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Because of its great potential for diversity, the immunoglobulin heavy-chain complementarity-determining region 3 (HCDR3) is taken as an antibody molecule’s most important component in conferring binding activity and specificity. For this reason, HCDR3s have been used as unique identifiers to investigate adaptive immune responses in vivo and to characterize in vitro selection outputs where display systems were employed. Here, we show that many different HCDR3s can be identified within a target-specific antibody population after in vitro selection. For each identified HCDR3, a number of different antibodies bearing differences elsewhere can be found. In such selected populations, all antibodies with the same HCDR3 recognize the target, albeit at different affinities. In contrast, within unselected populations, the majority of antibodies with the same HCDR3 sequence do not bind the target. In one HCDR3 examined in depth, all target-specific antibodies were derived from the same VDJ rearrangement, while non-binding antibodies with the same HCDR3 were derived from many different V and D gene rearrangements. Careful examination of previously published in vivo datasets reveals that HCDR3s shared between, and within, different individuals can also originate from rearrangements of different V and D genes, with up to 26 different rearrangements yielding the same identical HCDR3 sequence. On the basis of these observations, we conclude that the same HCDR3 can be generated by many different rearrangements, but that specific target binding is an outcome of unique rearrangements and VL pairing: the HCDR3 is necessary, albeit insufficient, for specific antibody binding.
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INTRODUCTION

Antibodies bind their targets using diversified loops, termed complementarity-determining regions (CDRs), with three in each rearranged VH and VL gene. CDRs 1 and 2 are encoded by germline V genes, while CDR3s in both VH and VL are the product of gene recombination. Compared to other CDRs, the varied length and biochemical properties of heavy-chain complementarity-determining region 3 (HCDR3) contribute to enhanced sequence diversity (1). It has been estimated (2) that the theoretical HCDR3 diversity exceeds 1015 variants, generated from fixed genomic sequences by combinatorial and junctional diversification mechanisms. This underlies the vast diversity of the human antibody repertoire. The fully assembled V(D)J gene and its incorporated HCDR3 are derived from the sequential random assembly of 56 VH, 23 DH, and 6 JH genes (3–6). While both VH and JH contribute to the HCDR3, the DH forms the central core. Although DH genes are predominantly read in one frame, all three frames can be used (7, 8), further increasing potential diversity. It was initially thought that D genes could also be inverted and duplicated (9, 10); however, recent deep sequencing results indicate that this is unlikely (7). Diversity is further increased by P-nucleotide-mediated (11) or N-nucleotide-mediated (12, 13) addition, or exonuclease-mediated loss (11, 14), of nucleotides between the VH/DH and DH/JH segments. Recombination between VH genes after rearrangement provides further diversification although it remains unclear how much this contributes overall (15).

There is much evidence that the HCDR3 is the major determinant of antibody-binding specificity. Specific antibodies have been selected from synthetic antibody libraries where diversity is restricted to the HCDR3 (16–18). It has been shown that a greater number of antibodies were selected from a synthetic library containing only HCDR3 diversity than when the same library was combined with LCDR3 diversity (18). However, due to the random diversity in both CDR3s, this lower performance may have been due to a reduced fitness profile, caused by either the higher mutational load or potential inter-CDR structural clashes. In addition to display libraries, transgenic mice with antibody diversity restricted to the HCDR3 were able to generate high-affinity responses in vivo (19). HCDR3’s themselves have also been harvested as diversity elements (20–22), and low-affinity binders have been selected from fluorescent scaffold libraries in which they provide the only diversity (23). Further evidence that HCDR3s are the major determinants of antibody-binding specificity arises from the observation that peptides derived from HCDR3 structures can show biological activity similar to the antibodies from which they were derived (24, 25), in one case even demonstrating in vivo viral neutralization (25). Furthermore, peptide libraries generated from naïve IgM HCDR3s produce specific binders against targets (21, 26), often more efficiently than synthetic peptide libraries. HCDR3s have also been transplanted from antibodies to other proteins, conferring the expected binding activity upon those non-antibody scaffolds. These include the HCDR3 from different antibodies transplanted into neocarzinostatin (27), sfGFP (23), or an epidermal growth factor-like module of human tissue-type plasminogen activator (28). In each of these cases, the grafted HCDR3 recapitulated the antibody-binding activity. Although it is evident that the HCDR3 is critical in antigen binding, diversity confined to the LCDR3 can still generate specific antibodies (29), and it is known from affinity maturation experiments that the affinities of antibodies with identical HCDR3s may differ by up to 100-fold (30, 31).

