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The discovery of hybridoma technology, described by Kohler and Milstein in 1975, and the resulting ability to generate monoclonal antibodies (mAbs) initiated a new era in antibody research and clinical development. However, limitations of the hybridoma technology as a routine antibody generation method in conjunction with high immunogenicity responses have led to the development of alternative approaches for the streamlined identification of most effective antibodies. Within this context, display selection technologies such as phage display, ribosome display, yeast display, bacterial display, and mammalian cell surface display have been widely promoted over the past three decades as ideal alternatives to traditional hybridoma methods. The display of antibodies on phages is probably the most widespread and powerful of these methods and, since its invention in late 1980s, significant technological advancements in the design, construction, and selection of antibody libraries have been made, and several fully human antibodies generated by phage display are currently approved or in various clinical development stages. With evolving novel disease targets and the emerging of a new generation of therapeutic antibodies, such as bispecific antibodies, antibody drug conjugates (ADCs), and chimeric antigen receptor T (CAR-T) cell therapies, it is clear that phage display is expected to continue to play a central role in antibody development. Nevertheless, for non-standard and more demanding cases aiming to generate best-in-class therapeutic antibodies against challenging targets and unmet medical needs, in vivo phage display selections by which phage libraries are directly injected into animals or humans for isolating and identifying the phages bound to specific tissues offer an advantage over conventional in vitro phage display screening procedures. Thus, in the present review, we will first summarize a general overview of the antibody therapeutic market, the different types of antibody fragments, and novel engineered variants that have already been explored. Then, we will discuss the state-of-the-art of in vivo phage display methodologies as a promising emerging selection strategy for improvement antibody targeting and drug delivery properties.
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Introduction

The discovery of hybridoma technology, described by Köhler and Milstein (1975), and the subsequent ability to develop monoclonal antibodies (mAbs) initiated a paradigm shift in antibody research and their clinical development. Yet, despite representing a major breakthrough in antibody-based therapy, early clinical studies demonstrated that unmodified murine mAbs presented properties that limited their use in the clinical setting. One of the most important shortcomings was the high immunogenic character of these mAbs that resulted in the generation of human anti-mouse antibody response (HAMA) that limited their therapeutic utility. Furthermore, murine mAbs demonstrated decreased serum half-life and inability to elicit human effector responses (Khazaeli et al., 1994; Hwang and Foote, 2005; Presta, 2006). To overcome these limitations, antibody engineering techniques have been explored and used to manipulate murine mAbs into chimeric or humanized antibodies by modifying their constant regions in human variants, which led to a reduction in HAMA response while promoting an efficacy optimization. More recently, fully human mAbs have being developed using hybridoma technology in transgenic mice models that have integrated into their germline human immunoglobulin (Ig) loci, such as HuMabMouse and XenoMouse platforms (Aires da Silva et al., 2008). Despite all these advances in antibody engineering and transgenic mice methods, the phage display technology has been considered, since its invention in the late 1980s, the most powerful technique for antibody discovery and development. By representing a robust and reliable method to identify specific high-affinity antigen binders from large combinatorial libraries of potentially clinically relevant antibodies, phage display technology has played a key role in the remarkable progress of discovering and optimizing antibodies for diverse applications, particularly antibody-based drugs. Nowadays, there are several antibodies and peptides generated by in vitro phage display currently approved or in advanced clinical stages. However, for more demanding cases aiming to generate best-in-class molecules against difficult targets, conventional in vitro approaches are not sufficient to fulfill unmet needs. Thus, in vivo phage display offers a technology capable of surpassing the drawbacks of the in vitro methods, making it a valuable tool to screen increasingly specific molecules. The current review provides a general overview of the antibody therapeutic market, the different types of antibody fragments, and engineered variants that have already been explored. Furthermore, we summarize the history and development of different types of antibody libraries and methods of selection with special focus on the phage display, particularly in vivo. Lastly, we review what has been achieved using this methodology for antibody fragments as well peptide libraries and then discuss how this strategy can improve the development of best-in-class monoclonal antibodies for cancer and other diseases.



Monoclonal antibodies

The unique specificity and high efficacy of mAbs have made them effective molecules for therapeutic and diagnostic applications. Since the approval of Orthoclone OKT3®, the first monoclonal antibody approved by Emmons and Hunsicker (1987), the use of mAbs has become a new way to target antigens in a wide variety of diseases and conditions. Besides cancer and autoimmune disorders, mAbs are being used to treat over 50 other major diseases. Applications include treatment for heart disease, allergic conditions such as asthma, and prevention of organ rejection after transplantation. Mabs are also under investigation for the treatment of central nervous disorders such as Alzheimer’s disease, metabolic diseases like diabetes, and the prevention of migraines. Importantly, as medicine evolves into a new era of personalized therapy, the use of mAbs is at the core of this forefront. In fact, mAbs continue to be developed for newly identified biological targets and can be implemented into different formats to enhance their functionality and use, paving the way toward tailored medicines to each patient needs. Based on their commercial success and clinical potential, mAbs are among the top-selling drugs globally and their market size continues to grow annually. Presently, there are over 100 mAb products on the market; however, considering the thousands of candidates that are under preclinical and clinical trials and the novel advances in this field, this number is expected to increase substantially in the near future. The global monoclonal antibody market is estimated to generate the revenue of $300 billion by the end of 2025. In addition to their therapeutic applicability, the diagnosis is another area of potential expansion for these molecules. The global market for antibodies applied in diagnostics was valued at US$ 20,000 in 2017 and is projected to reach US$ 35,000 by 2026 at a CAGR of 5% from 2018 to 2026 (Parray et al., 2020).



