGTCTCCA 



70 

 

 

VL 

F–AgeI P–mVK07 CTGCAACCGGTGTACATTCCGAAATTGTGCTCACTCAGTCTCCA 

F–AgeI P–mVK08 CTGCAACCGGTGTACATTCCGACATCAAGATGACCCAGTCTCCA 

F–AgeI P–mVK09 CTGCAACCGGTGTACATTCCGACATCCAGATGAACCAGTCTCCA 

F–AgeI P–mVK10 CTGCAACCGGTGTACATTCCGACATCCAGATGACTCAGTCTCCA 

F–AgeI P–mVK11 CTGCAACCGGTGTACATTCCGACATTGTGATGACTCAGTCTC 

F–AgeI P–mVK12 CTGCAACCGGTGTACATTCCGACATTGTGATGTCACAGTCTCCA 

F–AgeI P–mVK13 CTGCAACCGGTGTACATTCCGACATTGTGCTGACCCAATCTCCA 

F–AgeI P–mVK14 CTGCAACCGGTGTACATTCCGATATCCAGATGACACAGACTACA 

F–AgeI P–mVK15 CTGCAACCGGTGTACATTCCGATGTTGTGATGACCCAAACTCCA 

F–AgeI P–mVK16 CTGCAACCGGTGTACATTCCGAAATCCAGATGACCCAGTCTCCA 

F–AgeI P–mVK17 CTGCAACCGGTGTACATTCCGACATCCAGATGACACAATCTTCA 

F–AgeI P–mVK18 CTGCAACCGGTGTACATTCCGACATCCAGATGACCCAGTCTCCA 

F–AgeI P–mVK19 CTGCAACCGGTGTACATTCCGACATCCTGATGACCCAATCTCCA 

F–AgeI P–mVK20 CTGCAACCGGTGTACATTCCGACATTGTGCTCACCCAATCTCC 

F–AgeI P–mVK21 CTGCAACCGGTGTACATTCCGATGTTGTGGTGACTCAAACTCCA 

F–AgeI P–mVK22 CTGCAACCGGTGTACATTCCAACATTGTAATGACCCAATCTCCC 

F–AgeI P–mVK23 CTGCAACCGGTGTACATTCCGATGTTTTGATGACCCAAACTCCA 

F–AgeI P–mVK24 CTGCAACCGGTGTACATTCCGATATTGTGATGACTCAGGCTGCA 

F–AgeI P–mVK25 CTGCAACCGGTGTACATTCCGACATCCAGATGATTCAGTCTCCA 

F–AgeI P–mVK26 CTGCAACCGGTGTACATTCCGACATCTTGCTGACTCAGTCTCCA 

F–AgeI P–mVK27 CTGCAACCGGTGTACATTCCGATGTCCAGATGATTCAGTCTCCA 

F–AgeI P–mVK28 CTGCAACCGGTGTACATTCCGATGTCCAGATAACCCAGTCTCCA 

R–BsiWI P–mJK01 CAGATGGTGCAGCCACGGTACGTTTGATTTCCAGCTTGGTG 

R–BsiWI P–mJK02 CAGATGGTGCAGCCACGGTACGTTTTATTTCCAGCTTGGTC 

R–BsiWI P–mJK03 CAGATGGTGCAGCCACGGTACGTTTTATTTCCAACTTTGTC 

R–BsiWI P–mJK04 CAGATGGTGCAGCCACGGTACGTTTCAGCTCCAGCTTGGTC 

 

PCR II was conducted using a MiniAmpTM Plus Thermal Cycler, with different 

amplification profiles for VH and VL genes (Table 4.17):  
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Table 4.17: Amplification profiles used for PCR II. 

Step Temperature Time Cycle 

Initial denaturation 94°C 3min 1 

Denaturation 94°C 30sec 

50 Annealing 60°C (VH) 45°C (VL) 30sec 

Extension 72°C 45sec 

Final extension 72°C 10min 1 

Maintenance 4°C ∞ – 

  

• For the tertiary PCR (TAP), the VH and VL genes previously amplified were merged 

with a strong human cytomegalovirus promoter (pCMV) and a human constant 

region fragment containing a Bovine Growth Hormone – BGH polyadenylation 

signal (CH/Cκ–polyA), in order to generate two separate linear minigenes directly 

transfectable into mammalian cells for the production of the resulting recombinant 

chimeric mAbs.  

As templates to obtain pCMV and CH/Cκ–polyA constant region fragments, it was 

used AbVec2.0–IGHG1 (Addgene plasmid #80795; http://n2t.net/addgene:80795; 

RRID:Addgene_80795) and AbVec1.1–IGKC (Addgene plasmid #80796; 

http://n2t.net/addgene:80796; RRID:Addgene_80796), two recombinant plasmids 

encoding respectively immunoglobulin heavy and light chains with constant region 

(IgG1 and kappa isotype) of a human antibody [171]. 

1μL of AbVec2.0–IGHG1/AbVec1.1–IGKC plasmids, previously diluted with 

UltraPureTM DNase/RNase–Free Distilled H2O to a final concentration of 10ng/μL, 

were added to 24μL of VH/VL Vector PCR Mix (Table 4.18): 
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Table 4.18: VH/VL Vector PCR Mix. 

VH/VL Vector PCR Mix 1× Final Concentration 

UltraPureTM DNase/RNase–Free Distilled H2O (Invitrogen, #10977035) 17,5μL  

10× Taq DNA Polymerase PCR Buffer (Invitrogen, #18067017) 2,5μL 1× 

2,5mM each dNTP Mix (Invitrogen, #R72501) 2,5μL 0,25mM each 

25mM MgCl2 (Thermo Scientific, #AB0359) 1μL 1mM 

100μM Primer Forward (Eurofins Genomics) 0,1μL 0,4μM 

100μM Primer Reverse (Eurofins Genomics) 0,1μL 0,4μM 

1U/μL KOD Hot Start DNA Polymerase (Sigma–Aldrich, #71086) 0,2μL 0,008U/μL 

5U/μL Taq DNA Polymerase, recombinant (Imvitrogen, #10342046) 0,1μL 0,02U/μL 

Final volume/sample 24μL  

 

Primers used for the VH and VL vectors PCR step were (Table 4.19): 

 

Table 4.19: VH and VL vectors PCR primers. 

Vector Primer Sequence 

VetH pCMV 
CMV–WA–F CGCCCGACATTGATTATTGACTAG 

Ig–Age–PCRvC–R GGAATGTACACCGGTTGCAGTTGCTACTAG 

VetH CH–polyA 
Kim–IgG–vect–F GCTTCGACCAAGGGCCCAAGCGTC 

SV40epA2–R GATCCAGACATGATAAGATACATTG 

VetL pCMV–Gaussia + Cκ–polyA 
Kim–IgK–vect–F ACCGTGGCTGCACCATCTG 

Ig–Age–PCRvC–R GGAATGTACACCGGTTGCAGTTGCTACTAG 

 

VH and VL vectors PCR was conducted using a MiniAmpTM Plus Thermal Cycler, 

with different amplification profiles (Table 4.20):  
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Table 4.20: Amplification profile used for VH and VL vectors PCR. 

Sample Step Temperature Time Cycle 

AbVec2.0–IGHG1 

Initial denaturation 95°C 3min 1 

Denaturation 95°C 30sec 

35 Annealing 55°C 30sec 

Extension 72°C 1min 

Final extension 72°C 10min 1 

Maintenance 4°C ∞ – 

AbVec1.1–IGKC 

Initial denaturation 95°C 3min 1 

Denaturation 95°C 30sec 

15 Annealing 65→50°C (–1°C per cycle) 30sec 

Extension 72°C 5min 

Denaturation 95°C 30sec 

30 Annealing 55°C 30sec 

Extension 72°C 5min 

Final extension 72°C 10min 1 

Maintenance 4°C ∞ – 

 

Subsequently, 2μL of heavy and light–variable genes obtained for the PCR II, if 

necessary diluted according to their actual quantities observed through 

electrophoretic run controls, were mixed with 1μL of VetH pCMV and VetH CH–

polyA or VetL pCMV–Gaussia + Cκ–polyA, respectively, and added to the TAP Mix 

(Table 4.21).  

 

Table 4.21: TAP Mix. 

TAP PCR Mix 1× Final concentration 

UltraPureTM DNase/RNase–Free Distilled H2O (Invitrogen, #10977035) 14,5μL (VH) 15,5μL (VL)  

10× Taq DNA Polymerase PCR Buffer (Invitrogen, #18067017) 2,5μL 1× 

2,5mM each dNTP Mix (Invitrogen, #R72501) 2,5μL 0,2mM each 

25mM MgCl2 (Thermo Scientific, #AB0359) 1μL 1mM 

100μM Primer Forward (Eurofins Genomics) 0,1μL 0,4μM 

100μM Primer Reverse (Eurofins Genomics) 0,1μL 0,4μM 

1U/μL KOD Hot Start DNA Polymerase (Sigma–Aldrich, #71086) 0,2μL 0,008U/μL 

5U/μL Taq DNA Polymerase, recombinant (Imvitrogen, #10342046) 0,1μL 0,02U/μL 

Final volume/sample 21μL (VH) 22μL (VL)  
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Primers used for the TAP step were CMV–WA–F 

(CGCCCGACATTGATTATTGACTAG) and SV40epA2–R 

(GATCCAGACATGATAAGATACATTG). 

TAP was conducted using a MiniAmpTM Plus Thermal Cycler, with different 

amplification profiles for heavy and light chain (Table 4.22):  

 

Table 4.22: Amplification profiles used for TAP. 

Step Temperature Time Cycle 

Initial denaturation 95°C 3min 1 

Denaturation 95°C 30sec 

35 Annealing 64°C (VH) 55°C (VL) 30sec 

Extension 72°C 1min 

Final extension 72°C 10min 1 

Maintenance 4°C ∞ – 

 

4.5.3 Expi293FTM cells transient transfection into Deepwell plates 

The minigenes obtained through TAP, encoding for recombinant chimeric TLS2 mAbs, were 

transiently transfected into Expi293FTM cells using ExpiFectamineTM 293 Transfection Kit, 

as per manufacturers’ instructions and scaling down the protocol to Deepwell Plate 96/2mL. 

On the day before transfection, Expi293FTM cells were seeded in 125mL shaker flasks at a 

density of 1–2×106 viable cells/mL in 25mL of Expi293TM Expression Medium and 

maintained O/N at 37°C and 8% CO2 in a shaker at 125rpm. 

On the day of transfection, 7×107 cells were recovered and diluted in 49mL of fresh, pre–

warmed medium to a final density of approximately 1,43×106 viable cells/mL. Then, 700μL 

of cells dilution was aliquoted in the 60 internal wells of the 96–deepwell plate, as a 

precaution to obtain a better well–to–well consistency avoiding greater evaporation of the 

samples, in order to seed 1×106 viable cells/well. 

TAP minigenes and ExpiFectamine dilutions were prepared in microtubes as described 

below: 

• TAP minigenes: for each well, 400ng of DNA, with a proportion of 30% heavy 

chain–encoding minigenes and 70% light chain–encoding minigenes, were diluted in 

OptiMEMTM I Reduced Serum Medium to a final volume of 35μL; 
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• ExpiFectamine: for each well, 1,08μL of ExpiFectamineTM 293 Reagent were diluted 

in OptiMEMTM I Reduced Serum Medium to a final volume of 35μL and incubated 

at RT for 5min. 

The DNA dilutions was mixed with the diluted ExpiFectamine to a final volume of 70μL 

and incubated for 20min at room temperature. The DNA–ExpiFectamine solutions were then 

added dropwise to the wells and the Expi293FTM cells were incubated at 37°C in an 

environment with a humidified atmosphere of 8% CO2 at 1,000rpm with MixMateTM Shaker. 

On the day after transfection (18 to 22 hours post–transfection), 2μL of ExpiFectamineTM 

293 Transfection Enhancer 1 and 20μL of ExpiFectamineTM 293 Transfection Enhancer 2 

were added to each transfection well. 

The 96–deepwell plate was incubated for 2 days before the supernatants were harvested by 

centrifugation at 1,800rpm for 15min and used to evaluate binding capacity against 

TLS2Loop4–6His recombinant fragment and their expression levels. 

 

4.5.4 mAbs quantification and binding activity validation  

TLS2 antibodies binding activity and concentration in the supernatant of TAP minigenes–

transfected Expi293FTM cells were assessed through qualitative and quantitative ELISA, 

respectively. 

For the qualitative ELISA, SpectraPlate–384 High Binding plates were coated with 

TLS2Loop4–6His recombinant fragment at 10μg/mL, while for the quantitative ELISA they 

were coated with a Goat Anti–Human IgG Fc antibody (Invitrogen, #A18819) at 1μg/mL. 

After an O/N incubation at 4°C, both the immunological assays proceed with a wash in 

0,05% Tween 20–1× DPBS, a blocking step with Blocking Buffer (1× DPBS + 1% BSA, 

1% FBS) for 1 hour at 37°C and a further washing of the plates. The supernatants were 

applied non diluted in the qualitative ELISA plates and at various dilutions (1:5, 1:50, 1:500) 

in the quantitative ELISA, using dilutions of Cetuximab (Merck) at known concentration 

(100ng/mL, 50ng/mL, 25ng/mL, 12,5ng/mL, 6,25ng/mL, 3,12ng/mL, 1,56ng/mL, 

781,25pg/mL, 390,62pg/mL, 195,31pg/mL, 97,65pg/mL, 48,82pg/mL) to define a standard 

curve, for 1h at 37°C. The plates were washed 5 times with 0.05% Tween 20–1× DPBS and 

incubated with a Goat Anti–Human IgG (H+L) HRP–conjugated antibody (Invitrogen, 

#H10307) diluted 1:5,000 in Blocking Buffer for 1 hour at 37°C. After 6 washes with 0,05% 
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Tween 20–1× DPBS, the secondary antibodies detection was performed using 1–StepTM 

Ultra TMB–ELISA Substrate Solution, as previously described. 

