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Abstract
Therapeutic monoclonal antibodies have become an important class of modern medicines. The established technologies for therapeutic antibody discovery such as humanization of mouse antibodies, phage display of human antibody libraries and transgenic animals harboring human IgG genes have been practiced successfully so far, and many incremental improvements are being made constantly. These methodologies are responsible for currently marketed therapeutic antibodies and for the biopharma industry pipeline which are concentrated on only a few dozen targets. A key challenge for wider application of biotherapeutic approaches is the paucity of truly validated targets for biotherapeutic intervention. The efforts to expand the target space include taking the pathway approach to study the disease correlation. Since many new targets are multi-spanning and multimeric membrane proteins there is a need to develop more effective methods to generate antibodies against these difficult targets. The pharmaceutical properties of therapeutic antibodies are an active area for study concentrating on biophysical characteristics such as thermal stability and aggregation propensity.  The immunogenicity of biotherapeutics in humans is a very complex issue and there are no truly predictive animal models to rely on. The in silico and T-cell response approaches identify the potential for immunogenicity; however, one needs contingency plans for emergence of anti-product antibody response for clinical trials.
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INTRODUCTION
Biotherapeutics have become an important component of modern medicine, pursued not only by emerging biotech firms but also by well-established research-driven pharmaceutical companies. In fact, nowadays biotherapeutic projects comprise up to one-third of the R & D pipelines in many major pharmaceutical companies. Further, these protein therapeutic projects are found in some important disease areas such as immunology/inflammation, oncology, metabolic diseases, neuro-degenerative diseases, tissue repair/regeneration, thrombosis/hemostasis and many forms of genetic deficiencies. The composition matter of the industry-wide biotherapeutic pipeline includes engineered therapeutic proteins, classic monoclonal antibodies (mAb), antibody drug conjugates (ADC) and novel engineered binding proteins based on immunoglobulin domains and other scaffolds in a variety of configurations [1]. In the past two decades the industry accumulated vast amount of experience in selecting biotherapeutic entities of different kinds for better pharmaceutical properties and safety profile, and also established effective processes to move candidates through preclinical studies to clinical trials [2]. It is remarkable for such a young discipline to become a reliable source of novel medicines. Nevertheless, in order to achieve sustained success, it is time to prudently reflect the challenges currently facing the biotherapeutics field [3]. 

TARGET SPACE AND APPROACHES FOR TARGET DISCOVERY
The last decades of the 20th century was the golden years of the pharmaceutical industry when many transforming therapeutics were discovered. The targets of these innovative medicines were so called “low-hanging fruits” because their biological functions and disease correlations were relatively simple and had been studies for years or even decades. It was widely anticipated that the successful human genome sequencing at the beginning of the new millennium would greatly expand the target space for pharmaceutical industry [4]. However, more than a decade later the whole industry still struggles with the paucity of new targets that are truly validated and druggable. This situation was first recognized for small molecule drug discovery, and here we contend that it is increasingly so for biotherapeutics as well. The general reason is that the gene structure and sequence alone does not reveal pluritropic biological functions or the pathological consequences of its abnormal expression and regulation. For current forms of biotherapeutics, the immediate target interaction takes place in extracellular space or on cell membrane, which further limits their potential targets to this fraction of the whole proteome.
There are many approaches aimed at establishing the correlation of genes/gene products with diseases, or to validate them as targets for therapeutic intervention. We think there are two trends that represent broad industry effort to break the target discovery/validation bottleneck, one is the pathway approach and the other extensive collaboration with academics. 