Antibody structure and function

Antibodies, also named as immunoglobulins (Igs), are heterodimeric glycoproteins produced by B cells during the adaptive immune response. The diversity of antibody responses necessary to recognize and neutralize a wide range of antigens is achieved by recombination and somatic hypermutation of a set of genes (Aires da Silva et al., 2008; Chi et al., 2020). In mammals, the antibody basic structure consists of two identical heavy chains (H) and two identical light chains (L) in a Y-shaped format. The L chains belong to the kappa (κ) or lambda (λ) subtypes and the H chains to the α, δ, ɛ, γ or μ isotypes. Antibodies are divided into five different classes or isotypes: IgA, IgD, IgE, IgG, and IgM, based on sequence and length of heavy-chain constant domains, each presenting a specific structure and role in immunological processes. Due to its high prevalence in human serum, importance for immune response and excellent specificity, IgG represents the leading isotype used in immunotherapy. In the IgG class, each heavy chain is constituted by three constant domains (CH1, CH2, and CH3) and one variable domain (VH), while the light chain consists of a single constant (CL) and a variable domain (VL; Figure 1A). The antigen-binding fragment (Fab) is composed by the variable domains positioned into the antibody N-terminus and the CL and CH1 regions. A flexible sequence (hinge region) links this fragment to the CH2 and CH3 domains, components of the fragment crystallizable (Fc; Figure 1A). Several inter-domain disulfide bonds along with the highly conserved intra-domain bonds maintain antibody integrity. On one hand, the variable domains promote antibody specificity and affinity toward antigen mainly through three hypervariable loops, collectively known as complementary determining regions (CDRs). The conformation of the VH and VL chain CDRs result in six hypervariable loop structures (H1, H2, H3, L1, L2, and L3) that form the antigen-binding site. These domains also present four relatively conserved β-sheet strands, the framework sequences, which act as scaffolds that support the CDR loops. On the other hand, the Fc region is composed only by constant domains and plays a major role in mediating antibody effector functions through antibody-dependent cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC). Furthermore, this IgG region is responsible for the prolonged antibody half-life through a recycling mechanism dependent on neonatal Fc receptor binding (FcRn).
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FIGURE 1
 (A) Schematic representation of a conventional IgG antibody. Immunoglobulin G (IgG) have approximately 150 kDa and consist of two identical light chains (L) and two identical heavy chains (H) connected by disulfide bonds. Light chains are made up of a variable domain (VL) and a constant domain (CL). Heavy chains are made up of a variable domain (VH) and three constant domains (CH1, CH2 e CH3). The IgG molecule can also be divided into two main fragments: the antigen-binding-domain (Fab) and the fragment crystallizable (Fc) domain. The Fab fragment consists of two constant domains (CH1 and CL) and two variable domains (VH and VL). (B) Schematic representation of different antibody fragments. Fragment of antigen binding (Fab) composed of VL and a constant domain of the light chain (CL) linked to VH and a constant domain of the heavy chain (CH1) by a disulfide bond between the CL and CH1 domains. Single chain fragment variable (scFv) composed only of variable regions, one from the heavy chain (VH) and the other from the light chain (VL). The two variable regions are linked by a flexible glycine-serine linker (Gly4Ser)3. Camelid and shark immunoglobulin composed of only heavy chains. They present no light chain, and the displayed V domains bind their targets separately. Camelid heavy-chain antibodies composed a homodimer of one variable domain (VHH) and two C-like constant domains (CH). Shark new antigen receptor antibodies (IgNARs) composed of one variable domain (V-NAR) and five C-like constant domains (CH).


In antibody-based therapies, the goal is to eliminate or neutralize the pathogenic organism or the disease target. Within this context, mAbs can achieve their therapeutic effect through various mechanisms. In some applications, antibody binding can directly and effectively block the activity of many pathogens or targets such as virus or receptors expressed on tumor cells. In other settings, effective treatment requires a more general immune response, and antibodies must boost effector functions, such as ADCC and/or CDC responses. In ADCC responses, upon antibody recognition of an antigen, the Fc domain engages Fc receptors (FcγRs) on the surface of effector cells such as macrophages and natural killer cells that mediate phagocytosis or lysis of the target antigen. In CDC responses, antibodies promote directly target cell death through the development of a complement chain membrane attack complex (Aires da Silva et al., 2008). These effector functions contribute to the therapeutic efficacy of several antibodies in clinical settings in which the destruction of target cells is desired, such as the removal of tumor cells or virally infected cells (Reff et al., 1994).



Antibody fragments and single-domain antibodies as promising therapeutics

The vast majority of mAbs on the market are in the form of a full IgG. These molecules have a long half-life and the ability to induce effector functions if necessary. However, the use of a whole IgG has significant limitations, such as, high molecular weight of these molecules, limiting their penetration into solid tumors, and high production costs. By selecting specific antibody domains, some properties such as half-life, tissue penetration, and affinity can be managed according to the intended application. So, different antibody fragments have been explored in the past years. The use of antibody fragments instead of antibodies in their full structure is associated with numerous advantages. Despite the removal of some domains, these fragments retain the specificity of the original immunoglobulin and for this reason, the antigen recognition remains unchanged. The smaller size of these molecules allows the access to hidden epitopes that would not be available to larger molecules such as full-size mAbs. In addition, due to the lack of glycosylation, antibody fragments can be produced using prokaryotic expression systems at a lower production cost. The lack of the Fc domain is also associated with lower immunogenicity, no antibody-dependent enhancement (ADE) effect stimulation, and lower nonspecific uptake in tissues that highly express Fc receptors (Holliger and Hudson, 2005). Therefore, to avoid Fc-associated effects in some clinical settings and address the size limitations of IgGs, smaller antibody molecules such as the antigen-binding fragment (Fab) or the single-chain variable fragment (scFv) may be produced and become more attractive as therapeutics and diagnostic agents (Figure 1B). Before the development of recombinant DNA technologies and protein engineering methods, Fabs could only be generated through proteolytic cleavage of antibodies. Currently, it is possible to clone the variable (V) and the constant (C) domain genes of the light (L) and heavy (H) chains of an IgG molecule to obtain a recombinant Fab (Figure 1B). Similarly, cloning the VH and VL variable genes of an IgG alone permits the production of an antibody in the scFv format. In this case, the scFv is constituted by a VL-VH pair connected by a flexible peptide linker, in order to improve antibody folding and stability (Figure 1B; Holliger and Hudson, 2005). Currently, several antibodies in the Fab and scFv format have been approved. For instance, Abciximab, Ranibizumab, Certolizumab pegol, and Idarucizumab have been approved in the Fab format, and Blinatumomab and Brolucizumab in the scFv format. With these antibody fragments already on the market and with several under development it is clear that antibody fragments are becoming an increasingly important class of therapeutic agents. Single-domain antibodies (sdAbs) are another class of antibody scaffolds that have gained attention as promising therapeutics.
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FIGURE 2
 Schematic representation of the different approaches for producing monoclonal antibodies. Hybridoma technology allows the production of murine antibodies which can be modified to generate chimeric or humanized antibodies (shown at left); The procedure of obtaining human antibodies using genetically engineered mice with human immunoglobulin genes (shown at right); The central part of the figure shows the different antibody libraries (naïve, immune, and synthetic) which can be constructed from different sources (human, mouse, rabbit, camelid, or shark). The antibodies that are part of the libraries can be presented in different formats (IgG, VHH, IgNAR, Fab, scFv, or sdAb) and their screening is performed using different display technologies (phage, yeast, ribosome, or cell display).