Although the other antibody-binding loops have defined canonical structures (32–35), the prediction of the HCDR3 conformation is not trivial and has been found to have a wide variety of different possible configurations (35). In addition to the structural variability of HCDR3s with different sequences, the same HCDR3 can adopt different conformations within the same antibody when bound to different targets (36) or in uncomplexed antibodies with different VH/VL frameworks (37). This reflects the important role that HCDR3 plays in target recognition by antibodies (10, 19, 38) and likely shows that HCDR3 conformational flexibility is an additional diversity mechanism employed by the immune system.

The diverse nature of the HCDR3 has led to its use as a fingerprint both in vivo (39–43) and in vitro (44–50). In this article, we have assessed the diversity of HCDR3 sequences in an in vitro selected antibody population. We found that in vitro selection elicits hundreds of different target-specific HCDR3s, but that only within the context of a target-specific antibody population, antibodies with the same HCDR3 recognize the target. In an unselected population, we were unable to identify any sequenced antibodies with the same HCDR3 that was target specific. We conclude that the HCDR3 is necessary, but insufficient, for specific antibody binding.

RESULTS

Selection of Anti-CDK2 Antibodies from a Naïve Human Recombinant Library

We selected antibodies against CDK2, a human cyclin-dependent kinase, provided by the Structural Genomic Consortium (SGC; Toronto), from a well-validated (44, 45, 51–59) large naïve phage antibody library in the single-chain Fv (scFv) format, created by site-specific recombination (59, 60). This library was previously used to develop a combined phage and yeast display approach (45, 53), which has the advantage that many more antibodies can be identified than by regular phage display, particularly when combined with next-generation sequencing (NGS) (44). After two rounds of phage selection (using biotinylated CDK2 antigen and streptavidin-coated magnetic beads) and two rounds of yeast sorting (at 100 nM antigen concentration), almost all yeast displaying antibodies recognized the target, as shown in Figure 1A.
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FIGURE 1 | Yeast display sorting and analysis of CDK2-specific antibodies. (A) After two rounds of phage selection, the antibody population was displayed on yeast cells and enriched for CDK2-specific binders by two rounds of flow cytometry-assisted sorting performed at 100 nM. (B) Abundance distribution of the selected anti-CDK2 clones as identified by their heavy-chain complementarity-determining region 3 (HCDR3s) by next-generation sequencing.



The HCDR3s of the final sorted population were sequenced using IonTorrent. 32,138 total HCDR3 sequences were obtained and analyzed with the Antibody Mining Toolbox (61). 535 different HCDR3s aa sequences made up 98% of all the sequences analyzed. The remaining 2% of sequences mainly comprised HCDR3 represented by one or two sequences and were ignored for the purposes of this study as the result of possible sequencing errors. The 535 HCDR3 sequences were ranked by abundance, and their distribution is presented in Figure 1B. The majority of HCDRs were represented by limited numbers of clones.

In a previous publication (44), we described the identification and affinity determination of representative clones of 8 of the 10 most abundant HCDR3 clones. All isolated clones bound CDK2, and for each HCDR3 sequence identified, the affinity of one representative clone was assessed directly on the yeast surface (62). The affinities of these eight most abundant identified clones were found to range from 2 to 75 nM, as previously described (44).

HCDR3-Based Rescue of Anti-CDK2 Antibodies and Characterization

To assess whether an identified HCDR3 corresponded to a single clone, or a sublibrary of clones, we used an inverse PCR approach anchored within the most abundant unique HCDR3 sequence (50) to isolate all clones containing this HCDR3 within the sorting-enriched population.