The absorbances were measured at 450nm with Spectramax M2 Microplates Reader. 

Once there were identified supernatants positive for the presence of TLS2–specific 

antibodies at a relevant concentration, they were used to further assess reactivity against the 

target antigen by Western Blot (see in Section 4.3.5) and flow cytometric analysis (see in 

Section 4.3.4), as previously described. 

Western Blot test was performed using Flp–In™–CHO wild type, CHO_TLS2–IRES–EGFP 

and CHO_TLS2–IRES–EGFP/AP2 stable lines cell lysates, obtained using RIPA Lysis and 

Extraction Buffer, and TLS2Loop–6His recombinant fragment. For the immunostaining, 

different supernatant containing TLS2–specific chimeric mAbs were used at the highest 

possible concentration as primary antibody, and a Goat anti–Human IgG Fc–HRP 

conjugated antibody (DIESSE – diagnostica senese) diluted 1:5,000 in 1% Skim Milk in 1× 

TBS–T as secondary antibody. The detection step was carried out using PierceTM ECL 

Western Blotting Substrate, and the images of PDVF membranes were obtained by 

ImageQuant LAS4000, in chemiluminescence condition for the mAbs or in fluorescence 

condition (Cy5) for the SeeBlue™ Plus2 Pre–stained Protein Standard acquisition. 

For the flow cytometry test, supernatants were used to evaluate the chimeric mAbs binding 

activity against the conformationally folded antigen presented by both the CHO_TLS2–

IRES–EGFP and CHO_TLS2–IRES–EGFP/AP2 stable lines, using Flp–In™–CHO wild 

type as a negative control and a Goat Anti–Human IgG Fc Cross–Adsorbed DyLightTM 650–

conjugated antibody (Invitrogen, #SAS–10137) diluted 1:200 in 1× DPBS + 5% FBS as 

secondary antibody. The fluorescence signal from the stained cells was acquired on the BD 

FACSCanto II, through BD FACSDivaTM Software. 
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4.6 Production and characterization of TLS2 recombinant chimeric 

mAbs 

4.6.1 Cell cultures  

• HEL 92.1.7 Cell Line (ATCC, #TIB–180) was cultured in RPMI 1640 Medium 

(Gibco, #A1049101) supplemented with 10% (v/v) heat–inactivated Fetal Bovine 

Serum FBS and 1% (v/v) Penicillin–Streptomycin P/S. This suspension cell line was 

maintained in sterile, tissue culture flasks at 37°C in an environment with a 

humidified atmosphere of 5% CO2. 

All the cell lines were tested for mycoplasma contamination through PCR analysis. 

 

4.6.2 VH and VL sequences cloning into expression vectors 

After having established the binding activity of the chimeric mAbs, the coding sequence of 

the corresponding heavy and light variable regions genes were inserted into AbVec2.0–

IGHG1 and AbVec1.1–IGKC recombinant plasmids, which will act as expression systems 

for their large–scale production. This cloning step was performed through a ligase–

independent, restriction enzymes–free strategy based on the amplification of VH/VL genes 

and respective IgH/IgL plasmids through Polymerase Incomplete Primer Extension PCR 

(PIPE–PCR), in order to generate mixtures of incomplete extended products with short, 

overlapping sequences, that can anneal and produce hybrid insert–vector combinations. 

To do this, 1μL of VH/VL PCR II products and respective AbVec2.0–IGHG1/AbVec1.1–

IGKC recombinant plasmids diluted to a final concentration of 10ng/μL were added to 24μL 

of PIPE–PCR Mix (Table 4.23):  
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Table 4.23: PIPE–PCR Mix. 

PIPE–PCR Mix 1× Final Concentration 

UltraPureTM DNase/RNase–Free Distilled H2O (Invitrogen, #10977035) 17,3μL  

10× Taq DNA Polymerase PCR Buffer (Invitrogen, #18067017) 2,5μL 1× 

2,5mM each dNTP Mix (Invitrogen, #R72501) 2,5μL 0,25mM each 

25mM MgCl2 (Thermo Scientific, #AB0359) 1μL 1mM 

100μM Primer Forward (Eurofins Genomics) 0,1μL 0,4μM 

100μM Primer Reverse (Eurofins Genomics) 0,1μL 0,4μM 

1U/μL KOD Hot Start DNA Polymerase (Sigma–Aldrich, #71086) 0,3μL 0,012U/μL 

5U/μL Taq DNA Polymerase, recombinant (Imvitrogen, #10342046) 0,2μL 0,04U/μL 

Final volume/sample 24μL  

 

The primers used for VH/VL inserts and AbVec2.0–IGHG1/AbVec1.1–IGKC vectors PIPE–

PCR step were (Table 4.24): 

 

Table 4.24: VH/VL inserts and AbVec2.0–IGHG1/AbVec1.1–IGKC vectors PIPE–PCR primers. 

Insert Vector Primer Sequence 

mAb_VH AbVec2.0–IGHG1 
Kim–IgG–vect–F GCTtcgaccaagggcccaagcgtc 

Ig–Age–PCRvC–R GGAATGTACaccggttgcagttgctactag 

mAb_VL AbVec1.1–IGKC 
Kim–IgK–vect–F Accgtggctgcaccatctg 

Ig–Age–PCRvC–R GGAATGTACaccggttgcagttgctactag 

 

PIPE–PCR was conducted using a MiniAmpTM Plus Thermal Cycler, with the following 

amplification profile (Table 4.25): 
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Table 4.25: Amplification profile used for PIPE–PCR. 

Sample Step Temperature Time Cycle 

mAb_VH/ 

mAb_VL 

Initial denaturation 95°C 3min 1 

Denaturation 95°C 30sec 

35 Annealing 60°C (VH) 45°C (VL) 30sec 

Extension 72°C 45sec 

Maintenance 4°C ∞ – 

AbVec2.0–IGHG1/ 

AbVec1.1–IGKC 

Initial denaturation 95°C 3min 1 

Denaturation 95°C 30sec 35 

Annealing 55°C (AbVec2.0–IGHG1) 62°C (AbVec1.1–IGKC) 30sec  

Extension 72°C 5min  

Maintenance 4°C ∞ – 

 

At the end of the PIPE–PCR, AbVec2.0–IGHG1/AbVec1.1–IGKC vectors were 

dephosphorylated with FastAP Thermosensitive Alkaline Phosphatase for 10min at 37°C, to 

prevent their recircularization during the transformation step. The quality of the amplified 

sequences was evaluated by run on an electrophoresis 1% agarose gel with 1×TAE Buffer, 

using 5μL of 1Kb Plus DNA Ladder for DNA sizing. Subsequently, both amplified inserts 

and vectors were purified through agarose gel electrophoresis using QIAquick Gel 

Extraction Kit, as previously described (see in Section 4.1.6). 

The amplified mAb_VH/VL inserts and the corresponding dephosphorylated AbVec2.0–

IGHG1/AbVec1.1–IGKC vectors thus obtained were co–transformed into MultiShot™ 

StripWell Mach1™ T1 Phage–Resistant Chemically Competent E. coli (Invitrogen, 

#C869601), using the same heat–shock transformation protocol previously used for the 

DH5α cells and selecting the transformed cells on LB+100µg/mL ampicillin plates (see in 

Section 4.1.3). The colonies present on the plates the following day were screened by 

digestion with EcoRI and HindIII restriction enzymes, for the purpose of verifying the 

identity of the plasmid contained within them. 

mAbH and mAbL recombinant plasmids were then recovered from the positive colonies, 

expanded into 5mL of LB+100µg/mL ampicillin medium and purified using QIAprep Spin 

Miniprep Kit (see in Section 4.1.4). Quantification of DNA and its purity were established 

by measuring the absorbance at 260 and 280nm with NanoVueTM 4282 V1.7 

Spectrophotometer. 
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4.6.3 Scale up of production and purification for selected TLS2 mAbs 

mAbH and mAbL recombinant plasmids were transiently cotransfected, with a proportion 

of 70% and 30% between the heavy and light chain–encoding plasmids respectively, into 

Expi293FTM cells using ExpiFectamineTM 293 Transfection Kit (Gibco, #A14525) as per 

manufacturers’ instructions, for a large–scale production of the chimeric mAbs, in order to 

increase the reproducibility of subsequent functional analyses (see in Section 4.2.2). 

The TLS2 chimeric mAbs, secreted in the transfected cells’ supernatant, were purified 

through affinity chromatography, using HiTrapTM Protein G HP 1mL columns and with the 

help of the ÄKTA start system, as previously described (see in Section 4.2.3). 

Once their correct purification has been verified and the fractions containing the mAbs of 

interest have been identified through SDS–PAGE (see in Section 4.2.6), these were buffer 

exchanged using PD–10 Desalting Columns and quantified with PierceTM BCA Protein 

Assay Kit, as previously described (see in Section 4.2.7). 

 

4.6.4 Characterization of TLS2 chimeric mAbs 

To evaluate the binding efficiency of TLS2 recombinant mAbs against the antigen of 

interest, the purified chimeric antibodies were through various functional assays, such as 

Western Blot (see in Section 4.3.5), confocal analysis (see in Section 4.3.3), and flow 

cytometry (see in Section 4.3.4). 

Western Blot was performed using Flp–In™–CHO wild type and CHO__TLS2–IRES–

EGFP/AP2 stable lines cell lysates, obtained using RIPA Lysis and Extraction Buffer, and 

TLS2Loop–6His recombinant fragment. For the immunostaining, purified TLS2 chimeric 

mAbs diluted in 1% Skim Milk in 1× TBS–T to a final concentration of 20µg/mL were used 

as primary antibody, and a Goat anti–Human IgG Fc–HRP conjugated antibody (DIESSE – 

diagnostica senese) diluted 1:5,000 in 1% Skim Milk in 1× TBS–T as secondary antibody. 

The detection step was carried out using PierceTM ECL Western Blotting Substrate, and the 

images of PDVF membranes were obtained by ImageQuant LAS4000, in 

chemiluminescence condition for the mAbs or in fluorescence condition (Cy5) for the 

SeeBlue™ Plus2 Pre–stained Protein Standard acquisition. 

In the confocal analysis, both CHO_TLS2–IRES–EGFP and CHO_TLS2–IRES–EGFP/AP2 

stable lines, together with Flp–In™–CHO wild type as a negative control, were fixed with 

4% PFA in 1× DPBS, permeabilized with Permeabilization Buffer (0,25% TritonX–100 in 
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1× DPBS) and incubated with Blocking Buffer (3% BSA + 0,05% TritonX–100 in 1× 

DPBS), as previously described. After these steps, the fixed and permeabilized cells were 

labelled with purified TLS2 chimeric mAbs diluted to a final concentration of 30µg/mL in 

Ab Dilution Buffer (1%BSA in 1× DPBS) and incubated for 1h at room temperature. 

Subsequently, the cells were washed 3 times with 500μL of 1× DPBS and incubated with 

Goat Anti–Human IgG Fc Cross–Adsorbed DyLightTM 650–conjugated antibody 

(Invitrogen, #SAS–10137) diluted 1:1,000 in Ab Dilution Buffer for 1h at room temperature. 

After this incubation, the protocol will continue as previously described with the nuclear 

counterstaining with Hoechst 33342, Trihydrochloride, Trihydrate and the mounting of the 

coverslips on the glass slides using ProLongTM Gold Antifade Mountant. The glass slides 

were acquired using Leica TCS SP5 Confocal Laser Scanning Microscope and Leica 

Application Suite Advanced Fluorescence – LAS AF, version 2.7.3–9723 software. 

For the flow cytometric test, the recombinant mAbs binding activity was evaluated against 

the conformationally folded antigen presented by both CHO_TLS2–IRES–EGFP and 

CHO_TLS2–IRES–EGFP/AP2 stable lines, using Flp–In™–CHO wild type as a negative 

control, and by HEL 92.1.7 Cell Line (ATCC, #TIB–180), for which the expression of TLS2 

genes was confirmed through mRNA level analysis. Different concentration of purified 

TLS2 chimeric mAbs ranging from 30 to 0,03μg/mL in 1× DPBS + 5% FBS were used as 

primary antibody, and a Goat Anti–Human IgG Fc Cross–Adsorbed DyLightTM 650–

conjugated antibody (Invitrogen, #SAS–10137) diluted 1:200 in 1× DPBS + 5% FBS as 

secondary antibody. The fluorescence signal from the stained cells was acquired on the BD 

FACSCanto II, through BD FACSDivaTM Software. 
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5 Results 

 

5.1 Generation of a poly–epitope antigen and a stable cell line to raise 

and screen antibody against TLS2 

 

Several approaches were followed during the development of an experimental process for 

the production of TLS2–specific mAbs. The first one, illustrated in Figure 5.1, employs an 

immunization protocol with a recombinant poly–epitope containing the TLS2 extracellular 

loops intercalated by (G4S)3 linkers, to provide flexibility to the structure and facilitate its 

folding, fused to the human immunoglobulin constant region (HuIgFc) to promote its 

solubility (TLS2polyP–HuIgFc). This recombinant protein, deprived of the HuIgFc 

purification tag, was used for the titration of the antibodies generated in mice following 

immunization. 