sdAbs are the smallest functional antigen-binding fragments of an antibody that can be isolated from conventional IgGs or obtained from naturally occurring antibodies devoid of light chains that were discovered in two types of organisms, the camelids (VHH, from camels and llamas) and cartilaginous fish (VNAR, from wobbegong and nurse shark; Hamers-Casterman et al., 1993; Greenberg et al., 1995; Muyldermans et al., 2001; Holt et al., 2003; Aires da Silva et al., 2004; Holliger and Hudson, 2005; Figure 1B). Due to their small size, sdAbs in the VH, VL, VHH, or VNAR formats show improved tissue penetration and are able to reach targets that are not easily accessible by conventional antibodies or antibody fragments, such as enzyme active sites, hidden epitopes, or canyons in receptor molecules. Moreover, similar to Fab and scFv, sdAbs lack the Fc domain of a full IgG antibody, presenting a low nonspecific uptake in tissues that highly express Fc receptors. Additional important advantages include their high stability, low immunogenicity, and lower manufacturing costs (Holliger and Hudson, 2005). These unique characteristics and features make sdAbs promising candidates for the development of a new generation of antibody-based therapeutics. Indeed, several sdAbs have been developed and evaluated in different clinical trials and Caplacizumab is a first-in-class that was recently approved for treatment of acquired thrombotic thrombocytopenic purpura (aTTP), a rare disease characterized by excessive blood clotting in small blood vessels (Morrison, 2019). Caplacizumab is a sdAb in the VHH format that works by binding to the A1 domain of von Willebrand factor (VWF) and blocking platelets from binding to VWF and aggregating.

The small size of antibody fragments and single domains improves their ability to penetrate tumors and leads to rapid clearance from circulation through the kidney. In some therapeutic applications, rapid clearance is beneficial. However, in other cases, it is desirable to increase the half-life of the antibody. This can be achieved by linking the antibody fragment or a single domain to polyethylene glycol (PEG; Kontermann, 2011). This process, named PEGylation, increases the serum half-life and simultaneously reduces the immunogenicity of proteins by chemical coupling of PEG to amino groups on the antibody. Although this approach is an industry-established method, several studies also indicate that PEGylation can lead to reduced antigen binding and bioactivity of the PEGylated protein. As an alternative, other half-life extension methods have been developed by exploring the neonatal Fc receptor (FcRn) mediated recycling, responsible for the long half-life of the human immunoglobulin G (IgG, ∼21 days) and human serum albumin protein (HSA, ∼19 days). Essentially, these strategies are based on the fusion to the IgG Fc region, fusion to serum albumin and fusion to anti-albumin antibodies or peptides. Another promising strategy that has been explored is to fuse the antibody with naturally occurring albumin-binding domains (ABD) found in protein G of certain streptococcal strains (Dennis et al., 2002; Stork et al., 2007; Kontermann, 2011; Sleep et al., 2013; Cantante et al., 2017).



Engineering multivalent, bispecific, and new generation of antibodies

Converting whole IgG antibodies into Fab, scFv, and single-domains might lead to a decrease in the antigen-binding activity due to the loss of avidity. Nonetheless, this loss in binding activity can be compensated by engineering multivalent antibody fragments. Over the past years, several studies have been applied to construct multivalent antibodies through the use of either chemical or genetic cross-links. These engineered antibodies span a molecular-weight range of 60–150 kDa and valences from two to four binding sites. For instance, several Fab fragments have been chemically cross-linked into di-and trivalent multimers, leading to an increased functional affinity (Casey et al., 1996, 2002; Weir et al., 2002). On the other hand, several strategies have been devised to genetically develop multimeric scFvs, by simple engineering the size of the amino acid linker between the VH and VL domains (Huston et al., 1993; Holliger and Hudson, 2005). These antibody engineering methods have led to the formation of dimeric molecules (diabodies, ~60 kDa), trimers (triabodies, ~90 kDa) or tetramers (tetrabodies, ~120 kDa). All these multivalent antibody fragments are usually generated as monospecific molecules. Antibody engineering strategies have also been applied to generate bispecific antibodies (BsAb). These types of antibodies bind to two different antigens, or two different epitopes on the same antigen (Hudson and Souriau, 2003). The high interest in these molecules occurs because many diseases involve parallel signal pathways or multiple inhibition of different receptors or ligands. In fact, the simultaneous blocking of different targets can limit disease progression as well as the development of possible mechanisms of resistance derived from single or combinatory therapy. BsAb that mediate cytotoxicity by recruiting and activating CD3+ T immune cells are also a promising immunotherapeutic strategy for treatment of hematological malignancies and solid cancers. BsAbs can be developed and engineered in the IgG format as well in different antibody fragment constructs. Each of these molecules, depending on their structure, demonstrate different properties of valency for antigens, half-life and in some cases effector functions (Spiess et al., 2015). Currently, several BsAbs are under development for treatment of cancer and other diseases, and five have already received FDA approval: blinatumomab, emicizumab, amivantamab, tebentafusp and faricimab.

Antibody-drug conjugates (ADCs) and chimeric antigen receptor (CAR)-T-cell-based therapeutics, are two other promising classes of engineered antibodies that have emerged as promising therapeutic strategies in oncology. ADCs comprise an antibody conjugated to a highly cytotoxic compound via a chemical linker that directed toward a target antigen expressed on the cancer cell surface, reducing systemic exposure and therefore toxicity (Sievers and Senter, 2013). CAR-T-cell-based therapeutics consist of an antibody-derived targeting domain fused to T-cell signaling domains that, when expressed by a T-cell, endows the T-cell with antigen specificity determined by the targeting domain of the CAR (Sterner and Sterner, 2021). Currently, 12 ADCs and 6 CAR T-cell therapies have been approved by the FDA and EMA. With these advances in modern biotechnology and miniaturization and multifunctionalization of antibodies the market for therapeutic antibody drugs has experienced explosive growth. As a result, therapeutic antibodies have become the predominant class of new drugs developed in recent years for the treatment of various human diseases, including many cancers, autoimmune, metabolic, and infectious diseases.



Selection and screening of monoclonal antibodies

The mouse hybridoma technology was an important step in the development of mAbs. A mouse hybridoma is a hybrid cell produced by injecting a specific antigen into a mouse, collecting the antibody producing cell from the mouse’s spleen, and fusing it with a long-lived cancerous cell (myeloma). The resulting hybrid cell can be isolated and expanded producing many identical offsprings. Each of these daughter clones will secrete over a long period of time, the immune cell product, the antibody. A B-cell hybridoma secretes a single specific antibody known as a monoclonal antibody (Figure 2). Following the discovery of the Nobel-prize winning hybridoma technology, the door was opened for the use of mouse antibodies as human therapeutics. However, as mentioned above, murine mAbs present several properties that limit their clinical utility. Therefore, over the past few years several antibody screening methods have been explored to develop chimeric, humanized, and human high-affinity antibodies. Some of these platforms consist in display technologies, such as phage display, ribosome display, yeast display, bacterial display, mammalian cell surface display, and transgenic mice platforms that express human immunoglobulin genes. The phage display is the most commonly used in vitro technology to generate recombinant therapeutic antibodies from different sources and antibody formats (Figure 2). Indeed, over the past years, phage display methodology has been refined and advanced to enable the discovery of antibodies against well-validated targets as well challenging targets and unmet medical needs. Up to date, 14 FDA/EMA-approved therapeutic antibodies have been developed using phage display (Supplementary Table 1), including the world best-selling antibody adalimumab (Alfaleh et al., 2020). In the next section, we will first summarize a general overview of the classic in vitro phage display technology and then discuss the state-of-the-art of in vivo phage display methodologies as a promising innovative strategy for the improvement of antibody targeting and drug delivery properties.