The pathway approach for target discovery 
If genome sequencing projects accomplished putting genes as entries into a dictionary, all the “omics” studies annotate these entries: assigning the functions to the genes/gene products. The best way for annotating all genes/gene products is to organize them into molecular pathways whose spatial/temporal response to stimuli and dynamic interactions with one another lead to biological outputs [4]. Abnormalities of one node (gene/gene product) in a pathway may lead to the malfunction of this pathway or the pathways that intersect with it, which then causes diseases. In this view the drug discovery efforts may focus on correcting or compensating the abnormality of the pathway to achieve normal output. Therefore, the targets for drug intervention can be the defective node itself or other related nodes in the pathway [5].
Target discovery activities within the pathway approach include pathway construction and disease linkage. Modern technologies for studying systems biology, such as transcriptomics, proteomics, metabolomics and interactomics, are deployed to sketch out or to confirm pathways. Using carefully designed phenotypical assays that recapitulate pathway defects, one can screen for compounds that affect desired outcome. Since a large number of pathways are actuated initially by the interaction of the cell surface receptors and their cognate ligands, antibodies that specifically block such receptor-ligand interactions are naturally good tools for pathway studies aimed at target discovery and validation. If these antibodies lead to desired outcome then they can be optimized into drug candidates. 
In the pathway approach, clinical studies are a critical step for target validation, where not only the particular diseases linkage is established to the targeted pathways, but also extrapolations are attempted for relevance in other diseases. As such, the results are meaningful for the indications being tested and for revealing other nodes in the pathway as potential alternatives. Case in point, mTOR was initially being targeted for immune suppression by rapamycin[6]. The very growth inhibition by targeting mTOR led to new and better drug entities for treating cancers[7,8]. Then other nodes in the same pathway such as IGF-R and PI3K are being targeted for cancer treatment[9,10]. It seems that companies adopting the pathway approach for target discovery do have more robust drug pipeline.

Extensive collaboration with academics 
While pharmaceutical/biotech industry spends significant resources on research which is tilted toward drug discovery and development, government/ non-governmental organization also provides considerable support to academic medical/life science research with more emphasis on the understanding of basic mechanisms of biology. In fact, these supports have fueled many important discoveries in the life sciences [11] and yielded some remarkable drug targets [12]. The interest from pharmaceutical industry to form research collaborations increased in the past decades, with notable arrangements between Sandoz (now Novartis) and Dana Farber Cancer Institute, and between Merck and Harvard Medical School as well as others struck by Pfizer, GSK, AstraZeneca and J&J.  Many of these collaborations focus on target validation/early drug discovery. To further harness the scientific discoveries in the research community, the pharmaceutical industry started setting up units to co-localize with academic research clusters. For example, Pfizer established Centers for Technology Innovation in Boston, New York and San Francisco. These centers provide technology know-how to support target validation by academic researchers. It is anticipated that such close collaborations will lead to more validated targets and will help replenish the early drug discovery pipeline.

PLATFORMS FOR ANTIBODY HIT DISCOVERY
Hybridoma
Among all the approved antibody therapeutics, the majority are humanized rodent antibodies. Nowadays, however, fully human antibodies including entities from phage displayed human antibody libraries and from transgenic rodents with human antibody genes are a more common approach and have become a bigger fraction of the industry wide discovery/development pipeline [13]. This phenomenon reflects technology evolution for therapeutic antibody discovery coinciding with the looming expiration of some key technology patents.  Table 1 lists a comparison of major antibody discovery technology platforms.
Rodents with wild-type immunoglobulin (Ig) genes remain an important source for therapeutic antibody discovery. With established protocols [14] and many improvements, some industrial laboratories very often obtain desirable hit clones of low pico-molar affinity, thus setting a good start for therapeutic antibody engineering. The technical improvements are centered on enhancing immune response, increasing hybridoma fusion efficiency, incorporating activity assays early in screen and automation for higher assay throughput. Incidentally, these technical improvements are also applicable to the antibody generation using transgenic rodents (see below). 
Besides incremental improvements in hybridoma technologies, next generation sequencing (NGS) has been explored for antibody discovery through animal immunization [15]. In its current form, the V-genes of relevant B-cell repertoire are “digitally immortalized” by NGS before certain presumed individual clones are recombinantly produced and phenotyped. It is also worth mentioning that efforts are made to directly identify biologically/biochemically relevant antibodies from single mouse or human B cells [16-19]. In all these novel efforts to speed up and enhance the traditional methods, it is necessary to build compatible experimental workstream for recombinant expression in order to identify desired antibodies especially those rare clones.
A significant challenge to immunization based antibody discovery is related to the nature of new targets themselves, many of which are multispanning membrane proteins. Therefore, conventional biochemistry in preparing soluble protein as immunogens does not work well for this target class. Great efforts have been made to carry out immunizations using DNA vectors, viral-like particles and even viruses in order to deliver protein antigens in their native form to the host animals. Cells of different lineage over-expression target membrane proteins were also used for immunization[20]. 