As screening method for the isolation of TLS2–specific conformational antibodies, this 

approach involves the creation of a stable cell line overexpressing the full–length TLS2 on 

its surface. In order to easily evaluate its expression and cellular localization through a 

fluorescence signal, TLS2 was fused to EGFP reporter protein (TLS2–EGFP). 
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Figure 5.1: Schematic depiction of TLS2–EGFP and TLS2 poly–epitope strategy experimental workflow. 
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5.1.1 Design and production of TLS2polyP–HuIgFc plasmid 

For the first immunization approach, TLS2polyP–HuIgFc synthetic plasmid (Figure 5.2) was 

designed and ordered to GeneArt Gene Synthesis service. It was generated using the 

pcDNATM 3.4 TOPOTM backbone, a constitutive mammalian expression vector designed to 

achieve high levels of protein expression. 

This synthetic plasmid contains the DNA sequence coding for a poly–epitope derived from 

the TLS2 extracellular loops intercalated by (G4S)3 linkers. The TLS2–encoding sequence 

was placed downstream of a signal peptide (SP), in order to induce the secretion of the 

recombinant protein in the culture medium, and fused with a HuIgFc–TAG, to facilitate its 

purification.  

 

 

Figure 5.2: Schematic depiction of TLS2polyP–HuIgFc synthetic plasmid. 

 

TLS2polyP–HuIgFc synthetic plasmid was introduced into DH5α cells through heat–shock 

transformation. The transformed colonies were selected in LB+100µg/mL ampicillin plates 

and grown in LB+100µg/mL ampicillin medium. The amplified plasmid was purified from 

the culture using QIAprep Spin Miniprep Kit. Quantification of DNA and its purity were 

established by measuring the absorbance at 260 and 280nm with NanoVueTM 4282 V1.7 

Spectrophotometer. 
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5.1.2 TLS2polyP–HuIgFc protein expression and purification 

TLS2polyP–HuIgFc synthetic plasmid was transfected into Expi293FTM cells using 

ExpiFectamineTM 293 Transfection Kit for transient expression of the poly–epitope derived 

from the TLS2 extracellular loops fused to human IgG constant region. The HuIgFc–tagged 

protein present in the culture medium, recovered at 3– and 5–dpt, was purified by 

immunoaffinity chromatography, using HiTrapTM Protein G HP 1mL columns. Following 

the purification protocol designed (see in Section 3.2.3), the sample was loaded onto the 

column (previously equilibrated in Wash/Binding Buffer A) and washed to constant 

baseline, removing all proteins with non–specific interactions. Elution was performed using 

Elution Buffer B, resulting in a single peak containing the protein (Figure 5.3–A, red square). 

To prevent the acid environment from damaging the TLS2polyP–HuIgFc poly–epitope, each 

elution fraction was immediately adjusted to neutral pH with the addition of Equilibration 

Buffer C. 

The elution peak fractions were analysed through SDS–PAGE and stained with 

SimplyBlue™ SafeStain (Figure 5.3–B), in order to verify the correct purification of 

TLS2polyP–HuIgFc protein. 
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Figure 5.3: Elution profile of TLS2polyP–HuIgFc. The red square indicates the single elution peak containing the poly–

epitope (A); Purification control of TLS2polyP–HuIgFc. The red arrows indicate the presence of the poly–epitope in 

multimeric forms in the non–reduced fraction and in monomeric form in the reduced fraction (with an expected 

molecular weight of approximatively 63kDa) (B). 

 

The red arrows in Figure 5.3–B indicate the presence of TLS2polyP–HuIgFc poly–epitope 

in multimeric forms in the non–reduced fraction and in monomeric form in the reduced 

fraction. It therefore appears that the purified recombinant protein, despite the HuIgFc–TAG 

fused at its C–terminus to increase its solubility, still tends to form aggregates. 

Once verified through the SDS–PAGE the purity and the quality of the TLS2polyP–HuIgFc, 

the elution fraction containing the protein of interest was desalted in Desalting Buffer D 

using PD–10 Desalting Columns. Subsequently, the TLS2polyP–HuIgFc recombinant 

protein was quantified with PierceTM BCA Protein Assay Kit and used as whole molecule as 

to prepare the antigen for mice immunization and to generate through enzymatic cleavage 

the TLS2polyP fragment deprived of the HuIgFc–TAG for the quantification of the antibody 

titer in the immunized animals. 
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5.1.3 HuIgFc–TAG removal and TLS2polyP purification 

To remove the HuIgFc–TAG, TLS2polyP–HuIgFc poly–epitope was subjected to enzymatic 

digestion with IdeZ, an IgG–specific protease evolved by Streptococcus equi subspecies 

zooepidemicus as a defence mechanism to interfere with the immune response triggered by 

the host during infection, capable of recognizing and cleaving a unique site below the hinge 

region of the antibodies. After IdeZ and HuIgFc–TAG removal using respectively 

DynabeadsTM His–Tag and Pierce™ Protein G Magnetic Beads, the purity of the recovered 

TLS2polyP fragment was verified though SDS–PAGE and stained with SimplyBlue™ 

SafeStain. Figure 5.4 lane 4 shows that it was possible to recover the pure TLS2polyP 

fragment after enzymatic digestion.  

 

 

Figure 5.4: SDS–PAGE of TLS2polyP fragment after the removal of HuIgFc–TAG. The red arrow indicates the 

TLS2poly fragment (with an expected molecular weight of approximatively 25kDa). 
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The protein fragment thus purified (Figure 5.4, red arrow) was coated onto SpectraPlate–

384 High Binding plates, then used for the antibody titration through ELISA test of the serum 

samples recovered for mice immunized with the whole TLS2polyP–HuIgFc poly–epitope.  

 

5.1.4 Design and production of pcDNA5_TLS2–EGFP recombinant 

plasmid 

For the development of a screening system that allows to evaluate the generation of 

antibodies specifically recognizing TLS2 expressed on the cell surface in response to the 

immunization with TLS2polyP–HuIgFc poly–epitope, the full coding sequence for TLS2 

(Figure 5.5–A) was designed and ordered to GeneArt Gene Synthesis service. It contains the 

DNA sequence coding the full–length TLS2 protein, which were inserted into pcDNA5–

FRT–EGFP recombinant plasmid, already available in laboratory (Figure 5.5–B). The TLS2 

insert was cloned upstream of an EGFP reporter cassette, in order to generate a fusion protein 

(TLS2–EGFP) that could be easily monitored through the emitted fluorescence signal. The 

expression vector contains also a Flp Recombination Target (FRT) site, which allows for its 

stable integration in Flp–In™–293 cells genome through Flp–InTM system (see in Section 

5.1.5). 

 

 

Figure 5.5: Schematic depiction of TLS2Full synthetic plasmid (A) and pcDNA5–FRT–EGFP recombinant plasmid (B). 
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The aim is therefore to generate a recombinant plasmid for the stable/transient expression of 

TLS2–EGFP fusion protein on the plasma membrane of Flp–In™–293 cells. 

To do this, pcDNA5–FRT–EGFP recombinant plasmid was amplified through PCR, using 

specific primers that allowed the correct cloning of the TLS2Full insert in frame with the 

EGFP cassette (Figure 5.6). 

 

 
Figure 5.6: Schematic depiction of pcDNA–FRT–EGFP plasmid amplification product. 

 

The quality of the amplified sequence was evaluated by electrophoretic run on agarose gel 

(see in Figure A–1), and the band corresponding to the vector of interest was purified through 

QIAquick Gel Extraction Kit. 

At this point, a restriction enzyme digestion was performed to recover the TLS2–encoding 

insert from the synthetic plasmid TLS2Full, then cloned into the pcDNA5–FRT–EGFP 

vector via ligase reaction. The restriction enzymes used in this step were selected to insert 

the TLS2–encoding DNA sequence upstream of the EGFP cassette contained within the 

amplified vector, so as to express single fused protein (Figure 5.7). 
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Figure 5.7: Schematic depiction of the ligase reaction between TLS2Full_HindIII+BamHI insert and pcDNA5–FRT–

EGFP_HindIII+BamHI vector. 

 

Both TLS2Full plasmid, previously expanded in DH5α cells through heat–shock 

transformation, and pcDNA5–FRT–EGFP amplified vector were subjected to digest reaction 

with HindIII and BamHI restriction enzymes. In order to prevent a possible recirculation of 

the vector during the ligase reaction, the 5’–ends of pcDNA5–FRT–EGFP vector were 

dephosphorylated with FastAP Thermosensitive Alkaline Phosphatase (see in Table A–1). 

The quality of the enzymatic digestions was confirmed by electrophoretic run on agarose gel 

(see in Figure A–2), and the bands with the correct dimensions were purified through 

QIAquick Gel Extraction Kit. 

TLS2Full_HindIII+BamHI insert and dephosphorylated pcDNA5–FRT–

EGFP_HindIII+BamHI vector thus obtained were used to set up two ligase reactions at 

different molar ratio insert:vector (2:1 and 5:1) to generate pcDNA5_TLS2–EGFP 

recombinant plasmid. 

The different ligase products were then used for the heat–shock transformation of DH5α 

cells. Some of the bacterial colonies that grew in the LB+100µg/mL ampicillin plates, 

selective for the transformed cells containing the resistance cassette of the pcDNA5–FRT–

EGFP vector, were spotted and then screened through colony PCR. The primers used in this 

step were selected to evaluate the actual presence of TLS2Full within the recombinant 

plasmid, thus avoiding the recovery of any recircularized pcDNA5–EGFP vectors without 

the insert of interest. It was possible to identify several colonies presenting the recombinant 
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plasmid which contains the TLS2Full insert (see in Figure A–3), from both the ligase 

reactions used for DH5α cells transformation. Colonies that tested positive at screening were 

then amplified in LB+100µg/mL ampicillin medium, and the pcDNA5_TLS2–EGFP 

recombinant plasmid was purified using QIAprep Spin Miniprep Kit. Quantification of DNA 

and its purity were established by measuring the absorbance at 260 and 280nm with 

NanoVueTM 4282 V1.7 Spectrophotometer. 

 

5.1.5 Generation and validation of a cell line stably expressing TLS2–
EGFP 

The pcDNA5_TLS2–EGFP plasmid, previously made, was used for the generation of a 

stable cell line overexpressing the TLS2–EGFP fusion protein. 

To do this, pcDNA5_TLS2–EGFP was transfected into Flp–In™–293 cells using 

LipofectamineTM 2000 Transfection Reagent and exploiting the Flp–InTM system, which 

allow the integration of the DNA sequence of interest in a specific genomic location 

involving the Flp recombinase expressed by the poG44 plasmid and the Flp Recombination 

Target (FRT) site present in both mammalian cells genome and expression vector [172]. 

Through the homologous recombination process the hygromycin resistance cassette of the 

expression vector is inserted in frames with the SV40 promoter and the ATG start codon, 

already present in the host cell line for the regulation of the lacZ–Zeo reporter gene, allowing 

the isolation of clones expressing TLS2–EGFP using a selective medium containing 

hygromycin (Figure 5.8). The selection process of single antibiotic–resistant colonies was 

monitored under fluorescence microscope, in order to directly compare the signal emitted 

by EGFP with the expression of full–length TLS2 amino acid transporter. 
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Figure 5.8: Schematic depiction of FRT recombination between Flp–InTM–293 genome and pcDNA5_TLS2–EGFP 

recombinant plasmid and generation of HEK293_TLS2–EGFP stable line. 

 

To validate the association of the TLS2 protein with the plasma membrane, EGFP–

fluorescent and hygromycin–resistant HEK293 stable clones were analysed by confocal 

microscopy, using Concanavalin A–Tetramethylrhodamine conjugate (Con A–TRITC) as 

cell surface marker. In Figure 5.9 is possible to appreciate colocalization of the EGFP and 

TRITC signals indicating the association of TLS2–EGFP with the plasma membrane. 
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Figure 5.9: The TLS2–EGFP associate with the cell membrane in HEK293 stable line. The association was visualized by 

the colocalization of the EGFP fluorescence with a plasma membrane marker labelled with TRITC in confocal 

microscopy. 
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5.1.6 Mice immunization and antibody titer evaluation 

For the development of a murine TLS2–specific antibody repertoire, 5 Female BALB/c mice 

4 weeks old were immunized with 20µg purified TLS2polyP–HuIgFc poly–epitope every 

14 days for 3 times, as shown in the following timeline (Figure 5.10). 

 

 

Figure 5.10: Immunization and sampling timeline for TLS2polyP–HuIgFc. 

 

In order to evaluate the specific immune response developed following immunization with 

TLS2polyP–HuIgFc, the sera recovered one week after the 3rd dose were used in an ELISA 

assay, using SpectraPlate–384 High Binding plates coated with the TLS2polyP fragment to 

assess the abundance of only the TLS2–specific antibodies. The pre–immune serum 

recovered the day before of the immunization protocol starting was used as a negative control 

(Figure 5.11). 
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Figure 5.11:Immunization of mice with TLS2polyP–HuIgFc poly–epitope induced a good antibody titer against the 

TLS2polyP fragment. The antigen–specific antibodies were revealed in an ELISA assay. 

 

As can be seen from Figure 5.11, all mice immunized with TLS2polyP–HuIgFc poly–

epitope developed a good antibody titer, with absorbance value that remained high for a 

good range of dilutions examined. 