Phage display technology

Phage display was firstly described in 1985 when George P. Smith demonstrated that a filamentous bacteriophage f1 was capable of displaying a fusion protein on the virion surface after the insertion of a foreign DNA fragment into the phage coat protein gene (Smith, 1985). In the early 90s, this technology was further developed and improved for the display of antibodies, mainly by the groups of Winter and McCafferty at the Laboratory of Molecular Biology (Cambridge, United Kingdom), and by the groups of Lerner and Barbas at The Scripps Research Institute (La Jolla, United States; McCafferty et al., 1990; Barbas et al., 1991). In these systems, the antibody genes are linked to the amino-terminus region of the phage minor coat protein pIII. Thus, when expressed, during normal phage biogenesis, mature phage particles incorporate the encoded fusion product, linking the antibody genotype and phenotype (Figure 3). By producing phages that express on their surface antibodies while possessing in their genome the antibody encoding gene, phage display allows the enrichment of antigen-specific phage antibodies, using immobilized or labeled antigens (Winter et al., 1994; Hoogenboom, 2002). Four main steps are part of the process of a classic phage display selection: coating of antigen; incubation of phage repertoire with antigen; washing to remove non-specific phages; and elution and reamplification of antigen-specific phages (Hoogenboom, 1997, 2005; Griffiths and Duncan, 1998; Figure 3). After the incubation of the phage library with the antigen, the unbound phages are washed away. This step is crucial to avoid the selection of non-specific binders. To obtain high-affinity phages, the stringency can be incremented in each round by increasing the number of washing steps. Moreover, the increase in stringency can also be attained through the modification of the washing buffer, for example by adding detergents (Smith and Petrenko, 1997). Regarding the elution step, different conditions can be used, such as changing the pH level, proteolytic cleavage or competition with free antigens. To facilitate cleavage, some libraries possess a cleavage site, such as trypsin, between the antibody and the pIII protein (Ward et al., 1996; Kristensen and Winter, 1998). In general, 3 to 6 rounds of binding, elution, and amplification are sufficient to recover antibodies with high specificity and affinity (Hoogenboom, 1997, 2005; Griffiths and Duncan, 1998).
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FIGURE 3
 Schematic representation of in vitro Phage Display Technology. (A) In phage display systems, antibody genes are linked to the amino terminus region of the phage minor coat protein pIII, as shown in the phagemid. When expressed, mature phages will incorporate the encoded fusion product, creating a link between antibody genotype and phenotype. (B) In vitro phage display, selection is composed of several steps: coating of the antigen or preparation of the cells; incubation of phage repertoire with antigen; washing to remove non-specific phages; and elution and reamplification of antigen-specific phages. The stringency of selection could be increased by the increase in the number of washing steps.


The same panning principle and protocol can be applied to run a phage display to select antibodies against antigens expressed on whole cells, liposomes, virus-like particles or other systems (Kirsch et al., 2008; Lipes et al., 2008; Dominik and Kossiakoff, 2015; Jones et al., 2016; Stark et al., 2017).

Various types of phages can be used as phage display systems and depending on the type of phage, the systems can be classified as filamentous M13, T7, bacteriophage lambda (λ phage) or T4 phage display systems. Filamentous phages, namely M13, are the most common used in phage display, as they do not lyse cells during their lifecycle. As shown in Figure 3, M13 consists of a circular ssDNA and five coat proteins (pVIII, pIX, pVII, pVI, pIII). There are two major types of M13 libraries based on the peptide or antibody fusing positions of phage, pIII and pVIII library. Both contain an N-terminal signal sequence that directs them to the inner bacterial membrane before phage assembly. The size of the pIII coat protein is about 406 amino acids long and is involved in phage-host interaction during infection. The great advantage of the pIII phage library is that it can display large foreign proteins on its surface with one to five copies, that makes the pIII system the most commonly used in phage display libraries. The main advantage of this phagemid system is their smaller size and ease of cloning (Bábíčková et al., 2013; Tan et al., 2016). With the growing use of antibody fragments and single-domain antibodies, grows the necessity to improve the phage display systems. For instance, in order to improve the number of scFvs presented on filamentous phage particles, a new kind of phages were developed, known as hyperphages. Hyperphages have a pIII phenotype and are able to infect E. coli, however, lack the functional pIII gene, which means that the phagemid-encoded pIII-antibody fusion is the source of pIII in phage assembly. These unique features increase the phage particles that are carrying the scFv on their surface, increasing the antigen-binding activity more than 50% compared to 3% when conventional phages were used (Rondot et al., 2001; Pande et al., 2010).