Humanization 
Humanization is the step that converts rodent antibody leads into human biotherapeutic candidates, and after more than 20 years of practice the technology became very mature in this area. The objective of humanization is to reduce the immunogenicity risk which is thought to be borne in the amino acid sequences.  Therefore, a straightforward way is to decrease the murine portion on the sequence level, for which various humanization methods have been developed.  Technically, those methods can be classified into two groups: rational methods and empirical methods[21].  Rational methods, including complementarity determining region (CDR) grafting[22,23], specificity determining residue (SDR) grafting[24,25], resurfacing[26,27], superhumanization[28,29], and human string content optimization[30], rely on the iterative design cycles for generating a small number of variants to retain desired properties and then validating. For these methods to be successful, in-depth knowledge of the sequence and structure information becomes a key factor. One notable advantage of rational methods is that it can directly generate antibody variants in full IgG antibody format and this can streamline the downstream process since it eliminates the potential degeneration of antibody characteristics arising from reformatting.   On the other hand, empirical methods, including framework repair [31,32], framework shuffling[33], guided selection[34],  humaneering[35] and CDR repair [36], rely on the library generation and subsequent screening or selection to identify the desired variants, thus unlike rational design for the single variant, the design of the library and the choice of selection strategy are critical. The advantage of empirical methods is that it can retain or even improve the affinity and thus could be combined with affinity maturation.  And the disadvantage is that the antibody variants from libraries are usually in single-chain variable fragment (scFv) or antigen-binding fragment (Fab) format and then need to be converted into final IgG format. It is worth mentioning that the principles and experiences in humanizing mouse antibodies have been applied to engineering antibodies from other species such as rat and rabbit.

Phage display 
Phage display, initially developed by George Smith [37] for peptide epitope mapping, is now recognized as the most powerful technology for the construction of human antibody libraries and for the directed evolution of proteins [38]. The technology has been successfully deployed to construct large diversity scFv, Fab and single-domain antibody (sdAb) libraries for the identification of traditionally hard to obtain human antibodies for large panel of antigens [39], thus circumventing the hurdle of obtaining large number of human monoclonal antibodies because of both the ethical challenge of obtaining immunized human B-lymphocytes and the technical challenge in human B cell immortalization approaches [40]. Now, phage displayed antibody libraries are one of the two major sources of fully human antibodies, the other one being the transgenic mice carrying human immunoglobulin gene locus [13,41]. Currently there are two FDA approved therapeutic mAbs (Humira and Benlysta) and at least 8 other fully human mAbs for cancer therapy alone in different stages of clinical trials [42] that are derived from phage displayed antibody libraries.
Very often hits from panning of naive phage displayed antibody libraries need to go through affinity maturation to become therapeutic candidates. Different approaches, such as saturation mutagenesis, phage display and ribosome display [43], have been developed and successfully applied to improve the affinity of the initial hits from even sub-micro molar level to the range that meets the therapeutic requirements as long as the initial antibody hits are confirmed to bind to the right epitope.  Further, more human antibody structures and sequences have become public accessible, which will enable more rational design for the affinity maturation of initial hits. Recently, a more powerful and robust affinity maturation technology namely yeast display is being developed (discussed below). 
There is a potential drawback that not only affinity but also biophysical property is less desirable from naive phage displayed antibody libraries (Fabs or scFvs), because the displayed antibodies are represented as Fabs or scFvs, and expressed in Escherichia coli a prokaryotic system. This phenomenon can be further exacerbated with synthetic antibody libraries. To overcome this potential drawback, one can carry out initial rounds of bio-panning of phage displayed antibody libraries to generate hits, followed by displaying the hit pools on yeast. Using this approach, the large number of initial hits will be sorted by fluorescence activated cell sorting (FACS) technology according to their binding to the target, which depends on their affinity as well as their expression, post-translational processing and eventual display on the surface of yeast, a eukaryote. 
In recent years, NGS has found many applications in therapeutic antibody discovery. Deep sequencing helps characterize an antibody library made from the Ig V gene pool from hundreds of people [44], or from cord blood cells [45], thus providing a better guidance for the design of new versions of phage displayed human antibody libraries to capture and represent in vitro the natural human Ig V gene repertoire at the maximum level [46,47]. With all this newly learned knowledge one can more easily maintain the characters of a CDR when designing a synthetic or semi-synthetic antibody library for better performance. The knowledge also helps the smarter affinity maturation design with minimum mutations in CDRs. It is generally believed that the immunogenicity of therapeutic antibodies could be reduced if they have higher identity to natural human B cell antibodies [41,48].
The ultimate power of phage displayed antibody libraries will be harnessed when both robust cell based phage biopanning and label-free cell-based assays for initial phage antibody hits are being established and optimized, which will in due course, increase the chance of identifying therapeutic antibodies for more challenging and less explored targets such as G-protein coupled receptors (7TMs) and other multi-spanning membrane proteins. In our opinion, phage display along with other two mainstream technologies, namely, mouse hybridoma technology and transgenic mice carrying human immunoglobulin locus will yield more novel therapeutic antibodies in the years to come.