When 24 random clones from this sublibrary were Sanger sequenced, eight different antibodies, all containing the same HCDR3, were identified. Additional mutations were identified in the rest of the VH, and significantly more in the VL. In fact, for the VL, four different CDR1, two different CDR2 and two different CDR3 sequences, were identified (Figure 2A). However, the different clones shared 91.6–97.8% homology, and the same rearrangements were responsible for VH (5-51, D2-08, and J3) and VL (IGLV3-21 and IGLJ1). Finally, when the affinities of the eight expressing and binding clones were calculated, they spanned a 10-fold range (from 30.1 to 352.5 nM) (Figure 2B), reflecting the 100 nM target concentration used for sorting.
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FIGURE 2 | Sequences and affinities of single-chain Fvs with an identical heavy-chain complementarity-determining region 3 (HCDR3). Inverse PCR of the most abundant clone of the selected population was analyzed by Sanger sequencing. (A) Sanger sequence analysis of the eight unique clones with identical HCDR3 obtained by inverse PCR. (B) VDJ gene usage and affinity values of the eight different clones.



HCDR3-Based Rescue of Non-Selected Antibodies and Characterization

Given this broad variation in affinity, and the known importance of the HCDR3 in antibody binding specificity, we applied the inverse PCR technique to the original naïve, unselected library to assess the relative abundance of clones containing the HCDR3 sequence of interest. The inverse PCR reaction, using primers specific for the top-ranked clone, was performed using a plasmid preparation of the naïve library as a template. The obtained mini-library was transformed into yeast-competent cells, and, upon induction, the cells were sorted for well-displayed antibodies (Figure 3, left and middle panels). Of note, after sorting for expression and analyzing such population for binding to CDK2 (Figure 3, third panel), only 0.15% of the clones showed binding for the cognate antigen. Ninety six clones of the population sorted for expression were sequenced. We identified 55 different scFvs containing the same HCDR3 with a far greater variation in both VH and VL than seen in the clones isolated from the selected population: 37.7–73.2% homology to the selected clones. Figure 4A shows the alignment of the VH regions of the sequenced clones. The VL families, not being under any particular selective pressure, were very diverse, derived from 12 VL-kappa and 10 VL-lambda germline genes, with 4 JL-kappa genes and 3 JL-lambda genes represented. The VH genes, on the other hand, having all been selected to contain the same HCDR3 sequence, were, not surprisingly, all found to have the same JH and DH genes (with one exception). More surprising was the diversity of the VH germline genes, which comprised 5 VH families derived from 19 different germline VH genes (Figure 4B; Table 1).


[image: image1]

FIGURE 3 | Analysis of the naïve library for single-chain Fvs (scFvs) with identical heavy-chain complementarity-determining region 3 (HCDR3s). Yeast clones displaying scFvs from the HCDR3-specific mini-library obtained from the naïve library via inverse PCR were analyzed by flow cytometry. Cells expressing scFvs on the surface and detected by anti-SV5-PE antibody were gated and sorted (left panel). Once grown and analyzed, they showed an increase in the expressing population (middle panel) with a limited, but detectable, binding for biotinylated CDK2 detected by streptavidin-APC conjugation (right panel).
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FIGURE 4 | Analysis of antibody sequences obtained by inverse PCR. (A) The alignment of antibody sequences with the same heavy-chain complementarity-determining region 3 (HCDR3) from naïve and selected libraries shows differences in VH gene sequences. This representation, a so-called highlighter plot, indicates amino acid mutations in the sites that differ from the first sequence. The alignment was generated with the Highlighter Tool (hiv.lanl.gov/content/sequence/HIGHLIGHT/highlighter_top.html). (B) The sequences of the antibodies sharing the same HCDR3 obtained by inverse PCR from the population enriched for specific antigen binders were phylogenetically clustered to show relations among variants that share VH alleles. (C) Single-chain Fvs (scFvs) sharing the same HCDR3 but obtained from either the selected or the naïve population were displayed on yeast and their binding activity was measured by flow cytometry and reported in the histogram as percentage of binding. None of the scFvs isolated from the naïve library bound CDK2, as opposed to the ones from the selected population.



TABLE 1 | Analyses of the gene usage from the heavy-chain complementarity-determining region 3 (HCDR3)-specific non-selected population.
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Testing of the scFvs by flow cytometry from the selected and naïve populations revealed that none of the scFvs containing this HCDR3 isolated from the naïve library were able to bind CDK2, while all those from the selected population bound CDK2 (Figure 4C).

We were surprised that the same HCDR3 could be assembled from so many different germline VH genes in the naïve unselected library. As the library we used was originally created by cloning the rearranged VH and VL genes of peripheral blood lymphocytes from 40 donors, this convergent HCDR3 assembly may be a normal consequence of the generation of antibody diversity, or it could be a result of the various PCR reactions we performed to create the library, as well as the final inverse PCR anchored within the HCDR3.