A flow cytometry assay was used to assess whether the antibodies developed following the 

immunization with TLS2polyP–HuIgFc show also specificity towards TLS2–epitopes 

exposed on cell surface. For this assay, it was decided to use Flp–In™–293 cells transiently 

transfected with the recombinant pcDNA5_TLS2–EGFP plasmid, in order to evaluate a 

possible cross–reactivity against wild–type cells in a mixed population. The expression of 

the full–length TLS2 protein was evaluated through the fluorescence signal emitted by the 

EGFP fused at its C–terminus, while the presence of anti–TLS2 antibodies was detected 

using a Goat Anti–Mouse IgG (H+L) DyLightTM 650–conjugated antibody (Figure 5.12). 
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Figure 5.12: Flow cytometry recognition of the full–length TLS2 protein transiently expressed in HEK293 cells with 

individual mouse serum of mice immunized with TLS2polyP–HuIgFc poly–epitope. 

 

Surprisingly, the data shown in Figure 5.12 indicate that the sera of mice immunized with 

TLS2polyP–HuIgFc poly–epitope are unable to recognize the population of HEK293 cells 

expressing the recombinant TLS2–EGFP fusion protein. 

To assess whether these results were due to an alteration in the correct exposure of the protein 

on the plasma membrane, the experiment was repeated with the addition of TritonX–100 to 

permeabilize the HEK293 cells transiently expressing TLS2–EGFP (Figure 5.13). 
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Figure 5.13: Evaluation of the correct exposure of full–length TLS2 protein through flow cytometry test. 

 

As can be seen from Figure 5.13, the sera of mice immunized with TLS2polyP–HuIgFc 

poly–epitope are able to recognize the transiently expressed full–length TLS2 protein in 

HEK293 cells only after cell permeabilization. This therefore demonstrates that the protein 

expressed by the recombinant plasmid, although it can be transported on the plasma 

membrane, does not expose its predicted extracellular loops on the cell surface, thus 

invalidating the use of the stable cell line as a screening system for conformational antibodies 

specifically recognizing the extracellular domains of TLS2. 
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5.1.7 Open questions and mitigation approaches 

The results obtained in the first part of the project asked for a reconsideration of the approach 

undertaken so far. First, it was tried to understand how to improve the immunization step, 

since the previously used TLS2polyP–HuIgFc poly–epitope may not be able to induce 

adequate TLS2–specific conformational antibody titer due to its predisposition to form 

multimeric aggregates that were observed during TLS2polyP–HuIgFc poly–epitope 

purification. 

This problem has been handled by developing two different correction approaches, which 

provide (1) for a simplification of the poly–epitope excessive complexity (2) for a more 

natural representation of the TLS2 extracellular epitopes correctly folded. For the first issue 

it was decided to produce a shorter fragment of TLS2 in the attempt to reduce the protein 

complexity, reducing it to the largest extracellular domain (Loop4). Although the 

recombinant fragment thus generated does not consider potential epitopes present on the 

other extracellular loops and does not ensure a representative conformation of the full–length 

TLS2 protein, it still provides a simplified approach, with a more convincing native structure 

than the TLS2polyP–HuIgFc poly–epitope. Thus, the larger extracellular loop of TLS2 was 

chosen for the production of a simpler recombinant protein maximizing the probability to 

find a conformational epitope while reducing the complexity (Figure 5.14). 

For the second issue, to mitigate the hazard that the immune response induced using 

recombinant polypeptides is not appropriate to generate conformational antibodies against 

structurally–complex antigens, it was decided to add an immunization protocol with ‘native’ 

TLS2 complexes derived from a cell line stably overexpressing TLS2. This approach has the 

disadvantage, compared to the use of purified recombinant proteins, to induce an immune 

response against a plethora of other unwanted cell proteins. However, it provides a more 

accurate representation of the correctly folded protein of interest. A second important point, 

was to correct the altered exposure of the TLS2 protein on the cell membrane of the stable 

cell line to be used in the immunization step and for the characterization of the antibodies 

developed following immunization. A possible explanation for this problem is that the EGFP 

reporter protein fused at the TLS2 C–terminus could hamper the correct folding and/or the 

cellular localization of the amino acid transporter. Based on this hypothesis, it was decided 

to generate a recombinant plasmid in which TLS2 and EGFP coding sequences are separated 

by an Internal Ribosome Entry Site (IRES), which allow their expression as separate proteins 
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from the same mRNA. In this way it would still be possible to evaluate the expression of the 

TLS2 protein, through the signal emitted by the fluorescent reporter, without altering its 

natural sequence. Another factor possibly causing the abnormal presentation of TLS2 could 

be the necessity of specific proteins responsible for its correct localization and function. 

Through research on the literature available for this amino acid transporter, it emerged that 

there are two alternative transmembrane glycoproteins, AP1 and AP2, fundamental for TLS2 

trafficking and catalytic activation. To explore this possibility, it was decided to generate a 

stable cell line expressing both the TLS2–IRES–EGFP construct and one of the auxiliary 

proteins. Although both AP1 and AP2 proteins have the same chaperone function, AP1 has 

a particularly bulky extracellular domain, which could create an inconvenient space footprint 

for TLS2 antibody recognition. For this reason, it was decided to use the AP2 auxiliary 

protein, which has a shorter extracellular domain with less chance of hiding the amino acid 

transporter and therefore of biasing the binding efficiency of TLS2–specific antibodies. 
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5.2 Revised approach to generate monoclonal antibodies recognizing 

conformational extracellular epitopes of TLS2 

 

This second approach, illustrated in Figure 5.14, employs two immunization protocols: the 

first with a recombinant TLS2Loop4 recombinant fragment to maximize the probability to 

find a conformational epitope while reducing the complexity, and second with a cell line 

stably overexpressing TLS2 in a native as possible 3D structure. 

 

 

Figure 5.14: Schematic depiction of TLS2–IRES–EGFP+AP2 and TLS2Loop4 recombinant fragment strategy 

experimental workflow. 
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5.2.1 Design and production of pcDNA3.4_TLS2Loop4–6His 

recombinant plasmid 

For the immunization approach with recombinant protein fragment, synthetic TLS2Loop4 

DNA string and pcDNA3.4–6His plasmid were designed and ordered to GeneArt Gene 

Synthesis service. The aim was to generate a recombinant plasmid for the transient 

production of TLS2Loop4–6His protein in ExpiCHO–STM cells. 

The synthetic DNA string contains the coding sequence for a recombinant fragment derived 

from the TLS2 largest Loop4, was placed downstream of a SP to induce its secretion in the 

culture medium (Figure 5.15–A). The TLS2–Loop4–encoding sequence was recovered from 

the DNA string and cloned into pcDNA3.4–6His synthetic plasmid (Figure 5.15–B), 

upstream of a 6His–TAG to facilitate its purification and increase its solubility. 

 

 
Figure 5.15: Schematic depiction of synthetic TLS2Loop4 DNA string (A) and pcDNA3.4–6His plasmid (B). 

 

To do this, TLS2Loop4 synthetic DNA string was amplified through PCR, using specific 

primers which allow the introduction of cutting sites for its correct cloning within the 

corresponding expression vector. The quality of the amplified sequence was evaluated by 
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electrophoretic run on agarose gel and the band related to the PCR products of interest (see 

in Figure B–1) was purified through QIAquick Gel Extraction Kit. 

Subsequently, the TLS2Loop4–encoding sequence was extracted through restriction enzyme 

digestion approach and inserted into the pcDNA3.4–6His vector via ligase reaction (Figure 

5.16). 

 

 
Figure 5.16: Schematic depiction of the ligase reaction between TLS2Loop4_HindIII+BamHI insert and pcDNA3.4–

6His_HindIII+BamHI vector. 

 

Both amplified TLS2Loop4 insert and pcDNA3.4–6His synthetic plasmid, previously 

expanded in DH5α cells through heat–shock transformation, were subjected to digest 

reaction with HindIII and BamHI restriction enzymes. In order to prevent a possible 

recirculation of the vector during the ligase reaction, the 5’–ends of pcDNA3.4–6His were 

dephosphorylated with FastAP Thermosensitive Alkaline Phosphatase (see in Table B–1). 

The quality of the enzymatic digestions was confirmed by electrophoretic run on agarose gel 

(see in Figure B–2), and the bands with the correct dimensions were purified through 

QIAquick Gel Extraction Kit. 

TLS2Loop4_HindIII+BamHI insert and dephosphorylated pcDNA3.4–

6His_HindIII+BamHI vector thus obtained were used to set up a ligase reaction with an 

insert:vector ratio set to 5:1 to generate pcDNA3.4_TLS2Loop4–6His recombinant plasmid. 

The ligase reaction was used for the transformation of DH5α cells through heat–shock 

transformation. Some of the bacterial colonies that grew in the LB+100µg/mL ampicillin 
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plates, selective for the transformed cells containing the resistance cassette of the 

pcDNA3.4–6His vector, were spotted and screened through colony PCR. The primers used 

in this step were selected to evaluate the actual presence of TLS2Loop4 within the 

recombinant plasmid, thus avoiding the recovery of any recircularized pcDNA3.4–6His 

vectors without the insert of interest. It was possible to identify several colonies presenting 

the recombinant plasmid which contains the TLS2Loop4 insert (see in Figure B–3). Colonies 

that tested positive at screening were then amplified in LB+100µg/mL ampicillin medium, 

and the pcDNA3.4_TLS2Loop4–6His recombinant plasmid was purified using QIAprep 

Spin Miniprep Kit. 

 

5.2.2 TLS2Loop4–6His protein expression and purification 

The pcDNA3.4_TLS2Loop4–6His plasmid, previously made, was transfected into 

ExpiCHO–STM cells using ExpiFectamineTM CHO Transfection Kit for transient expression 

of the recombinant fragment derived from TLS2 extracellular Loop 4 fused to 6His–TAG. 

The 6His–tagged protein present in the culture medium recovered at 10–dpt was purified by 

IMAC, using HisTrapTM FF 1mL columns.  

Following the purification protocol designed (see in Section 3.2.5), the sample was loaded 

onto the column (previously equilibrated in Wash/Binding Buffer A) and washed to constant 

baseline, removing all proteins with non–specific interactions. Elution was performed using 

Elution Buffer B, resulting in a single peak containing the protein (Figure 5.17–A, red 

square). 

The elution peak fractions were analysed through SDS–PAGE and stained with 

SimplyBlue™ SafeStain (Figure 5.17–B), in order to verify the correct purification of 

TLS2Loop4–6His recombinant fragment. 
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Figure 5.17: Elution profile of TLS2Loop4–6His. The red square indicates the single elution peak containing the 

recombinant fragment (A); Purification control of TLS2Loop4–6His. The red arrows indicate the presence of the 

recombinant fragment in multimeric forms in the non–reduced fraction and in monomeric form in the reduced fraction 

(with an expected molecular weight of approximatively 18kDa) (B). 

 

The red arrows in Figure 5.17–B indicate the presence of TLS2Loop4–6His fragment in 

multimeric forms in the non–reduced fraction or in monomeric form in the reduced fraction. 

Just as previously observed for TLS2polyP–HuIgFc poly–epitope, despite the presence of 

the 6His–TAG fused to its C–terminus, the recombinant protein still tends to form 

aggregates. Once verified through the SDS–PAGE the purity and the quality of the 

TLS2Loop4–6His, the elution fraction containing the protein of interest was desalted in 

Desalting Buffer C using PD–10 Desalting Columns. Subsequently, the TLS2Loop4–6His 

fragment was quantified with PierceTM BCA Protein Assay Kit and used both to prepare the 

antigen for mice immunization protocol and as the coating of SpectraPlate–384 High 

Binding plates for the quantification of the antibody response in the immunized animals. 
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5.2.3 Design and production of a recombinant plasmid allowing the 

separate expression of TLS2 and EGFP from the same transcript 

(pcDNA5_TLS2–IRES–EGFP) 

For the immunization approach with stable TLS2–overexpressing cell line, it was needed to 

generate a plasmid that allows the separated expression of TLS2 from EGFP reporter protein. 

The pAAV.CMV.Luc.IRES.EGFP.SV40 synthetic plasmid, designed and ordered to 

GeneArt Gene Synthesis service, contains an IRES sequence placed upstream of an EGFP 

cassette, which were cloned downstream of the TLS2–encoding DNA into pcDNA_TLS2–

EGFP recombinant plasmid (Figure 5.18). In this way, it was generated a construct in which 

the TLS2 and EGFP–encoding sequences were separated but kept under the control of the 

same promoter. 

 

 

Figure 5.18: Schematic depiction of pAAV.CMV.Luc.IRES.EGFP.SV40 synthetic plasmid. 
 

To do this, a restriction enzyme digestion approach was followed to recover the IRES and 

EGFP sequences from the plasmid pAAV.CMV.Luc.IRES.EGFP.SV40, which were then 

cloned into the recombinant pcDNA5_TLS2–EGFP vector via ligase reaction (Figure 5.19).  
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Figure 5.19: Schematic depiction of the ligase reaction between pIRES–EGFP_BamHI+NotI insert and 

pcDNA5_TLS2nostop_BamHI+NotI. 

 

Both pAAV.CMV.Luc.IRES.EGFP.SV40 synthetic plasmid, previously expanded in DH5α 

cells through heat–shock transformation, and pcDNA5_TLS2–EGFP recombinant plasmid 

were subjected to digest reaction with BamHI and NotI restriction enzymes. In order to 

prevent a possible recirculation of the vector during the ligase reaction, the 5’–ends of 

pcDNA5_TLS2–EGFP were dephosphorylated with FastAP Thermosensitive Alkaline 

Phosphatase at the last 10min of the incubation at 37°C (see in Table B–2). The quality of 

the enzymatic digestions was confirmed by electrophoretic run on agarose gel (see in Figure 

B–4), and the bands with the correct dimensions were purified through QIAquick Gel 

Extraction Kit. 

pIRES–EGFP_BamHI+NotI insert and dephosphorylated 

pcDNA5_TLS2nostop_BamHI+NotI vector thus obtained were used to set up a ligase 

reaction with an insert:vector ratio set to 5:1 to generate pcDNA5_TLS2nostop–IRES–

EGFP recombinant plasmid. 