Yeast display 
In most cases, initial antibody hits generated through various methods need to be further improved in many aspects, such as affinity, stability and isoelectric point (pI), to meet requirements as biotherapeutics. Among the methods used for affinity maturation, yeast surface display is a convenient yet very effective approach. In this approach, an antibody or antibody fragment of interest is displayed on yeast surface by fusing to yeast a-agglutinin subunit 2 (Aga2p). Aga2p is linked through double disulfide bonds to a-agglutinin subunit 1 (Aga1p), which is overexpressed on yeast surface in a display strain. Tags are usually fused to C-terminus of the displayed antibody, which are used for checking display levels. Desired regions of an antibody are mutagenized to create mutagenic libraries. Yeast displayed antibody mutagenic libraries are then double stained with antigen and anti-tag antibody to check antigen binding and display level. FACS is used iteratively to select strong binding population among displayed variants derived from the antibody hits of previous round [49]. Depending on the cell staining-sorting protocol, one can selectively improve a specific element of affinity such as off-rate [50]. Using such a protocol, a 10 000-fold increase of affinity can be achieved for an antibody against its target, of which 1000 fold can be gained from the off-rate improvement. In addition, non-antibody binding domains can be displayed for affinity maturation, Jin et al[51] reported a 200 000-fold increase of receptor αL integrin inserted domain using yeast display. 
One challenge for therapeutic antibody development is the presence of undesirable post-translational modification (PTM) sites in complimentary determining regions (CDR) which can cause detrimental modification during production, processing and storage. Using yeast display, one can include saturation mutagenesis strategies to replace the undesired amino acids in the PTM sites during mutagenic library construction for affinity maturation. In this way, the iterative selection procedure of yeast display will yield clones with required affinity and without undesired PTM sites. 
As a eukaryotic host yeast has the quality control machinery for proper protein folding, which all antibodies or antibody fragments need to go through before being displayed on the cell surface. Therefore, the antibodies or antibody fragments displayed on yeast surface are most likely well folded. This feature is well suited for improvement of other pharmaceutical properties of therapeutic antibodies. For example, one can control library sorting to maintain diversity of output, and as a result, to increase likelihood of finding clones with increased Tm and desired pI. 
In addition to improving antibody affinity and biophysical properties, yeast display has also been used for de novo selection of binders from either immune [52] or nonimmune libraries [53]. There are two obvious advantages in using yeast display for primary hit selection. Firstly, clones isolated by yeast display have to pass eukaryotic post-translational quality control machinery and are likely to have better biophysical properties.  Secondly, one can use FACS to estimate affinity and dissociation rate of yeast-displayed binders without the need for recombinant expression. This saves time and cost and can increase throughput of the binders to be tested. One drawback of using yeast display for primary hit selection is its relatively smaller library size than phage display. Typical library sizes for yeast display range from 108 to 109 [54], while phage library can be as large as 1011 [55]. However, recent efforts on improving yeast transformation efficiency have achieved 1010 library size for displaying human antibodies, which could increase its competitiveness against other display systems in terms of library size [56].