In Vivo HCDR3 Generation

In order to assess the prevalence of identical HCDR3s derived from different germline genes in vivo, we analyzed two publicly available datasets of naïve B cell sequences (63, 64), referred to respectively as the “DeKosky” and the “DeWitt” datasets. In the first, ~55,000 naïve VH sequences from three donors were obtained by paired end MiSeq reads, and 23 HCDR3 sequence pairs were found to be shared between two of the three donors in the naïve repertoires. This represents a frequency of 0.083% shared HCDR3s. No HCDR3 was found to be shared among all three donors. Interestingly, all of these 23 HCDR3 pairs were discordant for identified VH germline genes, and seven were also discordant for the identified DH gene (Table 2A). However, all pairs share the same JH gene. In the second analysis (64), based on a dataset of 8,596,145 productive MiSeq reads comprising 7,984,053 unique HCDR3s from the naïve B cells of three donors, we identified 568 identical HCDR3s (0.007% of the total unique HCDR3s) generated by different VDJ recombinations (as determined by IMGT). These were generated using from two to 26 different VDJ combinations (see Table S1 in Supplementary Material), and 176 of these rearrangements were found in all three donors. Two of the HCDR3s with the greatest number of rearrangements are illustrated in Table 2B. The first, CARDRGDYW, was generated from 14 different VH genes (from five different VH gene families), five different DH genes and one JH gene in 26 different combinations. Five of these combinations were found in two donors, and two were found in all three donors, the remaining were unique combinations found in individual donors. The second, CARDSSGWYYFDYW, was a longer HCDR3 and was generated from 20 different VH genes (from all seven different VH gene families) and only one DH and one JH gene. Six of the combinations were found in two donors and four in all three donors.

TABLE 2 | Analyses of (A) DeKosky and (B) DeWitt data for identical HCDR3s.
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DISCUSSION

Next-generation sequencing has been widely applied to many areas of human immunology, helping, for instance, to increase understanding of antibody repertoires (64–71), VH/VL pairing (39, 67), humoral responses to pathogens (72–74), vaccination (41, 73, 75, 76), and the role of antibodies in autoimmune conditions (77) and cancer (78). In addition to its role in understanding natural in vivo humoral responses, NGS has also been used in the practice of in vitro antibody selection, including in the sequencing of antibodies selected by phage (47–49) and yeast (44, 50) display, as well as in the analysis of naïve antibody libraries (61, 79, 80). We have previously shown (61) that the number of specific antibody HCDR3s that can be identified using NGS after a combined phage/yeast selection protocol far exceeds the number that can be isolated using standard low-throughput analysis and sequencing methods. After in vitro selections, we routinely use the HCDR3s as unique identifiers to rank antibody abundance. Identified clones can then be isolated by inverse PCR (50).

In the work presented here, we show that 535 different HCDR3s are identified by NGS of a yeast displayed population that is positive for binding to CDK2 (Figure 1A). This mirrors previous work in which we showed that hundreds of different HCDR3s were able to mediate specific binding against a number of different targets (44). When antibodies containing the most abundant HCDR3 were isolated from the selected pool using specific inverse primers, a single scFV gene was not obtained, but an “oligoclonal” population of specific binders, comprising at least eight different antibody sequences. These are all very similar to one another (91.6–97.8% homology), with most of the variation occurring in the VL but with the germline VH, DH, JH, VL, and JL genes identified as being identical. Analysis of these clones revealed a 10-fold difference in affinity (Kd), confirming the importance of additional antibody structure beyond the HCDR3 in modulating binding activity (30, 31) and indicating that the true diversity of anti-CDK2 antibodies could be significantly higher than 535, when variability in VL and HCDR1 and HCDR2 is also taken into account.