The ligase reaction was then used for the transformation of DH5α cells through heat–shock 

transformation. Some of the bacterial colonies that grew in the LB+100µg/mL ampicillin 

plates, selective for the transformed cells containing the resistance cassette of the 

pcDNA5_TLS2–EGFP vector, were spotted and amplified in LB+100µg/mL ampicillin 

medium. The different recombinant plasmids were then purified using QIAprep Spin 

Miniprep Kit and tested through control digestion with HindIII restriction enzyme, to 



107 

 

 

evaluate the correct insertion of the pIRES–EGFP insert and avoid the recovery of any 

recircularized vectors without the insert of interest (see in Table B–3). It was possible to 

identify several colonies presenting the banding pattern indicative of the pIRES–EGFP insert 

correct cloning into the recombinant plasmid (see in Figure B–5).  

However, the pcDNA5_TLS2nostop–IRES–EGFP recombinant plasmid thus obtained 

shows an alteration in the TLS2 stop codon, which would compromise the normal expression 

of the protein. To restore its original sequence, the terminal portion of TLS2–encoding DNA 

was reintroduced using TLS2stopcodon–IRES–BstXI synthetic string (Figure 5.20), 

containing the TLS2 stop codon cloned upstream of an IRES sequence. The 

TLS2stopcodon–IRES–BstXI synthetic DNA string was designed and ordered to GeneArt 

Gene Synthesis service. 

 

 
Figure 5.20: Schematic depiction of TLS2stopcodon–IRES–BstXI synthetic DNA string. 

 

The aim is therefore to generate a recombinant plasmid in which the full–length TLS–

encoding sequence is separated from that of EGFP but maintained within the same ORF. 

This was then used for the generation of a stable line in Flp–In™–CHO cells, in which their 

expression will occur as distinct proteins from a single mRNA. 

To do this, TLS2stopcodon–IRES–BstXI synthetic DNA string was amplified through PCR, 

using specific primers which allow the introduction of cutting sites for its correct cloning 

within the corresponding expression vector. The quality of the amplified sequence was 

evaluated by electrophoretic run on agarose gel and the band related to the PCR product of 

interest (see in Figure B–6) was purified through QIAquick Gel Extraction Kit. 

Subsequently, the TLS2stopcodon–IRES–encoding sequence was extracted through 

restriction enzyme digestion approach and inserted into the pcDNA5_TLS2nostop–IRES–

EGFP vector via ligase reaction (Figure 5.21). 

 



108 

 

 

 

Figure 5.21: Schematic depiction of the ligase reaction between TLS2stopcodon–IRES_BstXI insert and 

pcDNA5_TLS2nostop–IRES–EGFP_BstXI vector. 

 

Both amplified TLS2stopcodon–IRES–BstXI synthetic DNA string and 

pcDNA5_TLS2nostop–IRES–EGFP recombinant plasmid were subjected to digest reaction 

with BstXI restriction enzyme. In order to prevent a possible recirculation of the vector 

during the ligase reaction, the 5’–ends of pcDNA5_TLS2nostop–IRES–EGFP were 

dephosphorylated with FastAP Thermosensitive Alkaline Phosphatase at the last 10min of 

the incubation at 37°C (see in Table B–4). The quality of the enzymatic digestions was 

confirmed by electrophoretic run on agarose gel (see in Figure B–7), and the bands with the 

correct dimensions were purified through QIAquick Gel Extraction Kit. 

TLS2stopcodon–IRES_BstXI insert and dephosphorylated pcDNA5_TLS2nostop–IRES–

EGFP_BstXI vector thus obtained were used to set up a ligase reaction with an insert:vector 

ratio set to 5:1 to generate pcDNA5_TLS2–IRES–EGFP recombinant plasmid. 

The ligase reaction was used for the transformation of DH5α cells through heat–shock 

transformation. Some of the bacterial colonies that grew in the LB+100µg/mL ampicillin 

plates, selective for the transformed cells containing the resistance cassette of the 

pcDNA5_TLS2nostop–IRES–EGFP vector, were spotted and amplified in LB+100µg/mL 

ampicillin medium. The different recombinant plasmids were then purified using QIAprep 

Spin Miniprep Kit and tested through control digestion with XhoI restriction enzyme, to 

evaluate the correct insertion of the TLS2stopcodon–IRES insert and avoid the recovery of 

any recircularized vectors without the insert of interest (see in Table B–5). It was possible 
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to identify two colonies presenting the banding pattern indicative of the TLS2stopcodon–

IRES insert correct cloning into the pcDNA5_TLS2–IRES–EGFP recombinant plasmid (see 

in Figure B–8). 

 

5.2.4 Design and production of pcDNA3.4_cMyc–AP2 recombinant 

plasmid 

To facilitate the trafficking and the correct folding of the TLS2 protein on the cell plasma 

membrane in CHO_TLS2–IRES–EGFP stable line, cMyc–AP2 synthetic DNA string 

(Figure 5.22–A) was designed and ordered to GeneArt Gene Synthesis service. It contains 

the sequence coding the auxiliary protein AP2, a molecular chaperone of the amino acid 

transporter of interest, fused downstream of a cMyc–TAG, to easily evaluate its expression 

and cellular localization through flow cytometric analysis (see in Section 5.2.5).  

This was recovered and inserted into a customized pcDNA3.4 plasmid, already available in 

laboratory (Figure 5.22–B), used as expression vector for the production of AP2 in 

CHO_TLS2–IRES–EGFP cell lines. 
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Figure 5.22: Schematic depiction of cMyc–AP2 synthetic DNA string (A) and customized pcDNA3.4 plasmid (B). 

 

The aim is therefore to generate a recombinant plasmid for the stable expression of AP2 

auxiliary protein in CHO_TLS2–IRES–EGFP cell line, in order to facilitate the correct 

exposure of TLS2 amino acid transporter on the cell surface. 

To do this, cMyc–AP2 synthetic DNA string was amplified through PCR, using specific 

primers which allow the introduction of cutting sites for its correct cloning within the 

corresponding expression vector. The quality of the amplified sequence was evaluated by 

electrophoretic run on agarose gel and the band related to the PCR product of interest (see 

in Figure B–9) was purified through QIAquick Gel Extraction Kit. 
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Subsequently, the AP2–encoding sequence was extracted through restriction enzyme 

digestion approach and inserted into the customized pcDNA3.4 vector via ligase reaction 

(Figure 5.23). 

 

 
Figure 5.23: Schematic depiction of the ligase reaction between cMyc–AP2_HindIII+NotI insert and 

pcDNA3.4_HindIII+NotI vector. 

 

Both amplified cMyc–AP2 synthetic DNA string and customized pcDNA3.4 plasmid, 

previously expanded in DH5α cells through heat–shock transformation, were subjected to 

digest reaction with HindIII and NotI restriction enzymes. In order to prevent a possible 

recirculation of the vector during the ligase reaction, the 5’–ends of pcDNA3.4 were 

dephosphorylated with FastAP Thermosensitive Alkaline Phosphatase at the last 10min of 

the incubation at 37°C (see in Table B–6). The quality of the enzymatic digestions was 

confirmed by electrophoretic run on agarose gel (see in Figure B–10), and the bands with 

the correct dimensions were purified through QIAquick Gel Extraction Kit. The cMyc–

AP2_HindIII+NotI insert and the dephosphorylated pcDNA3.4_HindIII+NotI vector thus 

obtained were used to set up a ligase reaction with an insert:vector ratio set to 5:1 to generate 

pcDNA3.4_cMyc–AP2 recombinant plasmid. 

The ligase reaction was used for the transformation of DH5α cells through heat–shock 

transformation. Some of the bacterial colonies that grew in the LB+100µg/mL ampicillin 

plates, selective for the transformed cells containing the resistance cassette of the pcDNA3.4 

vector, were spotted and amplified in LB+100µg/mL ampicillin medium. The different 

recombinant plasmids were then purified using QIAprep Spin Miniprep Kit and tested 
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through control digestion with XbaI and NotI restriction enzymes, to evaluate the correct 

insertion of the cMyc–AP2 insert and avoid the recovery of any recircularized vectors 

without the insert of interest (see in Table B–7). It was possible to identify several colonies 

presenting the banding pattern indicative of the cMyc–AP2 insert correct cloning into the 

pcDNA3.4_cMyc–AP2 recombinant plasmid (see in Figure B–11). 

 

5.2.5 Generation and validation of a cell line stably expressing TLS2–
IRES–EGFP and AP2 

The pcDNA5_TLS2–IRES–EGFP and pcDNA3.4_cMyc–AP2 plasmids, previously made, 

were used for the generation of a stable cell line expressing the full–length TLS2 amino acid 

transporter on the plasma membrane, assisted by the molecular chaperone function of the 

auxiliary protein AP2. 

To do this, pcDNA5_TLS2–IRES–EGFP was transfected into Flp–In™–CHO cells using 

LipofectamineTM 2000 Transfection Reagent and exploiting the Flp–InTM system, as 

previously described (see in Section 5.1.5), isolating also in this case the clones expressing 

TLS2–IRES–EGFP by using a selective medium containing hygromycin (Figure 5.24). 

 

 
Figure 5.24: Schematic depiction of FRT recombination between Flp–InTM–CHO genome and pcDNA5_TLS2–IRES–

EGFP recombinant plasmid and generation of CHO_TLS2–IRES–EGFP stable line. 



113 

 

 

The selection process of single antibiotic–resistant colonies was monitored under 

fluorescence microscope, in order to indirectly compare the signal emitted by EGFP with 

the expression of full–length TLS2 amino acid transporter (Figure 5.25). 

 

 
Figure 5.25: pcDNA5_TLS2–IRES–EGFP expression validation in Flp–In™–CHO stable line through fluorescence 

microscopy (B). 

 

The CHO_TLS2–IRES–EGFP stable cell line was stably transfected with the recombinant 

plasmid pcDNA3.4_cMyc–AP2, again using LipofectamineTM 2000 Transfection Reagent 

but without the Flp–In system, so as not to alter the expression of hygromycin resistance 

cassette. The AP2–expressing clones were selected using a selective culture medium 

containing geneticin, an antibiotic for which the cells obtain resistance thanks to the 

NeoR/KanR cassette present in the customized pcDNA3.4 vector. 

To validate the association of the cMyc–tagged AP2 protein with the plasma membrane, the 

geneticin–resistant CHO_TLS2–IRES–EGFP stable clones were analysed through flow 

cytometric analysis, using an anti–cMyc mAb as primary antibody (Figure 5.26). 
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Figure 5.26: Flow cytometry recognition of the cMyc–tagged AP2 protein stably expressed in CHO_TLS2–IRES–EGFP 

cells with anti–cMyc mAb (Ab I°) and F(ab')2-Goat anti-Mouse IgG (H+L) Cross-Adsorbed–Alexa Fluor™ 647 

conjugated (Ab II°). The division into quadrants allows to identify the cMyc–AP2–expressing cells (top–right). 

 

As reported in these dot plots in Figure 5.26, the fluorescence signal in APC is much higher 

in the isolated stable clone than in the wild–type Flp–In™–CHO wild type cells, indicating 

a successful cMyc–AP2 expression. 

To demonstrate the effective production of the TLS2 amino acid transporter by TLS2–IRES–

EGFP and TLS2–IRES–EGFP/AP2 stable lines, they were analysed as cell lysates through 

Western Blot, using the commercial TLS2Loop4 pAb as primary antibody (Figure 5.27). 
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Figure 5.27: Western Blot recognition of TLS2 protein stably expressed in both CHO_TLS2–IRES–EGFP and 

CHO_TLS2–IRES–EGFP/AP2 cell lines. The red square indicates the presence of a band at the expected molecular 

weight for the TLS2 protein (approximatively 70kDa). 

 

As can be seen from the immunostained PDVF membrane in Figure 5.27, both the cell 

lysates of CHO_TLS2–IRES–EGFP and CHO_TLS2–IRES–EGFP/AP2 stable lines show a 

band at the expected molecular weight for the TLS2 protein (red square). 
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5.2.6 Mice immunization and antibody titer evaluation 

For the development of a murine TLS2–specific antibody repertoire, two distinct 

immunization group were set up, each consisting in 5 Female BALB/c mice 4 weeks old. 

The mice of the first group (Group A) were immunized with 1×107 CHO_TLS2–IRES–

EGFP/AP2 stable line cells, while the second group (Group B) was immunized with 20µg 

of purified TLS2Loop4–6His recombinant fragment. The different antigens administration 

was repeated every 14 days for 5 or 3 times, respectively, as shown in the following timelines 

(Figure 5.28). 

 

 
Figure 5.28: Immunization and sampling timeline for Group A (CHO_TLS2–IRES–EGFP/AP2 stable line cells) (A) and 

Group B (TLS2Loop4–6His recombinant fragment) (B). 