Transgenic rodents 
The initial attempt using mice to generate fully human antibodies directly was made by immunizing SCID mice harboring reconstituted immune system from grafted human hematopoietic stem cells (HSC) [57]. Nowadays there are mouse strains that accept human hematopoietic stem grafts more readily and develop more human like immune system [58-60]. Among the challenges in using these mice is the tedious work of HSC grafting, since the successfully reconstituted immune system will not pass to the progeny. 
Mice carrying partial human immunoglobulin gene loci that functionally replaces their own immunoglobulin genes were first developed in the 1990’s, with KM mouse and XenoMouse as the most representative ones [61,62]. The key common features of the first generation of human Ig transgenic mice are the inclusion of partial human Ig V gene repertoire and human CH genes. It is generally thought these features contributed to the suboptimal antibody response to immunogens. As a consequence, when these animals are used for therapeutic antibody discovery, much larger cohorts have to be immunized in order to yield adequate pools of hits to screen. Antibodies generated from these mice have started to contribute to the current biotherapeutics pipeline. 
Efforts have been made to create new strains of transgenic mice. One area of focus is to include more complete human Ig repertoire coded by larger portions of human immunoglobulin loci. The other area of focus is to keep more murine cis elements required for efficient B-cell receptor (BCR) assembly and signaling [63]. New strains of mouse and rat that incorporate the above improvements have been or being created by firms such as Ablexis (www.ablexis.com), Harbour Antibodies (www.harbourantibodies.com), Kymab (www.kymab.com), and OMT (www.openmonoclonaltechnology.com).  Further, many of these companies attempt new technology access models that potentially provide more benefits to industry-wide therapeutic antibody discovery.

BISPECIFIC ANTIBODIES 
Conventional therapeutic antibodies have a large molecular weight, and are bivalent and mono-specific for target binding. For accessing many potential new targets and harnessing body’s disease fighting power, it is highly desirable to have biotherapeutic entities that are smaller and capable of binding to multiple different targets at right compartment, biochemically stable yet having required serum half-life. The “bispecific” biotherapeutics not only has sound scientific rationale but also has achieved clinical efficacy [64,65]. 
The most successful class of bispecific antibodies to date involved T-cell recruitment by anti-CD3 moiety and another moiety for tumor cell targeting. Catumaxomab was the first approved bispecific antibody targeting EpCam and CD3. In patients with malignant ascite due to epithelial carcinomas, it can improve puncture free survival to 46 d versus 11 d  in the control group, and overall survival to 71 d vs 44 d in the control [66]. There are now five programs in early stage clinical trials that shared this similar concept--Blinatumomab (CD19 × CD3), MT110 (EpCam × CD3) and MT111 (CEA × CD3) by Micromet, FBTA05 (CD20 × CD3) by Trion and IMCgp100 (gp100 × CD3) by Immunocore. Remarkably, Blinatumomab showed 80% response rate at a dose level of 0.06 mg per square meter [67] in a phase II trial. Blintumomab also led to clearance of tumor cells in bone marrow and liver. The clinical benefits therefore provide strong validation for the effective tumor cell eradication by T-cell recruitment using bispecific antibodies. Initial formats such as triomab and quandroma had issues in manufacturing due to heterogeneity [68]. BiTE (for bispecific T-cell engager) based on the fusion of two scFvs was used to build Blinatumomab. However, the shorter half-life of BiTE requires continuous infusion. Improvement in the format may further help for efficacy and manufacturability.
There are other classes of bispecific antibodies that are in clinical trials [68]. They are either simultaneous targeting of multiple receptors—examples are anti-EGFR × anti-HER3, anti-Her2 × anti-Her3, anti-Ang2 × anti-VEGF, or targeting two ligands—such as anti-IL4 × anti-IL13. MEHD7945A, a two-in-one antibody against EGFR and HER3, was developed based on that complete inhibition of downstream MAPK and AKT pathways can only be achieved when both EGFR and HER3 are inhibited simultaneously. This bispecific antibody is expected to be efficacious for broader patient populations.  Interestingly, MEHD7945A provided impressive tumor killing in multiple tumor models, and was more active than either EGFR antibody or HER3 antibody in several tumor models [69]. Yet it would be critical to see if the benefits can be realized in the more complicated patient populations. The validation of this class of bispecific antibodies could be another important leap forward. It would bring up a whole spectrum of possible combinations. Different combinations would require different formats. It is equally encouraging to see a huge effort and availability of a large number of formats that can potentially support the various needs.