Given the identification of different antibodies with identical HCDR3s, all of which bound the target in the selected population, we turned to the naïve library to assess whether the same HCDR3 within the context of different antibodies would also be able to bind the target. By using the same inverse PCR approach, a far more diverse collection of antibodies, all of which contained the same HCDR3, was isolated. However, none of these were able to bind the target, and analysis of the aligned sequences revealed that apart from the identical HCDR3’s, these antibodies comprised very different VL genes. This was not surprising since VLs were randomly recombined and not under selective pressure. More surprising was the finding that the frameworks and CDR1 and CDR2 of the VHs were largely diverse, corresponding to 19 different germline VH genes. When this population was tested for binding to CDK2 by flow cytometry, only 0.15% of displayed antibodies with the identical HCDR3 bound the target. On the basis of these findings, we conclude that a specific HCDR3 will only define a particular binding specificity within a very narrow structurally appropriate context: i.e., HCDR3 is necessary, but is insufficient to define specific antibody-binding properties unless combined with appropriate VL and VH germline genes. This is perhaps not surprising given a recent report in which structural analysis of the same HCDR3 sequence placed within the context of different VH and VL genes shows significant conformational diversity (37). Those results, along with those presented here, suggest that the conformations of HCDR3 conformations are modified not only by their sequences but also by the structural environment in which they are found: in particular their VH and VL pairing.

It is remarkable that so many different rearranged VH genes, derived from 19 germline genes, were found to contain the same HCDR3. This begs the question as to whether the generation of identical HCDR3s from different germline genes is biological in nature, or a result of the molecular biological manipulations we had undertaken in these experiments. In a couple of published NGS analyses of in vivo naïve B cell HCDR3 repertoires (63, 64), 0.04–0.08% of HCDR3s were found to be shared between any pairs of donors. Further analysis of the sequences described in the study by DeKosky et al. (63) (Table 2A) reveals that all these so-called public HCDR3s were derived from different germline VH (and in some cases DH) genes, suggesting that the generation of identical HCDR3 sequences is stochastic and usually occurs using different germline VH and DH combinations. This conclusion was confirmed and extended by a much larger second dataset (64), which was generated by sequencing the naïve B cell repertoire of three individuals at far greater depth (>8.5 M productive reads total). Different rearrangements encoding identical HCDR3s were found both within and between donors. Altogether, 568 different HCDR3s generated with from 2 to 26 different rearrangements were identified (see Table S1 in Supplementary Material). Of these, 176 rearrangements, comprising 155 different HCDR3s, were found in all 3 donors. In a particularly notable example, the same four rearrangements (using four different VH genes and the same DH and JH genes) were found in all three donors for two of these HCDR3s (CARGYSSGWYYFDYW and CARDSSGWYYFDYW) (see Table S1 in Supplementary Material; Table 2B). These results demonstrate that the creation of identical HCDR3s from different VH or DH germline genes is a regular, albeit rare, occurrence in vivo and that the sequences of the HCDR3s, as well as the rearrangements used to create them, are shared among different individuals. The observed in vitro HCDR3 rearrangement diversity, therefore, more likely reflects the original in vivo recombination, rather than the consequence of molecular biological manipulation. This is further confirmed by in vitro selection experiments from natural naïve libraries (81), in which it was found that antibodies with the same HCDR3 sequence were derived using different VH genes.

The library used here (59) was created from the rearranged V genes of 40 donors and is estimated to comprise approximately 3.3 × 106 different HCDR3s (61). The in vivo data described above suggest that most, if not all, of the identical HCDR3s identified in the naïve library were stochastically derived from different germline VH, DH, and JH gene rearrangements in the original donors. However, it cannot be excluded that this natural diversity was supplemented by some of the in vitro molecular biological manipulations we have carried out. In particular, the inverse PCR primers we used to isolate all identical HCDR3s may be “correcting” slightly different sequences to the desired HCDR3, even if, given the primer lengths (18–23 bases), they would have to be extremely similar to be able to do this. Furthermore, inadvertent PCR errors may have increased the apparent diversity of the surrounding VH gene despite the use of a proofreading polymerase. One surprising result was the low percentage (0.15%) of CDK2-binding clones containing the identified HCDR3 in the naïve library.