A critical feature to maximize the chance of discovering an antibody with the desired characteristics is the type of antibody source used. There are three main types of antibody libraries: immune, naïve, and synthetic (Winter et al., 1994; Hoogenboom, 2002; Kügler et al., 2018). Immunized libraries use as antibody source the lymphoid tissues of a donor that was previously immunized with a specific antigen or, in some instances, individuals with a particular disease, such as cancer or a particular infection. Normally, this type of library results in higher-affinity antibodies than those generated from hybridomas and naïve libraries, as gene fragments go through an in vivo maturation process (Winter et al., 1994; Griffiths and Duncan, 1998; Hoogenboom, 2002; Bradbury and Marks, 2004). However, as immunizations are required, immune libraries include certain limitations. These disadvantages are related with the time required to immunize animals, unpredictability of the immune response to the target antigen, lack of immune response to some antigens and a new library must be constructed for each antigen. Moreover, due to ethical concerns, human libraries can only be generated from patients B cells. On the other hand, issues related with immunizations are not present in the naïve libraries. These types of libraries are recovered from large naïve repertoires of antibody fragments from non-immunized donors and represent the germline diversity of the antibody repertoire. Due to their characteristics, naïve libraries have some advantages over immunized libraries. Foremost, antigen-specific antibodies can be produced without the need of previous immunizations, being able to get antibodies against self, non-immunogenic or toxic antigens. Furthermore, unlike immune libraries, naïve libraries can be used for all antigens, if large enough. At last, antibody generation is a much quicker process and in less than 2 weeks human antibodies can be isolated (Winter et al., 1994; Hoogenboom, 2002). The main disadvantage is the large size of the naïve library. The large size makes the exact nature of V-gene repertoire largely unknown and uncontrollable (Maynard and Georgiou, 2000). Additionally, one of the main problems reported are the poor expression and toxicity to the host bacteria with antibodies isolated from naïve libraries. This is due to the fact that antibody genes are representative of the human immunological repertoire and because of that there is no guarantee that the clone obtained can be expressed in bacteria (Maynard and Georgiou, 2000). The problems reported may be bypassed by using synthetic antibody libraries. Synthetic libraries are in vitro created using oligonucleotides that introduce areas of complete or tailored degeneracy into the CDRs of one or more V genes. The degeneracy introduced into specific codon positions of synthetic oligonucleotides allows the control of the degree of randomization. The first synthetic library was constructed by Marks et al. (1991). For this purpose, a repertoire of human VH genes from 49 human germline VH-gene segments in vitro rearranged was developed to create a synthetic CDR3 of five to eight residues. For phage display, rearranged VH genes were cloned with a human Vλ3 light chain as single-chain variable fragments (scFvs). The selection resulted in the isolation of many antibodies against haptens and one against a protein antigen. These great results were part of the first proof of concept for synthetic antibodies. Thereafter, to cover the natural length diversity of the loop of the CDR3, the diversity was expanded from 4 to 12 residues (Nissim et al., 1994). The success of the expanded library showed the importance of diversity in a longer CDR-H3 loop. To improve the synthetically rearranged VH gene repertoire of Nissim et al. (1994) and Griffiths et al. (1994) developed a novel system to add light-chain diversity to the previous VH gene repertoire. In this study, 26 human germline Vk and 21 germline Vλ segments were assembled into complete V genes using PCR with CDR3 loops partially randomized to mimic the diversity generated by V-J gene recombination in vivo. In order to create a large synthetic repertoire of Fab fragments displayed on a filamentous phage, the heavy and light-chain V-gene repertoires were combined on a phage vector in bacteria using the lox-Cre-site-specific-recombination system. This resulted in the development of antibodies with affinities similar to those obtained from a secondary immune response in mice (Griffiths et al., 1994). A summary of some of the phage display antibody libraries used in the discovery of therapeutic antibodies is shown in Table 1.



TABLE 1 Phage display antibody libraries used in the discovery of therapeutic antibodies.
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In vivo phage display

With the emergence of new classes of therapeutic antibodies and novel disease targets, it has become increasingly necessary to improve the conventional phage display methodology to generate better molecules against challenging targets. Thus, to fulfill these unmet needs and to select best-in-class antibodies against antigens in their native conformation and in vivo settings, innovative ways to perform the phage display selection have been developed, namely the in vivo phage display. In vivo phage display consists in the selection of phage libraries using biopannings in living animals. This approach is identical to the in vitro phage display, however, the main difference is that the phage library is directly intravenously injected into animals and the phages are allowed to circulate in order to allow the antibodies expressed at the phage surface to bind directly to the specific target, organ or tissues. In the end, animals are perfused to wash the unbound/unspecific phages, euthanized and the desired organs are collected to recover the phages (Figure 4). With this methodology antibodies are selected in the complicated milieu of the animal based on desired pharmacokinetic and targeting specificity properties. In order to have a well-designed in vivo phage display experiment, it is necessary to be aware of some parameters that can modulate the expected results. Some of these are related to phage survival and pharmacokinetics in the living animal and the route of administration that can limit the success of in vivo selection. These key aspects of an in vivo phage display panning will be overviewed and discussed below.
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FIGURE 4
 Schematic representation of in vivo Phage Display. In vivo phage display selects phage libraries using a living animal. In this methodology, the library is directly injected into animals and antibodies are allowed to bind directly to the specific organ or tissues. Non-binding phages are washed and, in the end, animals are euthanized, and the desired organs collected to recover the phages. This scheme contains a representation of an in vivo experiment performed on a xenograft mouse model where the phages are recovered from the tumor.



Experiment design of in vivo phage display


Phage library and phage survival

The survival of phage particles in the animal is a critical issue when an in vivo phage display is performed. It is well known that the immune system and, in particular, the reticuloendothelial system (RES) have a preponderant role in the phage uptake. In fact, this is clearly demonstrated by the high uptake observed in the liver and spleen. To better understand these limitations, various studies compared the survival time of phages in different mice models. Zoe et al. described that 5 min after injection, the percentages of phages in circulation decreased in all mice strains and the highest level of phage particles was detected at 5 min post-injection in CF-1 and SCID mice, and 15 min post-injection in nude mice (Zou et al., 2004). Furthermore, a minor phage accumulation in the spleen was found in the immune-compromised nude and SCID strains, suggesting a facilitated leakage and reducing of non-specific trapping by RES (Zou et al., 2004). Interestingly, Srivastava and colleagues screened a phage library in 6 different mice models and suggested that the main cause for phage degradation was related to B-cell interaction (Srivastava et al., 2004). However, Zou et al. described contradictory results, reporting higher phage survival in the athymic mice strain that possess B-cells (Zou et al., 2004). Additionally, Srivastava et al. evaluated phage recovery after 5 min post-injection and verified that no more than 50% was recovered, while confirming that this value decreased with incubation time (Srivastava et al., 2004). Overall, these in vivo phage display findings supported incubation times ranging between 5 to 15 min after intravenous (i.v.) administration. Altogether, these studies concluded that the inclusion of a phage library circulation time optimization study is recommended for each type of phage and animal model before initiating an in vivo phage display experiment (Molenaar et al., 2002).



Route of administration

The route of administration is another important issue to be considered in the design of an in vivo phage display experiment. Different routes have been used for phage library administration, and each route may influence the uptake to the target tissue or organ. Due to the rapid systemic exposure of the phage particles, intravenous injection is the route most widely used. However, before choosing the preferential route of administration, it is advisable to consider the targeted organ or tissue. This is particularly true in organs such as the brain that have a less effective systemic delivery due to the blood–brain barrier. The complexity of the target is another problem to have in consideration. For example, in the lungs the vasculature is heterogeneous which can hinder the identification of lung specific receptors by systemic administration of the library. To overcome this problem, phage administration via intratracheal instillation may be executed (Wu et al., 2003). Another route with great potential is intestinal and oral administration, considering the important role that the gastrointestinal tract may play in drug diffusion and metabolism. Nevertheless, few studies have reported the use of this route, probably due to the expected degradation caused by digestive juices. Even so, Duerr et al. performed an experiment to recover peptides capable of crossing the intestinal mucosal barrier. Based on the assumption that spleen accumulation is due to the translocation of the trans-mucosal barrier, phages were retrieved from the spleen. However, no consensus sequence in the phages recovered was discovered (Duerr et al., 2004). A few years later, another study from Hamzeh-Mivehroud et al. (2008) obtained similar results, proving that trans-mucosal transport is non-specific (Hamzeh-Mivehroud et al., 2008). Another study of Akita et al. (2006) aimed to identify new peptides for peritoneal tumors of gastric cancer. For this purpose, an in vivo intraperitoneal biopanning was performed. The phages were injected directly into the abdominal cavity of mice presenting peritoneal tumors of human gastric cancer. This work allowed to identify peptides for the treatment of peritoneal metastasis of gastric cancer (Akita et al., 2006). Overall, these findings show that the selection of an administration route near the target tissue can have some advantages, such as the reduced uptake by other tissues (Bábíčková et al., 2013).