 

In order to evaluate the specific immune response developed following immunization with 

CHO_TLS2–IRES–EGFP/AP2 or TLS2Loop4–6His, the sera recovered one week after the 

3rd and the 5th dose were used in an ELISA assay, using SpectraPlate–384 High Binding 

plates coated with the TLS2Loop4–6His recombinant fragment to assess the abundance of 

TLS2 largest extracellular domain–specific antibodies. The pre–immune serum recovered 

the day before of the immunization protocol starting was used as a negative control (Figure 

5.29). 
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Figure 5.29: Immunization of mice with CHO_TLS2–IRES–EGFP/AP2 stable line (Group A) (A) or with TLS2Loop4–

6His recombinant fragment (Group B) (B) induced a good antibody titer against TLS2Loop4–6His. The antigen–specific 

antibodies were revealed in an ELISA assay. 
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As can be seen from Figure 5.29, both mice immunized with CHO_TLS2–IRES–EGFP/AP2 

cells and mice immunized with TLS2Loop4–6His protein developed a good antibody titer 

against the recombinant fragment, with absorbance value that remained high for a good 

range of dilutions examined. 

A Western Blot assay was used to assess whether the antibodies developed following the 

immunization with the TLS2Loop4–6His recombinant fragment show also specificity 

toward the full–length TLS2 epitopes. For this assay, it was decided to use the serum of a 

mouse from both immunization group for the staining of Flp–InTM–CHO wild type and 

CHO_TLS2–IRES–EGFP/AP2 cell lysates, and a pre–immune serum as a negative control 

(Figure 5.30). 

 

 
Figure 5.30: Immunization of mice with TLS2Loop4–6His recombinant fragment (Group B) induced a good antibody 

titer against full–length TLS2 protein expressed in CHO_TLS2–IRES–EGFP/AP2 stable line. The antigen–specific 

antibodies were revealed in a Western Blot assay. The red arrow indicates the presence of a band at the expected 

molecular weight for the TLS2 protein (approximatively 70kDa). 
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As reported in the immunostained PDVF membrane in Figure 5.30, the serum of the mouse 

immunized with the recombinant fragment relating to the only extracellular Loop4 is able to 

recognizes a protein in the cell lysate of the stable line CHO_TLS2–IRES–EGFP/AP2 with 

a molecular weight equal to that expected for the full–length TLS2 protein (red arrow). 

 

5.2.7 Identification and isolation of TLS2–specific single ASCs 

Once confirmed the presence of TLS2–specific antibody repertoire, the bone marrow of mice 

with an appropriate Ig titer was processed as the main lymphoid tissue for the isolation of 

plasma cells, which are responsible for the secretion of the vast majority of IgG present in 

the serum [125], [163]–[165]. As previously mentioned, the choice to use plasma cells for 

the recovery of Ig–specific genes, rather the memory B cells, is due to the fact that they allow 

both an immediate evaluation of secreted antibodies and an easier recovery of the variable 

region coding sequences from the isolated single cells, due to a high transcriptional level of 

immunoglobulin mRNA [120], [165], [166]. 

The identification and isolation of TLS2–specific single ASCs was performed according to 

the scheme showed in Figure 5.31. To optimize the recovery of the single plasma cells from 

the bone marrow samples, the cell suspension was prepared immediately after the mouse 

sacrifice. Their enrichment was performed using the CD138+ Plasma Cell Isolation Kit, 

taking advantage of the fact that this cellular biomarker is highly expressed upon 

differentiation into plasmablast and plasma cells. The plasma cells were directly labelled 

with magnetic CD138 Micro Beads and isolated as positive selection from the pre–enriched 

cell fraction through separation over a LS Columns placed in the magnetic field of a 

MidiMACS™ Separator. Subsequently, the enriched samples have been plated in 384–well 

microplates with a distribution of 50 cells per well concentrated in a small volume, using a 

medium in which were added factors capable to stimulate the antibody secretion in the 

culture supernatant. After 24 hours of incubation, it was possible to evaluate the presence of 

TLS2–specific antibodies through ELISA assay, in which the supernatant of each well was 

tested for antibodies binding the TLS2Loop4 recombinant fragment. The cells inside the 

wells that tested positive were replated with a limiting dilution of 0,3 cells per well, in order 

to isolate single plasma cells with a second screening round. 
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Figure 5.31: Schematic depiction of the method used to isolate single antigen–specific CD138+ plasma cells. 

 

As shown in Table 5.1 using this approach it was possible to identify and isolate more than 

hundred single TLS2–specific antibody secreting plasma cells either from the bone marrow 

of mice immunized with the Flp–In™–CHO stable cell line expressing TLS2–IRES–
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EGFP/AP2 or from the mice immunized with the TLS2Loop4 recombinant fragment. These 

plasma cells were then transferred in 8–tubes PCR–strips containing 4µl of Lysis Buffer, in 

order to prepare the samples for the next step of reverse transcription. 

 

Table 5.1: Summary of TLS2 antigen–specific plasma cells isolation from bone marrow of mice immunized with 

CHO_TLS2–IRES–EGFP/AP2 stable line and TLS2Loop4 recombinant fragment. 

 

 

5.2.8 Recovery of VH and VL coding sequences from single antigen–
specific ASCs and “minigenes” assembly 

The TLS2–specific single CD138+ plasma cell lysates were reverse–transcribed and pre–

amplified to cDNA, which were subjected to 3 rounds of antibody–specific PCR to amplify 

the cognate pairs of VH and VL genes and insert them into a human framework by 

Transcriptionally Active PCR (TAP) to generate chimeric minigenes. Figure 5.32 

schematically describes this process. Through this rapid methodology it is possible to 

generate linear minigenes that upon direct transfection into mammalian cells induce the 

production of recombinant chimeric antibodies straight from the amplified heavy and light 

chain variable regions, without the need of cloning into expression vectors or purification 

steps [173]. 

 

Immunization #Mouse
Cells in bone 

marrow (×10
7
 cells)

Purified plasma 

cells (×10
5
 cells)

Screened plasma 

cells (×10
4
 cells)

Single plasma 

cells

#1 0,01 0,1 1 (100%) 4

#2 2,12 6,6 8 (12,1%) 0

#3 1,91 5,4 12 (22,3%) 12

#4 2,13 6,8 8 (11,8%) 5

#5 2,36 16,5 12 (7,3%) 14

#6 16,4 8 8 (10%) 8

#7 2,39 3 8 (26,6) 13

#8 2,25 3 0 (0%) 0

#9 2,2 1,05 10 (100%) 36

#10 1,89 2 8 (40%) 22

Group A 

(CHO_TLS2–IRES–EGFP/AP2)

Group B         

(TLS2Loop4–6His)

35

79
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Figure 5.32: Schematic depiction of the Transcriptionally Active PCR (TAP) minigenes assembly. 

 

During the primary PCR (PCR I), specific primer mixes were used for the amplification of 

the heavy and light variable region sequences. These oligonucleotides anneal at leader 

sequence 5’ end, upstream of framework 1 region (FWR1) of the mature VH and VL 

sequences, and at the 3’ end of the respective CH1 (heavy) or Cκ (light) regions. In the 

secondary nested PCR (PCR II), the primer mixes used anneal with the FWR1 at the 5’end 

and with the J region at the 3’ end, where they add the specific isotype for the heavy variable 

regions. These oligonucleotides allow the introduction of approximatively 25bps 
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overlapping regions at both ends of the PCR I products, which serve for the minigenes 

assembly during the tertiary PCR (PCR III – TAP). During this last round of amplification , 

a human cytomegalovirus promoter (pCMV) and a human heavy or light chain constant 

region fragment fused to a BGH–polyadenylation signal (CH/Cκ–polyA) are added to the 

5’end and 3’ end, respectively, of the VH and VL regions. These regulatory regions were 

previously amplified from AbVec2.0–IGHG1 and AbVec1.1–IGKC plasmids shown in 

Figure 5.33. In this way, the two linear TAP products were finally obtained, which can then 

be transiently expressed in mammalian cells for the production of TLS2–specific chimeric 

mAbs. 

 

 

Figure 5.33: Schematic depiction of AbVec2.0–IGHG1 and AbVec1.1–IGKC plasmid. 

 

The quality of each PCR amplification product was confirmed by electrophoretic run on 

agarose gel (see in Figure B–12) and the final TAP minigenes were quantified by measuring 

absorbance at 260 and 280nm with NanoVueTM 4282 V1.7 Spectrophotometer. 
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5.2.9 Transient mAbs production, quantification and binding activity 

validation 

The TAP products encoding for recombinant TLS2 mAbs heavy and light chains were 

transiently cotransfected, with a proportion of 70% and 30% between the heavy and light 

chain–encoding chimeric minigenes respectively, into Expi293FTM cells using 

ExpiFectamineTM 293 Transfection Kit and scaling down the protocol to Deepwell Plate 

96/2mL. Supernatants harvested at 3dpt were used to evaluate TLS2 specific binding activity 

and immunoglobulin concentration through qualitative and quantitative ELISA assays, 

respectively. 

For the qualitative analysis, SpectraPlate–384 High Binding plates were coated with the 

TLS2Loop4–6His recombinant fragment, while for the quantitative analysis the plates 

coated with a goat anti–human IgG Fc antibody. In both the ELISA tests, a positive and 

negative control were set up, using a pool of sera from TLS2 immunized mice and a mock 

transfected Expi293FTM cell supernatant, respectively. For the quantification of the 

antibodies present in the culture medium, a standard curve was developed using dilutions of 

Cetuximab at defined concentrations. 

Once supernatants of Expi293FTM transient transfected cells were identified positive in 

ELISA assays for the presence of TLS2–specific antibodies at a relevant concentration, they 

were used to further assess reactivity against the target antigen by Western Blot and flow 

cytometric analysis. Western Blot test was performed using both the cell lysates of the 

CHO_TLS2–IRES–EGFP and CHO_TLS2–IRES–EGFP/AP2 stable lines and the 

TLS2Loop recombinant fragment. For the flow cytometry test, supernatants were used to 

evaluate the binding activity against both the stable lines expressing TLS2 (CHO_TLS2–

IRES–EGFP and CHO_TLS2–IRES–EGFP/AP2) compared to the parental cell line (Flp–

In™–CHO). 
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Table 5.2: Summary of TLS2 antigen–specific plasma cells isolation, recovery of TAP minigenes and reactivity of 

chimeric mAbs. 

 
qELISA screening: OD450 < 0.9 = +; 0.9 ≤ OD450 ≤ 1.9 = ++; OD450 > 1.9 = +++ 

 

Through these functional assays it was possible to identify 19 recombinant monoclonal 

antibodies recognizing the TLS2Loop4 recombinant protein in ELISA. Among them, two 

chimeric mAbs expressed at very high concentration in the transient supernatants were found 

reactive in Western Blot against the full–length TLS2 protein expressed in the stable cell 

lines lysates. 

Due to the nature of the primary and secondary ELISA screening with the recombinant 

protein is not surprising that most of the selected the recombinant antibodies derive from the 

group immunized with the TLS2Loop4. However, it was also possible with this screening to 

retrieve antibodies from the group immunized with cells expressing TLS2. Noteworthy it 

was possible to identify by flow cytometric analysis one recombinant mAb capable to 

recognize the TLS2 antigen expressed on the cell surface of the stable cell line from the 

group immunized with cells expressing TLS2. 

  

FACS

TLS2Loop4–6His CHO_TLS2/AP2 CHO_TLS2/AP2

#8 #51 70 ++ ND ND POSITIVE

#54 30000 ++ ND ND NEGATIVE

#10 #46 85 +++ ND ND NEGATIVE

#44 <0,5 + ND ND NEGATIVE

#47 <0,5 + ND ND NEGATIVE

 #16 #55 3000 +++ POSITIVE NEGATIVE NEGATIVE

#56 6500 +++ POSITIVE POSITIVE NEGATIVE

#19 #2 <0,5 + ND ND NEGATIVE

#5 <0,5 + ND ND NEGATIVE

#11 <0,5 +++ ND ND NEGATIVE

#12 20 +++ ND ND NEGATIVE

#21 860 +++ POSITIVE NEGATIVE NEGATIVE

#25 1000 +++ POSITIVE NEGATIVE NEGATIVE

#26 12000 +++ POSITIVE POSITIVE NEGATIVE

#35 140 +++ NEGATIVE NEGATIVE NEGATIVE

#20 #60 140 + ND ND NEGATIVE

#62 1000 +++ NEGATIVE NEGATIVE NEGATIVE

#69 140 + ND ND NEGATIVE

#72 1000 +++ NEGATIVE NEGATIVE NEGATIVE

79

Group A 

(CHO_TLS2–IRES–EGFP/AP2)

Group B             

(TLS2Loop4–6His)

WB

35

Immunization
ELISA screening 

single plasma cells
#Mouse #Ab

Ig concentration in 

supernatant (ng/mL)
ELISA
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5.2.10 VH and VL sequences cloning into expression vectors 

After having established the binding activity of the chimeric mAbs, mAb#51 and mAb#56 

were selected for the preparation of stably coding plasmids for subsequent functional 

analyses. To this aim, the coding sequence of the corresponding heavy and light variable 

regions were recovered and inserted into AbVec2.0–IGHG1 and AbVec1.1–IGKC 

recombinant plasmids, respectively coding for human immunoglobulin heavy (IgG1 isotype) 

and light (kappa constant region) chain. 

To do this, both the VH/VL PCR II products and the respective AbVec2.0–

IGHG1/AbVec1.1–IGKC recombinant plasmids were amplified through Polymerase 

Incomplete Primer Extension PCR (PIPE–PCR), to generate mixtures of incomplete 

extension products with short overlapping sequences at their ends, which allow mutual 

annealing between complementary strands. This makes possible to adopt a ligase–

independent and restriction enzyme–free cloning strategy, directly transforming the recipient 

cells with hybrid insert–vector mixes, without the need of post–PCR enzymatic manipulation 

(Figure 5.34).  