The earliest naïve in vitro antibody libraries (16, 82, 83) had claimed diversities of ~5 × 107, and an average of ~4 antibodies were selected per target. A smaller subset (107) of a much larger library yielded ~1 antibody per target (84). Assuming the diversity estimates for the sizes of these (sub)libraries is correct, these results suggest that one should expect one positive antibody per ~107 different antibodies, consistent with theoretical analyses of library size (85). However, as library size has scaled upward (to claimed diversities of >1011), the number of antibodies selected against individual targets has generally remained below 100 in the absence of heroic efforts (81). The use of deep sequencing described here, and elsewhere (44, 47–50), indicates that the gap between the potential diversity of selectable antibodies, and the significantly lower number usually analyzed is predominantly a sampling problem, which can be overcome with ongoing improvements in sequencing technology. This will allow the calculation, rather than the estimation, of the true diversity of antibody repertoires and antigen-specific populations selected from them.

MATERIALS AND METHODS

Bacterial and Yeast Strains

DH5aF′: F′/endA1 hsdR17(rKmK+) supE44 thi-1 recA1 gyrA (Na1r) relA1 D(lacZYAargF) U169 (m80lacZDM15)

Omnimax (Life Technologies): F′ {proAB lacIq lacZM15 Tn10(TetR) (ccdAB)} mcrA (mrr hsdRMS-mcrBC) 80(lacZ)M15 (lacZYAargF)U169 endA1 recA1 supE44 thi-1 gyrA96 relA1 tonA panD

EBY100 (kindly provided by Prof. Dane Wittrup): MATa AGA::GAL1-AGA1::URA3 ura3-52 trp1 leu2-delta200 his3-delta200 pep4::HIS3 prb11.6R can1 GAL

scFv Antibody Selections

In vivo biotinylated His-tagged CDK2 protein (NP_001789.2), produced by the SGC (Toronto) was used for the scFv phage display selections. The naïve scFv library described in the study by Sblattero and Bradbury (59) was used for two rounds of phage display against the antigen with streptavidin magnetic beads. Two additional rounds of yeast display sorting were performed using 100 nM of antigen. The detailed protocol for antibody selections against biotinylated proteins is described in the study by Ferrara et al. (45).

For the selection of clones sharing same HCDR3 derived from the naïve library and cloned into yeast display vector (see below), cells were induced and labeled with anti-SV5-PE to assess the scFv display level.

All the flow cytometry-assisted sorting experiments were performed using the FACSAria (Becton Dickinson) sorter and analyzed using FlowJo software (FlowJo LLC).

When single clones were analyzed for their specificity, they were stained with CDK2, unrelated antigen, and conjugated streptavidin, as negative controls. All experiments with single clones were performed in a 96-well format using the LSRII (Becton Dickinson) flow cytometer.

Next-Generation Sequencing

The plasmid DNA of the anti-CDK2 second sort output was used as a template for the PCR targeting the HCDR3 region of the scFvs. A set of forward primers mapping to the framework region upstream of the HCDR3 and carrying one of the Ion Torrent sequencing adaptors were used in combination with a barcoded reverse primer mapping to the common SV5 tag region of the yeast display vector and carrying the second adaptor required for sequencing. The primer sequences and method are described in detail by D’Angelo et al. (61). Once amplified with the proofreading Phusion polymerase (NEB), gel extracted, and quantified (Q-bit, HS-DNA kit, Invitrogen), the amplicon libraries were processed using the Ion Xpress Amplicon library protocol and then prepared for sequencing on the Ion 316 Chip (Life Technologies). The sequences analysis was performed using the AbMining Toolbox as described by D’Angelo et al. (61).

Primer Design and Inverse PCR

The inverse PCR strategy is described in the study by D’Angelo et al. (50). Briefly, primers were designed on the DNA consensus sequence for the HCDR3 of the top-ranked clone as back to back primers directed outward from the middle of the HCDR3, with a 5′ phosphorylated forward primer. The inverse PCR was carried out using a high-fidelity polymerase with proofreading activity (Phusion High Fidelity Polymerase, NEB) and either 0.03 fmol of plasmid DNA obtained from the yeast sorted population (1,000–10,000 times the diversity of the sorting output) or 0.3 fmol of the original phage naïve library were used as a template.

After amplification, the PCR product was gel extracted and purified (Qiaquick Gel extraction kit, Qiagen) to avoid contamination from the original plasmid template. The purified products were ligated with T4 ligase and transformed into DH5aF′ bacterial cells.

For the clones obtained from the second yeast sort enriched for CDK2 binders, single clones were analyzed by Sanger sequencing to confirm the presence of the correct HCDR3 and obtain the sequence of the full-length scFv, before carrying out binding assays. The sequenced plasmid clones were then retransformed into the EBY100 yeast display strain (Yeast transformation kit, Sigma) for testing by flow cytometry.