In vivo phage display discovery applications


In vivo phage display of peptides

In vivo phage display was first described by Pasqualini and Ruoslahti (1996). In this study, a peptide that targets the brain and kidneys was discovered using phage peptide libraries. This first study obtained promising results, culminating in the identification of the tripeptide SRL that specifically targets the brain and the CLPAVASC peptide amino acid sequence that targets the kidney (Pasqualini and Ruoslahti, 1996). Years later, another group used the same methodology to isolate other tripeptide motifs to the brain and kidney tissues (Kolonin et al., 2006). Since then, in vivo use of phage display has allowed the identification of several receptor-ligand pairs in malignant and benign disease contexts and different animal models. Interestingly, in 2002 the first in vivo phage display in humans was performed by Arap et al. (2002b). In this work an in vivo screening of a phage displayed peptide library was performed to investigate the molecular diversity of receptors specific of human vascular beds. For that, a peptide phage library was intravenously infused, and 15 min later tissue biopsies were recovered to retrieve the phages from various organs. A total of 47,160 peptide motifs were then shown to be localized to different organs. This large-scale screening indicated that the tissue distribution of circulating peptides was nonrandom. To validate the specificity of the isolated peptides, the interaction of an IL-11 peptide mimic isolated from the phage display screening to interleukin-11 receptor (IL-11R) of normal prostate endothelium and epithelium tissue was confirmed (Arap et al., 2002b). Later, IL-11R was validated by Zurita et al. (2004) as a molecular target for prostate cancer therapeutics. Afterward, the library obtained by Arap et al. (2002b) was further screened in two subsequent cancer patients to uncover ligand-receptors common or specific to certain vascular beds. These results allowed the identification of four native ligand-receptors, three of which have not been previously reported. Two are expressed in several tissues (integrin α4/annexin A4 and cathepsinB/Apolipoprotein E3) and the other two have a specific distribution in normal tissues (prohibitin/annexin A2 in white adipose tissue) or cancer (RAGE/leukocyte proteinase-3 in bone metastases; Staquicini et al., 2011). Altogether, these studies validated a functional screening strategy based on an in vivo phage display for vascular ligand-receptor mapping, aiming to identify potential markers for biotechnology and medical applications.

Another study conducted by Arap et al. (2002a) identified a new peptide through an in vivo screening of phage-displayed random peptide libraries targeting the prostate vasculature. One of the selected peptides homed to prostate tissue 10 to 15 times more than other organs, and was therefore coupled to a proapoptotic peptide for the development of a drug delivery system. This proapoptotic peptide is responsible for the disruption of mitochondrial membranes and has shown antitumoral efficacy in prostate cancer prone transgenic mice. Similarly, treatment of prostate proned transgenic mice with this drug delivery system demonstrated that the chimeric peptide inhibited cancer development in this animal model (Arap et al., 2002a). Similar methodologies have been applied in the identification of peptides targeting other solid cancers, such as breast cancer. For example, an in vivo biopanning with a phage-displayed peptide library allowed the recognition of a cyclic nonapeptide that selectively homes normal breast tissue and identified aminopeptidase P as the respective receptor. Relevantly, this study also confirmed the binding of this novel peptide to the vasculature of hyperplastic and malignant lesions in transgenic breast cancer mice, suggesting that this peptide could be used to selectively target breast tissue and precancerous breast lesions (Essler and Ruoslahti, 2002). In turn, Laakkonen et al. (2004) aimed to investigate tumor angiogenesis related markers. For that purpose, this work designed an ex vivo and in vivo phage display to select peptides that favor tumor-homing targets accessible to circulating phages with the exception of blood vessels. Screening was performed on MDA-MB-435 breast carcinoma xenografts and enabled the recovery of multiple copies of a cyclic-9-amino-acid peptide, LyP-1. Gathered data revealed that LyP-1 also recognized tumor cells derived from an osteosarcoma xenograft mouse model, and spontaneous prostate and breast cancer in transgenic mice. LyP-1 peptide labeled with fluorescein was detected in tumor structures positive for three lymphatic endothelial markers and negative for three blood vessel markers, suggesting that this peptide may target tumor lymphatic vessels. Moreover, systemic treatment of breast tumor xenograft mice with this LyP-1 peptide was performed. Curiously, tumor treated samples showed foci of apoptotic cells in the absence of lymphatic vessels, revealing a surprising antitumoral activity of this LyP-1 peptide. Another study implemented an in vivo screening of a phage-displayed peptide library to discover peptide ligands that target human ovarian cancer, making it a promising candidates for drug delivery (Ma et al., 2013). This work allowed to isolate a novel peptide WSGPGVWGASVK targeting ovarian cancer derived tumor cells and angiogenic endothelial cells. Altogether these studies clearly demonstrate that in vivo phage display selection is a powerful platform for the discovery of cancer targeting peptides, with suitable stability and biodistribution. However, most of these peptides target the tumor vasculature rather tumor cells or tissues. Thus, there is a pressing need to improve phage display selection to identify peptides with the ability to extravasate vessels, penetrate tumors and bind target cells while presenting adequate pharmacokinetic properties. To tackle these issues, Soendergaard et al. (2014) devised a two-tier method that includes in vivo selection rounds in xenografted SKOV-3 tumor-bearing nude mice followed by in vitro screening on cultured tumor SKOV-3 cells. These studies, resulted in the selection of a specific peptide—RSLWSDFYASASRGP (J18)—with good tumor uptake.

The use of a parallel in vivo and in vitro phage display selections was also employed in the identification of novel tumor-homing activatable cell-penetrating peptides. For the in vivo panning, phages displaying a library of unique activatable cell-penetrating peptides were injected into tumor-bearing mice and cleaved phage were isolated from homogenized tumors. Simultaneously, an in vitro selection consisting in the sequential exposure of phage to normal and tumor tissue sample extracts and its subsequent isolation from uncleaved and cleaved phages was carried out. Selected sequences were synthesized as fluorescently labeled peptides, and tumor-specific cleavage was confirmed by digestion with tissue extracts. The most promising cleaved peptide presenting the sequence RLQLKL showed to accumulate within primary and metastatic tumors in a protease-dependent manner. This candidate was therefore selected to detect protease activity in tumors, directing therapeutic or imaging agents (Whitney et al., 2010). Finally, Veleva et al. (2011) group designed a strategy to identify ligands from a phage display random peptide library, selective for cells homing angiogenic tumors derived from circulating bone marrow, that included an in vitro phage display selection on blood outgrowth endothelial cells followed by an in vivo selection based on homing of bone marrow-bound phage to angiogenic tumors. This dual-functional strategy enabled the isolation of the peptide containing the QFPPKLTNNSML sequence. Further experiments confirmed the ability of this peptide to deliver in vivo payloads to angiogenesis sites, reinforcing its clinical potential. Overall these studies described herein paved the way for in vivo phage display selections and are summarized in Table 2.