 

 
Figure 5.34: Schematic depiction of the Polymerase Incomplete Primer Extension PCR (PIPE–PCR) method. 

 

The quality of the amplified sequences was evaluated by electrophoretic run on agarose gel 

(see in Figure B–13), and the bands with dimension expected for the vector of interest were 

purified through QIAquick Gel Extraction Kit.  

PIPE amplified mAb#51/#56_VH/VL inserts and linear AbVec2.0–IGHG1/AbVec1.1–

IGKC vectors were mixed and heat–shock transformed into MultiShot™ StripWell 

Mach1™ T1 Phage–Resistant Chemically Competent E. coli, with an insert:vector ratio set 

to 5:1. Some of the bacterial colonies that grew in the LB+100µg/mL ampicillin plates, 
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selective for the transformed cells containing the resistance cassette of the AbVec2.0–

IGHG1/AbVec1.1–IGKC vectors, were spotted and then screened through colony PCR and 

control digestion with EcoRI and HindIII restriction enzymes. Both primers and restriction 

enzymes used in this step were selected to evaluate the actual presence of VH/VL within the 

recombinant plasmid, thus avoiding the recovery of any recircularized AbVec2.0–

IGHG1/AbVec1.1–IGKC vectors without the insert of interest. It was possible to identify 

several colonies presenting the recombinant plasmids which contain the 

mAb#51/#56_VH/VL inserts (see in Figure B–14). 

Colonies that tested positive at screening were then amplified in LB+100µg/mL ampicillin 

medium, and the recombinant plasmids thus obtained, named respectively mAb#51H/L and 

mAb#56H/L, were purified using QIAprep Spin Miniprep Kit. Quantification of DNA and 

its purity were established by measuring the absorbance at 260 and 280nm with NanoVueTM 

4282 V1.7 Spectrophotometer. 

 

5.2.11 Scale up of production and purification for selected TLS2 mAbs 

The mAb#51H/L and mAb#56H/L recombinant plasmids were transiently cotransfected, 

with a proportion of 70% and 30% between the heavy and light chain–encoding plasmids 

respectively, into Expi293FTM cells using ExpiFectamineTM 293 Transfection Kit in 125mL 

flasks. The immunoglobulins present in the culture media recovered at 3– and 5–dpt were 

purified by immunoaffinity chromatography, using HiTrapTM Protein G HP 1mL columns. 

Following the purification protocol designed (see in Section 3.6.3), the samples are loaded 

onto the columns (previously equilibrated in Wash/Binding Buffer A) and washed to 

constant baseline, removing all proteins with non–specific interactions. Elution is performed 

using Elution Buffer B, resulting in single peaks containing the mAbs (Figure 5.35–A/C, red 

squares). To prevent the acid environment from damaging the immunoglobulins, each 

elution fraction was immediately adjusted to neutral pH with the addition of Equilibration 

Buffer C. 

The elution peak fractions were analysed through SDS–PAGE and stained with 

SimplyBlue™ SafeStain (Figure 5.35–B/D), in order to verify the quality of mAb#51 and 

mAb#56 after purification. 
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Figure 5.35: Elution profile of TLS2 mAb#51 and mAb#56. The red squares indicate the single elution peaks containing 

the monoclonal antibodies (A/C); Purification control of TLS2 mAb#51 and mAb#56. The red arrows indicate the 

presence of the monoclonal antibodies (with an expected molecular weight of approximatively 150kDa) (B/D). 

 

The red arrows in Figure 5.35–B/D indicate the presence of both the recombinant mAb#51 

and mAb#56 in the fractions analysed. Once verified through the SDS–PAGE the purity and 

the quality of the antibodies, the corresponding elution fractions were desalted in Desalting 
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Buffer D using PD–10 Desalting Columns. Subsequently, the mAb#51 and mAb#56 were 

quantified with PierceTM BCA Protein Assay Kit. 

 

5.2.12 Characterization of the selected monoclonal antibodies 

To proceed further with the characterization of the selected recombinant mAbs, the purified 

chimeric antibodies were tested in various assays, such as Western Blot, confocal analysis, 

and flow cytometry. Western Blot analysis was performed against the TLS2Loop4 

recombinant fragment and the cell lysates of the parental Flp–InTM–CHO and CHO_TLS2–

IRES–EGFP/AP2 stable lines. 

 

 
Figure 5.36: TLS2 mAb#51 and mAb#56 binding activity characterization against CHO_TLS2–IRES–EGFP/AP2 stable 

line and TLS2Loop4–6His recombinant fragment through Western Blot. The red squares indicate the presence of bands 

at the expected molecular weight for the TLS2 protein (approximatively 70kDa). 

 

Figure 5.36 shows that both the mAb#51 and mAb#56 are able to recognizes a band of a 

molecular weight corresponding to the full–length TLS2 protein expressed in the 

CHO_TLS2–IRES–EGFP/AP2 stable line in denaturate conditions (red squares) while not 

staining the parental cell line. A high chemiluminescence signal is noted for the mAb#56 

against the TLS2Loop4–6His recombinant fragment, which is consistent with the fact that it 

is the same protein used for the immunization of the mouse that generated this antibody. 

Interestingly mAb#51 shows very limited binding against the recombinant and aggregated 

protein indicating that its binding might be specific for a TLS2 conformational epitope. 



130 

 

 

For confocal analysis, the recombinant antibodies were used to assess their binding activity 

against parental Flp–InTM CHO cell line and both CHO_TLS2–IRES–EGFP and CHO_ 

TLS2–IRES–EGFP/AP2 stable lines, fixed with PFA 4% and permeabilized with TritonX–

100 Buffer. 

 

 
Figure 5.37: TLS2 mAb#51 and mAb#56 binding activity characterization against CHO_TLS2–IRES–EGFP and 

CHO_TLS2–IRES–EGFP/AP2 stable lines through confocal analysis. 
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Figure 5.37 shows that both mAb#51 and mAb#56 specifically stain both the CHO_TLS2–

IRES–EGFP and CHO_TLS2–IRES–EGFP/AP2 stable lines while no specific biding is 

associated to the parental cell line. It can also be seen that the fluorescent signal associated 

to mAb#56 is predominantly at cytoplasmic level in both cell lines, while the fluorescence 

signal for mAb#51 in CHO_TLS2–IRES–EGFP/AP2 cell line is mostly located on the 

surface. 

To evaluate the actual binding capacity of these recombinant antibodies against the TLS2 

protein exposed on the cell surface, in correctly folded form, the two mAbs were subjected 

to flow cytometric analysis. Different concentration of mAb#51 and mAb#56 ranging from 

30 to 0,03μg/mL were tested to define a dose–response curve. 
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Figure 5.38: TLS2 mAb#51 and mAb#56 binding activity characterization against CHO_TLS2–IRES–EGFP and 

CHO_TLS2–IRES–EGFP/AP2 stable lines through flow cytometry. 
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The results of this analysis shown in Figure 5.38 indicate that mAb#51 recognizes the TLS2 

protein on the cell membrane of both the CHO_TLS2–IRES–EGFP and CHO_TLS2–IRES–

EGFP/AP2 cell lines in a dose dependent manner and still active at low nanomolar–

picomolar range, while the mAb#56 has a low binding activity at the higher concentrations 

tested. This might suggest that the alteration in the TLS2 exposure in the previous 

HEK293_TLS2–EGFP line was due more to its association with the EGFP protein than to 

the absence of an auxiliary protein. The fact that mAb#56 did not give any recognition of 

TLS2 protein expressed in both the CHO_TLS2–IRES–EGFP and CHO_TLS2–IRES–

EGFP/AP2 stable lines during the first reactivity tests could therefore be due to its lower 

binding capacity against the conformational protein, in addition to a generic lower yield of 

antibodies not still purified from the culture medium. 

To confirm the binding specificity against the TLS2 protein in a context other than the stable 

lines generated for its overexpression, a non–engineered cell line was sought. By consulting 

gene expression profiles in public databases, it was possible to discover some TLS2 gene 

expression in HEL human erythroleukemia cell line at the mRNA level. This human cell line 

was thus used to assess the binding of mAb#51 and mAb#56 by flow cytometry. Figure 5.39 

shows that in accordance with what was observed in CHO_TLS2–IRES–EGFP and 

CHO_TLS2–IRES–EGFP/AP2 stable lines, both chimeric mAb#51 and mAb#56 stain HEL 

cells in a dose–dependent manner, although with proportionally lower intensity respect to 

that observed in the TLS2–overexpressing lines. It is also confirmed the greater binding 

capacity of mAb#51 making this recombinant antibody a potential tool for an in–depth 

characterization of its target antigen. 

 



134 

 

 

 

Figure 5.39: TLS2 mAb#51 and mAb#56 binding activity characterization against HEL cell lines through flow cytometry. 
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6 Discussion 

 

Although structurally–complex transmembrane proteins such as GPCRs, ion channels and 

solute carrier (SLC) membrane transporters are intriguing targets for drug discovery, as they 

are active in many important cellular processes and also involved in different pathological 

conditions, the technical difficulties encountered in the development of specific mAbs that 

could modulate their functions, hinder the exploitation of these targets. 

One of the main problems encountered in the generation of antibodies against these 

membrane proteins is the availability of a correctly folded antigen for the immunization and 

screening processes. Many of these structurally–complex multi–spanning membrane 

proteins have also short extracellular stretches exposed on the cell membrane. Therefore, the 

choice of the antigen to be used in the immunization step is a critical point to face in the 

development of mAbs against these proteins. 

To develop and isolate stereospecific mAbs recognizing conformational structures against 

complex multi-spanning membrane proteins, based on the literature available on the topic, a 

so far poorly characterized amino acid carrier was selected (TLS2) and a strategy was 

conceived that envisaged the evaluation of different antigenic formats. The first antigen was 

designed as a fusion polypeptide comprising all amino acid stretches predicted in the 

extracellular loops separated by spacer linkers to allow proper folding (TLS2polyP–

HuIgFc). The second recombinant antigen was made of a single peptide corresponding to 

the major extracellular loop (TLS2Loop4–6His). Finally, the last immunization strategy 

involved the use of whole cells engineered for overexpression of the correctly folded protein 

in the native context, the cell surface (CHO_TLS2–IRES–EGFP/AP2). 

The results obtained in the first part of this study in which a EGFP tag was fused to TLS2 

indicate that the use of fusion–tags could alter the natural insertion in the plasma membrane 

and/or the correct folding of structurally–complex transmembrane proteins. 

Among the various antigenic formats, recombinant peptides are certainly the simplest, 

easiest to product at low cost, and are particularly suitable to tackle membrane proteins that 

have a large extracellular domain (e.g., TLS2Loop4) [174]. These peptides can also be 

stabilized through the use of linkers like (G4S)3, or circularized, to allow them to mimic the 

native folded structure of the original protein [175]. Some examples of membrane proteins 
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for which this antigenic format has successfully led to the development of antibodies are 

GPCRs C–C chemokine receptor–4 (CCR4) [138] and C–X–C chemokine receptor–2 

(CXCR2) [176]. 

The use of engineered cell lines able to express at high levels the correctly folded membrane 

protein of interest, with proper post translational modifications, has also proved to be a valid 

immunization strategy for the isolation of mAbs with potential therapeutic applications 

towards GPCRs such as the leucine–rich repeat–containing G–protein coupled receptor 5 

(LGR5) [177] or ion channel such as the ligand–gated ion channel P2X7 [178] and the 

calcium release–activated calcium channel protein 1 (Orai–1) [179]. 

Another potential obstacle for the advancement of antibodies towards the preclinical 

development stage is the access to innovative technologies for their generation and recovery. 

In fact, these imply tools and expertise necessary both to produce and maintain different 

source of antibodies and methods for their functionality–based isolation [174]. The 

definition of an effective antibody discovery approach is therefore essential for the retrieval 

of rare mAbs capable of binding difficult–to–target antigen such as structurally–complex 

transmembrane proteins. 

The use of mice as a source of antibodies targeting difficult membrane proteins has been 

successful for the isolation of numerous mAbs, both through the use of wild type mice as in 

the case of EDD 7H9, an antibody blocking the sphingosine–1–phosphate receptor 3 (S1P3) 

[180], or the use of Hu–Ig transgenic mice, through which it was possible to isolate fully–

human monoclonal GPCR–targeting antibodies such as Erenumab [139] and REMD–477 

[181]. However, this approach often relies on developing hybridomas as a stable source for 

mAbs generation which, as explained above, is a very inefficient method limiting the 

potential diversity of the antibody repertoire generated following immunization and highly 

time/material consuming. 

By contrast, the strategy followed in the generation of TLS2 mAbs was based on single B 

cell technology, through a FACS sorting–free approach for the isolation of CD138+ plasma 

cells that does not require expensive equipment and specific expertise. The isolated plasma 

cells were then profiled individually for their reactivity against the antigen of interest and 

the corresponding VH and VL–specific genes were cloned into a human framework for the 

generation of chimeric antibodies. The usage of the human constant regions adopted in this 
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method is the first step towards the complete humanization process that the murine 

monoclonal antibodies have to undergo to be used in therapeutic applications.  

The results obtained from the initial characterization of the recombinant antibodies obtained 

through the Ig–specific genes cloning of single CD138+ plasma cells isolated from mice 

immunized either with a stable cell line overexpressing the full–length protein of interest 

(CHO_TLS2–IRES–EGFP/AP2) or with a recombinant peptide (TLS2Loop4–6His), show 

that it was possible to isolate chimeric monoclonal antibodies from both immunization 

schemes. Moreover, mA#b51 exhibit a remarkable reactivity towards a conformationally 

folded region expressed on the cell surface.  