When the entire unselected naïve library was used as a template to isolate clones sharing the same HCDR3 by inverse PCR, ligation and bacteria transformation were performed. A plasmid preparation was obtained and transformed into the EBY100 yeast display cells. The final product was a sublibrary of scFvs, with 106 clones sharing the same HCDR3.

Affinity Measurement

The affinity of the selected clones was determined by yeast display using the equilibrium binding titration curve to extrapolate the equilibrium dissociation constant (KD), as described by Boder and Wittrup (86). Briefly, the induced, monoclonal populations of yeast displaying scFvs were incubated with eight concentrations of biotinylated antigen, ranging from 1 to 500 nM for 30 min at room temperature to allow the binding reaction to reach equilibrium followed by 5 min on ice for 5 min to reduce the off-rate. After washing, the yeast cells were incubated with the secondary reagents (streptavidin-Alexa633, to detect antigen binding to the displayed scFvs, and anti-SV5-PE, to detect the yeast displayed scFvs) on ice for 30 min. After the final washes, the samples were analyzed by flow cytometry on the BDAriaIII (BD Biosciences). The mean fluorescence intensities of the gated binding/displaying populations were plotted against the antigen concentration, and a non-linear least-squares analysis was used to fit the curve and obtain the KD values for each scFv.

In Vivo Database Analysis

In the first database (63), the identity of VH, DH, and JH genes making up each individual HCDR3 were determined on the basis of the nucleotide sequences using IMGT (87) and NCBI IgBlast software (88), along with a CDR3 motif identification algorithm (89). The final data set comprising HCDR3 sequences found in three individuals was kindly provided by DeKosky and Georgiou. The second database (64) used a scored alignment across a definition list of all the known VH, DH, and JH genes in IMGT (90). The naïve data sets for three individual donors were downloaded from the public repository found at http://adaptivebiotech.com/pub/robins-bcell-2016.1 Data were filtered through RStudio software package [RStudio Team (2015) RStudio: Integrated Development for R. RStudio, Inc. (Boston, MA, USA)],2 whereby 7.4 × 106, 6.0 × 106, and 8.4 × 106 individual sequences were processed for the three separate donors, respectively. In some cases, the families could be identified, but not the individual germline VH, DH, or JH genes. Therefore, this initial data set was processed further to include only complete data sets (e.g., HCDR3, VH, DH, JH designations). Any sequence that contained multiple gene or family designations and/or stop codons within HCDR3 was excluded. The final curated set consisted of 2.6 × 106, 2.4 × 106, and 3.6 × 106 in the three respective donors, of which the unique HCDR3 sequences and VH, DH, and JH gene recombination were tabulated.

AUTHOR CONTRIBUTIONS

SD and FF equally contributed to this work. SD, FF, and AB contributed to research design. SD, FF, and LN conducted experiments; SD, FF, PH, and ME performed data analysis. SD, FF, ME, PH, and AB wrote the manuscript.

ACKNOWLEDGMENTS

We thank Dr. Brandon DeKosky and Dr. George Georgiou for kindly sharing their antibody data set and Marissa Vignali for help accessing the DeWitt database.

FUNDING

This work was supported by the National Institutes of Health (1-U54-DK093500-01 to AB).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at http://www.frontiersin.org/articles/10.3389/fimmu.2018.00395/full#supplementary-material.

REFERENCES

1. Zemlin M, Klinger M, Link J, Zemlin C, Bauer K, Engler JA, et al. Expressed murine and human CDR-H3 intervals of equal length exhibit distinct repertoires that differ in their amino acid composition and predicted range of structures. J Mol Biol (2003) 334(4):733–49. doi:10.1016/j.jmb.2003.10.007

2. Elhanati Y, Sethna Z, Marcou Q, Callan CG Jr, Mora T, Walczak AM. Inferring processes underlying B-cell repertoire diversity. Philos Trans R Soc Lond B Biol Sci (2015) 370(1676):20140243. doi:10.1098/rstb.2014.0243

3. Jung D, Giallourakis C, Mostoslavsky R, Alt FW. Mechanism and control of V(D)J recombination at the immunoglobulin heavy chain locus. Annu Rev Immunol (2006) 24:541–70. doi:10.1146/annurev.immunol.23.021704.115830