TABLE 2 Summary of peptides discovered by in vivo phage display.
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In vivo phage display of antibodies

Although in vivo phage display was initially explored for identifying new peptide sequences that revealed interactions with natural ligands and for the recognition of known or new targets, mAbs have also gained considerable attention due to their many advantages over other binders, namely associated with their high specificity and affinity for antigens and therapeutic properties. Within the antibody fragment repertoire, scFvs and sdAbs have been the antibody formats mainly selected and explored for in vivo phage display screenings. Within this context, Johns et al. (2000) described for the first time the development of an in vivo phage-scFv display selection procedure in the mouse. This study demonstrated the potential for the selection of scFvs against the murine thymus from a phage-scFv library, opening the possibility of implementing the same method to other models. Briefly, a scFv phage library was injected into a thymic murine model and then phages were recovered from the thymus after four rounds of selection. The specificity of some clones was tested and, in the end, CDR3 sequences of two clones were identified. The authors at the time were unable to identify the targets; however, it was reported that one scFv antigen was solely expressed on the thymic endothelium, while the second was present on both thymic endothelium and the perivascular epithelium. Later, Robert et al. (2006) combined an in vivo biopanning of a scFv antibody library with a high-throughput screening to identify human antibodies that target lesions developed early in atherosclerosis. First, the in vivo selection was performed in Bourgogne brown rabbits submitted to an atherogenic diet with 0.3% of cholesterol. Then, specificity of the selected scFv was confirmed in homozygous ApoE gene-inactivated mice. To prevent the elimination of scFvs against rare epitopes, only one round of selection was performed. This work allowed to select two scFv clones with high affinity to the early atherosclerotic lesions. Years later, another study of the same group performed an in vivo phage display using a human phage scFv antibody library injected into a high-fat-diet-fed ApoE−/− mice. Three different fractions were recovered from the aortic tissue: endothelial cell surface binding phages, and extravasated and internalized phages. Three in vivo pannings were conducted and six clones were selected. The results obtained allowed to conclude that in vivo phage display in hypercholesterolemic animals enables the identification of scFvs specific to atherosclerotic endothelial and subendothelial tissues, and biomarkers associated with lesions (Deramchia et al., 2012b). Following this study, another study was conducted to evaluate molecular components involved in atherosclerosis. For that, scFv antibody fragments from a semi-synthetic human antibody library were injected in a rabbit model of atherosclerosis induced by lesions. Following, phages were recovered from the injured endothelium, the underlying lesional tissue and the cells within the intima. Clones were selected based on the presence of key amino acids. With this method, seven scFv antibodies that demonstrated specific binding to endothelial cells and inflamed intima-related regions of rabbit tissue sections were selected. This study proved that sequence-based selection can be a suitable method to select scFv libraries by in vivo phage display (Deramchia et al., 2012a). More recently, Hemadou et al. (2018) used an in vivo phage display coupled with an high-throughput screening using flow cytometry to screen a human combinatorial library of scFv phages on an atherosclerosis rabbit model. Three in vivo pannings were performed and then high-throughput flow cytometry analysis allowed to recover 209 clones specific for atherosclerotic proteins. Immunohistochemistry experiments confirmed the ex vivo reactivity of 60% of these scFv-phages to rabbit atheromas. This multitude of atherosclerosis specific scFvs identified opened new perspectives in the discovery of new biomarkers. Recently, the same group reported the selection within the previously retrieved clones, of a promising scFv against a targetable biomarker of atheroma plaque progression in the pathological microenvironment. With that in mind, clones were reformulated as scFv fused to the scFv-Fc and their reactivity against in aorta sections from both animal models of atherosclerosis and human specimens of atherosclerotic arteries was tested using flow cytometry and immunoassays. The identification of the promising P3 scFv antibody antigen allowed to propose galectin-3 as an ideal molecular biomarker that can be targeted for diagnostic purposes. Curiously, galectin-3 has been recently proposed as a high-value biomarker for the assessment of coronary and carotid atherosclerosis (Hemadou et al., 2021). Notably, in vivo phage display has also been used in diabetes research field. In this context, two different methods were reported for the selection of antibodies targeting pancreatic islets. A scFv phage library was screened using two distinct approaches – an in vivo and in vitro screening. In the case of the in vivo selection, the scFv phage library was intravenously injected into rats and phages were isolated from the pancreatic islets. In the in vitro selection, the scFv library was panned on pancreatic islets directly isolated from rats. This work reported the successful isolation of four scFv antibodies that are selectively internalized into rodent β-cells in vivo and bind to human β-cells in situ. Furthermore, two additional scFv antibodies targeting islet α-cells were identified. These scFv antibodies were highly specific for their target cells over other tissues. Moreover, these radiolabeled scFv antibodies showed to reliably predict β-cell mass in rodent models of diabetes after in vivo administration, thereby representing promising candidates for in vivo imaging and determination of β-cell mass in humans (Ueberberg et al., 2009; Ueberberg and Schneider, 2010). As expected, also in cancer, in vivo phage display has been explored as a promising discovery platform for antibody libraries. Krag et al. (2006) reported a phase I clinical study where infusion of phage-display libraries in cancer patients were performed to identify tumor-targeting ligands. In this study, eight patients with advanced cancer, including breast, melanoma, and pancreas, were intravenously infused with a phage-displayed scFv library or a peptide library. Following 30 min post-injection, tumors were excised and tumor-targeting phages were recovered. In three patients, serial pannings were performed by infusing phage recovered and amplified from the same patient’s tumor. Importantly, there was no significant toxicity observed in this preliminary study. Furthermore, the patients did not exhibit detectable antiphage serum IgG before infusion and high antibody response was not observed over the 10-day study infusion limit. Overall, the data obtained allowed the identification of several amino acid motifs among tumor-homing phage clones, suggesting selective tumor accumulation. Six different clones were isolated from the scFv library while only one was isolated from the peptide library. Thus, this study confirmed the feasibility of this technology in personalized medicine, making it possible to select patient tumor-binding ligands in a customized manner. Another study identified a new tumor-specific vascular targeting antibody via in vivo phage display of a llama VHH sdAb phage library in an orthotopic mouse model of diffuse glioma. C-C7, the VHH identified, recognized a subpopulation of tumor blood vessels in glioma xenografts and clinical glioma samples. The use of C-C7 VHH as bait in yeast-2-hybrid screens made it possible to recognize dynactin-1-p150Glued as its receptor, a novel targetable protein in activated endothelial cells and macrophages. Thus, validating the combinatorial approach of in vivo phage display and yeast-2-hybrid screenings as a promising strategy to identify tumor-targeting antibodies and their binding counterparts (van Lith et al., 2016). In vivo phage display screenings have also been explored to select antibodies that can cross the blood–brain barrier (BBB) and specifically target the brain. For instance, a naïve human library was used to identify brain targeting scFv antibodies using an in vivo phage display selection in a rat model. Two scFvs, namely scFV40 and scFV4, were selected, and their binding and BBB crossing properties were confirmed (Stutz et al., 2018). Our group has also been working toward the discovery of specific antibodies that target the BBB. We have recently immunized rabbits with brain mice endothelial cells and constructed an sdAb immune library that was then used for an in vivo phage display selection in a mouse model. After three rounds of in vivo phage display, five potential sdAbs were identified with potent brain targeting and BBB crossing properties. Moreover, a superior brain accumulation was observed for the RG3 clone, (0.82 ± 0.05% I.A./g) and, as far as we are aware, positioning it as one of the most competent sdAb in BBB translocation described so far. To demonstrate the brain targeting properties and efficacy of our platform, the RG3 clone was conjugated to liposomes containing a well-known cytotoxic drug. Notably, the RG3-sdAb conjugate liposomes demonstrated an efficient BBB translocation and a potent antitumoral activity against glioblastoma (Aguiar et al., 2021). Our group has also been exploring the potential of in vivo phage display to select highly specific and potent ADC molecules. In this case, an immune sdAb library against non-hodgkin lymphoma (NHL) receptors was first submitted to three rounds of an in vitro whole-cell phage display. Then, the selected pool was subjected to a final in vivo panning on a xenograft mouse model of NHL. The recovered phage pool was submitted to next-generation sequencing and a panel of highly specific candidates were identified. One of the most promising sdAbs was selected and used to be conjugated with a cytotoxic compound to develop a new ADC (Silva et al., 2021). Taking into account the results obtained so far using in vivo antibody phage display, it is clear that in vivo screenings can be a promising selection strategy for the improvement of antibody targeting and drug delivery for several clinical applications. Table 3 summarizes the in vivo phage display described herein.