STABILITY AND AGGREGATION
Stability and aggregation level of biologic drugs are the two critical factors affecting their pharmaceutical properties such as protein production, formulation, shelf life, dosing route, in vivo half-life and immunogenicity. Therefore, great efforts are made on stability enhancement and aggregation reduction for biotherapeutics.
Both sequence- and structure-based approaches have been successfully applied to improve the biotherapeutic stability. Sequence based analyses such as the germlining analysis [70,71], sequence consensus analysis [72], and sequence covariance analysis [73] have all revealed potential amino acid changes to improve protein stability. These methods are based on the contemplation that more frequent amino acids or amino acid pairs in germline or a large number of homologous sequences are more likely than other amino acid combinations to increase protein stability. The covariance method, in particular, has improved the melting temperature (Tm) of a scFv by an impressive 11.2 °C by a single point mutation in the VH framework [74].
The structure based engineering attempts to stabilize fragile regions either by inserting extra stabilizing interactions, such as salt bridges [74] or disulfide bonds [75], or by eliminating incompatible interactions such as charges being buried in hydrophobic core [76]. On the experimental side, the clever deployment of display technology [77] has also produced stabilizing amino acid changes.
With all the point mutation data collected from sequence design, structure based design, random screening and display, it is more likely than ever to establish a set of empirical rules to predict the effects of mutations on protein stability. Algorithms like I-Mutant [78] are the pioneers, though the accuracy of these algorithms is still less than desired [79].
The progress in thermal stability engineering has largely benefited from the high throughput screening techniques such as differential scanning fluorimetry [80]. Unfortunately, a similar high throughput approach has not been established to screen for mutations affecting aggregation. The low throughput HPLC technology is still the status quo for quantifying protein aggregation. Further, aggregation is sensitive to growth condition and purification procedure, which makes it more complicated for studying intrinsic factors influencing protein aggregation.
Mutations designed on structure or sequence considerations have been reported to significantly reduce the aggregation level of target proteins. For instance, a single F29D mutation could make a single domain VH antibody totally soluble even when heated to 95 °C [81]. The encouraging examples in literature demonstrate that our current understanding of the aggregation mechanisms can guide us operationally in designing a small mutagenesis library that covers several point mutations to suppress protein aggregation.
Two major mechanisms work independently or collaboratively to induce aggregation. The first is the non-native interaction among proteins in their fully or partially unfolded states. The second is the hydrophobic attraction among charge-neutral monomers in their native states. If the first mechanism is the major cause, the aggregation can be remedied by mutations that enhance protein stability. In this scenario, the higher the protein stability is, the lower the protein aggregation propensity is [82]. If the second mechanism dominates, the aggregation can be reduced by mutations that either drive the isoelectric point  away from the buffer pH or reduce solvent exposed hydrophobic surface area. The introduction of highly soluble glycan is also an alternative [83]. In this scenario aggregation and stability are not necessarily correlated in any fashion.
In antibody therapeutics sometimes CDRs epitomize the issues for stability and aggregation. Changing residues within and around CDRs have improved the stability and reduced the aggregation on several Fv domains [81] without changing the affinity, indicating in these cases not every residue affecting biophysical properties in CDRs participates in target binding. This strategy may become necessary when there are no other alternatives. 