This data suggests that, for the generation of conformational antibodies against structurally–

complex transmembrane proteins, the use of cell lines overexpressing the protein of interest 

in native conformation can prove to be a more successful strategy, as they give a more 

realistic and natural conformation of the antigen than recombinant peptides. 

These results therefore allowed to validate the conceived strategy for the development of 

recombinant chimeric mAbs against hardly targetable antigens such as structurally–complex 

transmembrane proteins. It is also important to underline that the actual output of this process 

can be easily converted into a high–throughput system using instruments that allow a faster 

evaluation of the functional activity of antibodies secreted by single plasma cells (e.g., 

CellCelectorTM – Sartorius, Cyto–MineTM – Sphere Fluidics). 

The binding specificity of chimeric mAb#51 against conformationally folded TLS2 amino 

acid transporter was also confirmed in a non–engineered human erythroleukemia cell line 

(HEL). To date, there is no evidence in the literature of existing antibodies capable of 

specifically recognizing the selected target protein in its conformational form. This new 

molecular tool will be very useful for a in–depth functional characterization of TLS2 

involved in several diseases; a tool that could be eventually further developed for diagnostic 

and therapeutic applications. 
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Appendix–A 

 

Generation of a poly–epitope antigen and a stable cell line to raise and 

screen antibody against TLS2 

Design and production of pcDNA5_TLS2–EGFP recombinant plasmid 

 

 

Figure A–1: Quality evaluation of the pcDNA5–FRT–EGFP recombinant plasmid amplification product. The red square 

highlights the presence of a band with dimension comparable to those expected for the amplified pcDNA5–FRT–EGFP 

vector (5808bps), which will be subsequently purified through QIAquick Gel Extraction Kit. 
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Design and production of pcDNA5_TLS2–EGFP recombinant plasmid 

 

Table A–1: Bands generated through the enzymatic digestion of TLS2Full synthetic plasmid and amplified pcDNA5–
EGFP vector. 

Plasmids/Vector Restriction enzymes Generated bands Band of interest 

TLS2Full HindIII + BamHI 6037bps + 1914bps 1914bps (insert) 

pcDNA5–FRT–EGFP HindIII + BamHI + AP 5730bps + 25bps+ 15bps 5730bps (vector) 

 

 

Figure A–2: TLS2Full synthetic plasmid and pcDNA5–FRT–EGFP amplified vector digested with HindIII + BamHI 

restriction enzymes. The red square highlights the band corresponding to TLS2Full_HindIII+BamHI insert (1914bps), 

while the green square highlights the band corresponding to pcDNA5–FRT–EGFP_HindIII+BamHI vector (5730bps), 

which will be subsequently purified through QIAquick Gel Extraction Kit. 
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Design and production of pcDNA5_TLS2–EGFP recombinant plasmid 

 

 
Figure A–3: Colony PCR for the screening of DH5α colonies transformed with pcDNA5_TLS2–EGFP recombinant 

plasmid. The red squares highlight the bands corresponding to TLS2Full insert specific amplification product (1920bps). 
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Appendix–B 

 

Revised approach to generate monoclonal antibodies recognizing 

conformational extracellular epitopes of TLS2 

Design and production of pcDNA3.4_TLS2Loop4–6His recombinant 

plasmid 

 

 
Figure B–1: Quality evaluation of the TLS2Loop4 synthetic DNA string amplification product. The red square highlights 

the presence of a band with dimension comparable to those expected for the amplified TLS2Loop4 insert (403bps), which 

will be subsequently purified through QIAquick Gel Extraction Kit. 
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Design and production of pcDNA3.4_TLS2Loop4–6His recombinant 

plasmid 

 

Table B–1: Bands generated through the enzymatic digestion of amplified TLS2Loop4 insert and pcDNA3.4–6His 

synthetic plasmid. 

DNA string/plasmid Restriction enzymes Generated bands Band of interest 

TLS2Loop4 HindIII + BamHI 352bps + 27bps + 24bps 352bps (insert) 

pcDNA3.4–6His HindIII + BamHI + AP 6046bps + 37bps 6046bps (vector) 

 

 
Figure B–2: Amplified TLS2Loop4 insert and pcDNA3.4–6His synthetic plasmid digested with HindIII + BamHI 

restriction enzymes. The red square highlights the band corresponding to TLS2Loop4_HindIII+BamHI insert (352bps), 

while the green square highlights the band corresponding to pcDNA3.4–6His_HindIII+BamHI vector (6046ps), which 

will be subsequently purified through QIAquick Gel Extraction Kit. 
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Design and production of pcDNA3.4_TLS2Loop4–6His recombinant 

plasmid 

 

 
Figure B–3: Colony PCR for the screening of DH5α colonies transformed with pcDNA3.4_TLS2Loop4–6His 

recombinant plasmid. The red squares highlight the bands corresponding to TLS2Loop4 insert specific amplification 

product (367bps). 
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Design and production of a recombinant plasmid allowing the separate 

expression of TLS2 and EGFP from the same transcript (pcDNA5_TLS2–
IRES–EGFP) 

 

Table B–2: Bands generated through the enzymatic digestion of pAAV.CMV.Luc.IRES.EGFP.SV40 synthetic plasmid and 

pcDNA5_TLS2–EGFP recombinant plasmid. 

Plasmids Restriction enzymes Generated bands Band of interest 

pAAV.CMV.Luc.IRES.EGFP.SV40 BamHI + NotI 6305bps + 1316bps 1316bps (insert) 

pcDNA5_TLS2–EGFP BamHI + NotI + AP 6916bps + 728bps 6916bps (vector) 

 

 

Figure B–4: pAAV.CMV.Luc.IRES.EGFP.SV40 synthetic plasmid and pcDNA5_TLS2–EGFP recombinant plasmid 

digested with BamHI + NotI restriction enzymes. The red square highlights the band corresponding to pIRES–
EGFP_BamHI+NotI insert (1316bps), while the green square highlights the band corresponding to 

pcDNA5_TLS2nostop_BamHI+NotI vector (6916bps), which will be subsequently purified through QIAquick Gel 

Extraction Kit. 
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Design and production of a recombinant plasmid allowing the separate 

expression of TLS2 and EGFP from the same transcript (pcDNA5_TLS2–
IRES–EGFP) 

 

Table B–3: Bands generated through the enzymatic digestion of pcDNA5_TLS2nostop–IRES–EGFP recombinant 

plasmid. 

Plasmid Restriction enzyme Generated bands 

pDNA5_TLS2nostop–IRES–EGFP HindIII 6082bps + 2150bps 

 

 

Figure B–5: Control digestion with HindIII restriction enzyme for the screening of DH5α colonies transformed with 
pcDNA5_TLS2nostop–IRES–EGFP recombinant plasmid. The red squares highlight the bands corresponding to the 

correct cloning of pIRES–EGFP insert into pcDNA5_TLS2nostop vector (6082bps + 2150bps). 
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Design and production of a recombinant plasmid allowing the separate 

expression of TLS2 and EGFP from the same transcript (pcDNA5_TLS2–
IRES–EGFP) 

 

 

Figure B–6: Quality evaluation of the TLS2stopcodon–IRES–BstXI synthetic DNA string amplification product. The red 

square highlights the presence of a band with dimension comparable to those expected for the amplified TLS2stopcodon–
IRES–BstXI insert (701bps), which will be subsequently purified through QIAquick Gel Extraction Kit. 
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Design and production of a recombinant plasmid allowing the separate 

expression of TLS2 and EGFP from the same transcript (pcDNA5_TLS2–
IRES–EGFP) 

 

Table B–4: Bands generated through the enzymatic digestion of amplified TLS2stopcodon–IRES–BstXI insert and 

pcDNA5_TLS2nostop–IRES–EGFP recombinant plasmid. 

DNA string/plasmid Restriction enzyme Generated bands Band of interest 

TLS2stopcodon–IRES–BstXI BstXI 659bps + 25bps + 17bps 659bps (insert) 

pcDNA5_TLS2nostop–IRES–EGFP BstXI 7573bps + 659bps 7562bps (vector) 

 

 

Figure B–7: Amplified TLS2stopcodon–IRES–BstXI insert and pcDNA5_TLS2nostop–IRES–EGFP recombinant plasmid 

digested with BstXI restriction enzyme. The red square highlights the band corresponding to TLS2stopcodon–IRES_BstXI 

insert (659bps), while the green square highlights the band corresponding to pcDNA5_TLS2nostop–IRES–EGFP_BstXI 

vector (7562bps), which will be subsequently purified through QIAquick Gel Extraction Kit. 

  



163 

 

 

Design and production of a recombinant plasmid allowing the separate 

expression of TLS2 and EGFP from the same transcript (pcDNA5_TLS2–
IRES–EGFP) 

 

Table B–5: Bands generated through the enzymatic digestion of pcDNA5_TLS2–IRES–EGFP recombinant plasmid. 

Plasmid Restriction enzyme Generated bands 

pDNA5_TLS2–IRES–EGFP XhoI 6904bps + 1328bps 

 

 
Figure B–8: Control digestion with XhoI restriction enzyme for the screening of DH5α colonies transformed with 

pcDNA5_TLS2–IRES–EGFP recombinant plasmid. The red squares highlight the bands corresponding to the correct 

cloning of TLS2stopcodon–IRES insert into pcDNA5_TLS2nostop–IRES–EGFP vector (6904bps + 1328bps). 
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Design and production of pcDNA3.4_cMyc–AP2 recombinant plasmid 

 

 

Figure B–9: Quality evaluation of the cMyc–AP2 synthetic DNA string amplification product. The red square highlights 

the presence of a band with dimension comparable to those expected for the amplified cMyc–AP2 insert (812bps), which 

will be subsequently purified through QIAquick Gel Extraction Kit. 
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Design and production of pcDNA3.4_cMyc–AP2 recombinant plasmid 

 

Table B–6: Bands generated through the enzymatic digestion of amplified cMyc–AP2 insert and customized pcDNA3.4 

plasmid. 

DNA string/plasmid Restriction enzymes Generated bands Band of interest 

cMyc–AP2 HindIII + NotI 734bps + 51bps + 27bps 734bps (insert) 

Customized pcDNA3.4 HindIII + NotI + AP 6037bps + 18bps 6037bps (vector) 

 

 
Figure B–10: Amplified cMyc–AP2 insert and customized pcDNA3.4 plasmid digested with HindIII + NotI restriction 

enzymes. The red square highlights the band corresponding to cMyc–AP2_HindIII+NotI insert (734bps), while the green 

square highlights the band corresponding to pcDNA3.4_HindIII+NotI vector (6037bps), which will be subsequently 

purified through QIAquick Gel Extraction Kit. 
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Design and production of pcDNA3.4_cMyc–AP2 recombinant plasmid 

 

Table B–7: Bands generated through the enzymatic digestion of pcDNA3.4_cMyc–AP2 recombinant plasmid. 

Plasmid Restriction enzymes Generated bands 

pcDNA3.4_cMyc–AP2 XbaI + NotI 5998bps + 753bps 

 

 
Figure B–11: Control digestion with XbaI and NotI restriction enzymes for the screening of DH5α colonies transformed 

with pcDNA3.4_cMyc–AP2 recombinant plasmid. The red squares highlight the bands corresponding to the correct 

cloning of cMyc–AP2 insert into pcDNA3.4 vector (5998bps + 753bps). 
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Recovery or VH and VL coding sequences from single antigen–specific 

ASCs and “minigenes” assembly 

 

 
Figure B–12: PCR amplification products for the creation of the human CMV promoter and human constant region 

fragment fused to a BGH poly–A signal (A); PCR II and PCR III (TAP) amplification products for the creation of 

complete mAb#51 and mAb#56 TAP VH/VL chimeric minigenes (B). 

 

  



168 

 

 

VH and VL sequences cloning into expression vectors 

  

 
Figure B–13: Quality evaluation of mAb#51 PCR II products PIPE–amplification. The red and green squares highlight 

the presence of a band with dimension comparable to those expected for the amplified mAb_VH and mAb_VL inserts, 

respectively (A). Quality evaluation of mAb#56 PCR II products PIPE–amplification. The red and green squares 

highlight the presence of a band with dimension comparable to those expected for the amplified mAb_VH and mAb_VL 

inserts, respectively (B). Quality evaluation of AbVec2.0–IGHG1 and AbVec1.1–IGKC plasmids PIPE–amplification. 

The red and green squares highlight the presence of a band with dimension comparable to those expected for the 

amplified AbVec2.0–IGHG1 and AbVec1.1–IGKC vectors, respectively (C). 
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VH and VL sequences cloning into expression vectors 

 

 
Figure B–14: Colony PCR and control digestion with EcoRI and HindIII restriction enzymes for the screening of Mach1 

colonies transformed with mAb#51H/L insert + AbVec2.0–IGHG1/AbVec1.1–IGKC vector. The red square and green 

squares highlight the bands corresponding to the correct cloning of mAb#51_VH/VL insert into AbVec2.0–
IGHG1/AbVec1.1–IGKC vector, respectively (A). Colony PCR and control digestion with EcoRI and HindIII restriction 

enzymes for the screening of Mach1 colonies transformed with mAb#56H/L insert + AbVec2.0–IGHG1/AbVec1.1–IGKC 

vector. The red square and green squares highlight the bands corresponding to the correct cloning of mAb#56_VH/VL 

insert into AbVec2.0–IGHG1/AbVec1.1–IGKC vector, respectively (B). 
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