TABLE 3 Summary of antibodies fragments discovered by in vivo phage display.
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Discussion

Since the discovery of hybridoma (Köhler and Milstein, 1975), new perspectives have been launched in the field of antibody research and clinical development. Although promising results have been achieved, as advances in molecular tools and the disadvantages of hybridoma were more evident, new alternatives for antibody development were pursued. Due to its characteristics, display selection technologies have emerged as a promising alternative to traditional methods. Nowadays, phage display is the most widespread and powerful display technology to select antibodies and peptides. Barderas and Benito-Peña (2019) awarded with the Nobel Prize for Chemistry for the development of phage display for peptides and antibodies. The phage display created a fast route for the approval and development of molecules selected by this technique. The biggest advantage of this display method is the linkage between phenotype and encapsulated genotype (Tan et al., 2016). Furthermore, the use of phage display facilitates the cloning process due to the phage’s genome small size and the high efficiency of phage infection. There are still other advantages that can be associated with this methodology, such as the small size of the phages, easy manipulation, safety, low cost of phage preparation and propagation, and the possibility of high-throughput screening of peptides and antibodies (Bábíčková et al., 2013). Additionally, upon the construction of the phage library, phages can been screened against any target antigen within several weeks (Greenwood et al., 1991). However, as with all techniques there are some pitfalls. The capacity of the phage display library and its molecular diversity is limited since it depends on bacterial transformation, phage packing and transmembrane secretion processes (Shim, 2017). Furthermore, the expression system is also limited because not all the sequences can be efficiently expressed in phages, considering that certain proteins require the correct folding to acquire its functions (Alfaleh et al., 2020). Nevertheless, phage display continues to be considered the best tool to detect the protein spatial structure, exploring binding sites between receptors and ligands, as well as the search for ligands with high affinity and biological activity. Despite the great results, out of all the therapeutic molecules approved by the FDA since 2000, only 14 monoclonal antibodies and around 30 peptides were selected using phage display, while hybridoma remains the most used methodology (Alfaleh et al., 2020; Wang et al., 2022). Within this context, it is evident that there is still a need for improvement the selected molecules by phage display so that they can be used in clinical practice. Along with this, and to surpass some of the pitfalls associated with phage display in general, the methodology has been going through some improvements in order to better meet the needs. One of the unmet needs is the increasing necessity for more specific molecules. This specificity can be achieved through in vivo phage display. Despite its early development, in vivo phage display has gained a prominent place over in vitro techniques. In vivo phage display allows the screening of molecules on a living animal or human patients, enabling the molecules to be selected in their natural environment which leads to a more specific molecule selection. Indeed, as selection is performed on an in vivo milieu, negative selection is naturally performed, excluding the non-specific phages that bind to non-target organs or tissues. Nevertheless, some drawbacks can be attributed to in vivo phage display, such as biodegradability of the phages by the immune system, interspecies differences and low reproducibility (Bábíčková et al., 2013). However, as shown in the reviewed studies, these issues can be easily surpassed via the optimization of some parameters, such as the time of incubation and the type of models used for panning.

It is important to take in consideration that according to the European Union (EU) Directive 2010/63/EU and the EU Reference Laboratory for Alternatives to Animal Testing (EURL ECVAM) recommendations, the EU and its members are encouraged to promote the generation of new molecules using non-animal methodologies (Gray et al., 2020a, b; Bradbury et al., 2021). These concerns are entirely valid and that is why the in vivo phage display can be very useful to reduce animal usage upfront in the subsequent efficacy and safety pre-clinical studies. The in vivo phage display has the advantage of selecting the best antibody or protein candidates given its characteristics of specificity, pharmacokinetics and stability. Indeed, with an in vivo phage display screening we can identify the best lead candidates in vivo and reduce the number of candidates to be tested in pre-clinical studies. Furthermore, a single round of in vivo phage display can be performed in combination with in vitro phage display experiments, as previously described by us and other groups.

Over the years, in vivo phage display has been proving itself to be an effective and powerful technique not only for the selection of peptides but also for antibody fragments. This is evident in the reviewed studies, where new molecules have been identified for many purposes, such as biomarkers and drug delivery, among many others. Furthermore, with evolving novel and more challenging disease targets and with a new generation of therapeutic antibodies emerging it is clear that in vivo phage display will play a key role in antibody development. Thus, with the current advances in phage display techniques, we envision that in the upcoming years many antibodies and peptides will be approved as therapeutic molecules in different areas using the classic in vitro phage display technology as well novel in vivo phage display methodologies.
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