IMMUNOGENICITY 
Approximately 40% of the approved chimeric antibodies and 9% of humanized antibodies induce marked anti-drug antibody responses in vivo [84]. On the other hand, fully human antibody therapeutics can still be immunogenic. For example, 12% of patients treated with the fully-human antibody adalimunab (Humira) developed anti-drug antibodies [85,86]. Neutralizing anti-drug antibodies interfere with drug-target interaction, thus decreasing the efficacy directly, while non-neutralizing anti-drug antibodies may lead to abnormal pharmacokinetics in affected individuals. In rare cases anti-drug antibodies might lead toxicity due to the formation of immune complexes. The concern and consequence of immune responses to the non-human sequences has led to the development of fully human antibodies using human antibody sequences or using transgenic mice bearing the human antibody genome.  Yet even in fully human antibodies the antigen-specific CDRs still can break the tolerance and become immunogenic. This is exemplified by the fact that human sera from healthy donors contain detectable levels of anti-idiotype antibody to a wide variety of autoantibodies, indicating that the immune tolerance system is actually leaky [87]. The presence of CD4+ T helper cell epitopes in the V region have been described as correlating with immune responses to antibodies.
The main approach to minimizing the immunogenicity of antibody therapeutics has been replacing as much of the non-human part of the sequences as possible with the human antibody sequences. Identification and modification of CD4+ T cell epitopes may lead to a reduced immunogenicity. Computational models and in vitro T cell stimulation tests have been developed to predict CD4+ T cell epitopes, each of these methods has limitations and tends to under- or over-predict CD4+ T cell epitopes [88]. Additionally, antibody aggregation and post-translational modifications such as glycosylation, glycation, deamidation and oxidation of amino acid side chains can confer immunogenicity as well and should be avoided [89]. 
Efforts have also been made to predict immunogenicity of biotherapeutic candidates using various animal models. Although these animal models are helpful in understanding the mechanisms underlying immunogenicity of therapeutic proteins, they have limited predictive value because of species differences [90]. Therefore, at the present time the immunogenicity is still an important domain of translational studies in clinical development of biotherapeutics.

CONCLUSION
This review summarized ongoing strategies actively pursued by both biopharma and academics to overcome some of current challenges in biotherapeutics discovery. These efforts will inevitably lead to new opportunities for the biopharma industry and will benefit patients. With the increased understanding of antibody structure and function, more rationale design approaches for further engineering the initial hits identified by contemporary screening/selection technologies are enabling the generation of antibodies with improved pharmacological and physicochemical properties. Further, the ongoing efforts in discovery of new biologics targets aided by the advances in systems biology, extensive investigation of bi-specific antibodies and ADC for enhancement of therapeutic effects, wide application of NGS for harnessing the power of natural human antibody repertoires, together with increased investment and enthusiasm from both industry and academia will ultimately bring new safer and more effective biologic therapies to patients in the years ahead. 
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Table 1 Comparison of major technology platforms for therapeutic antibody discovery
	Platforms
	Main applications
	Major advantages
	Key disadvantages
	FDA approved therapeutic antibodies

	Hybridoma
	Generate hits and research reagents
	Mature technology and cost effective
	Potential immunogenicity
	Orthoclone, Zevalin, Bexxar

	Humanization
	Generate therapeutic candidates
	Well established and low cost
	Not fully human antibodies
	ReoPro, Rituxan, Simulect, Remicade, Erbitux, Adcetris,
Zenapax, Synagis, Herceptin, Mylotarg, Mabcampath, Xolair, Actemra, Avastin, Tysabri, Lucentis, Soliris, Cimzia, Perjeta

	Phage display
	Generate hits and therapeutic candidates
	Large library size (>1010 ) and robust screening; fully human antibodies
	Not all antibodies express well in Escherichia coli and require engineering 
	Humira and Benlysta

	Yeast display
	Improve affinity and stability
	Eukaryotic host;
targeted sorting by FACS
	Relatively small library size
	None

	Transgenic Rodents
	Generate therapeutic candidates
	High affinity fully human antibodies

	Technology accessibility
	Vectibis, Ilaris, Simponi, Stelara, Arzerra, Prolia, Yervoy



FDA: Food and Drug Administration; FACS: Fluorescence activated cell sorting.