4. Bassing CH, Swat W, Alt FW. The mechanism and regulation of chromosomal V(D)J recombination. Cell (2002) 109(Suppl):S45–55. doi:10.1016/S0092-8674(02)00675-X

5. Matsuda F, Shin EK, Hirabayashi Y, Nagaoka H, Yoshida MC, Zong SQ, et al. Organization of variable region segments of the human immunoglobulin heavy chain: duplication of the D5 cluster within the locus and interchromosomal translocation of variable region segments. EMBO J (1990) 9(8):2501–6.

6. Lefranc MP, Giudicelli V, Ginestoux C, Jabado-Michaloud J, Folch G, Bellahcene F, et al. IMGT, the international ImMunoGeneTics information system. Nucleic Acids Res (2009) 37(Database issue):D1006–12. doi:10.1093/nar/gkn838

7. Benichou J, Glanville J, Prak ET, Azran R, Kuo TC, Pons J, et al. The restricted DH gene reading frame usage in the expressed human antibody repertoire is selected based upon its amino acid content. J Immunol (2013) 190(11):5567–77. doi:10.4049/jimmunol.1201929

8. Corbett SJ, Tomlinson IM, Sonnhammer EL, Buck D, Winter G. Sequence of the human immunoglobulin diversity (D) segment locus: a systematic analysis provides no evidence for the use of DIR segments, inverted D segments, “minor” D segments or D-D recombination. J Mol Biol (1997) 270(4):587–97. doi:10.1006/jmbi.1997.1141

9. Sanz I. Multiple mechanisms participate in the generation of diversity of human H chain CDR3 regions. J Immunol (1991) 147(5):1720–9.

10. VanDyk L, Meek K. Assembly of IgH CDR3: mechanism, regulation, and influence on antibody diversity. Int Rev Immunol (1992) 8(2–3):123–33. doi:10.3109/08830189209055568

11. Feeney AJ, Victor KD, Vu K, Nadel B, Chukwuocha RU. Influence of the V(D)J recombination mechanism on the formation of the primary T and B cell repertoires. Semin Immunol (1994) 6(3):155–63. doi:10.1006/smim.1994.1021

12. Desiderio SV, Yancopoulos GD, Paskind M, Thomas E, Boss MA, Landau N, et al. Insertion of N regions into heavy-chain genes is correlated with expression of terminal deoxytransferase in B cells. Nature (1984) 311(5988):752–5. doi:10.1038/311752a0

13. Benedict CL, Gilfillan S, Thai TH, Kearney JF. Terminal deoxynucleotidyl transferase and repertoire development. Immunol Rev (2000) 175:150–7. doi:10.1111/j.1600-065X.2000.imr017518.x

14. Gauss GH, Lieber MR. Mechanistic constraints on diversity in human V(D)J recombination. Mol Cell Biol (1996) 16(1):258–69. doi:10.1128/MCB.16.1.258

15. Wilson PC, Wilson K, Liu YJ, Banchereau J, Pascual V, Capra JD. Receptor revision of immunoglobulin heavy chain variable region genes in normal human B lymphocytes. J Exp Med (2000) 191(11):1881–94. doi:10.1084/jem.191.11.1881

16. Barbas CF III, Bain JD, Hoekstra DM, Lerner RA. Semisynthetic combinatorial antibody libraries: a chemical solution to the diversity problem. Proc Natl Acad Sci U S A (1992) 89(10):4457–61. doi:10.1073/pnas.89.10.4457

17. Braunagel M, Little M. Construction of a semisynthetic antibody library using trinucleotide oligos. Nucleic Acids Res (1997) 25(22):4690–1. doi:10.1093/nar/25.22.4690

18. Mahon CM, Lambert MA, Glanville J, Wade JM, Fennell BJ, Krebs MR, et al. Comprehensive interrogation of a minimalist synthetic CDR-H3 library and its ability to generate antibodies with therapeutic potential. J Mol Biol (2013) 425(10):1712–30. doi:10.1016/j.jmb.2013.02.015

19. Xu JL, Davis MM. Diversity in the CDR3 region of V(H) is sufficient for most antibody specificities. Immunity (2000) 13(1):37–45. doi:10.1016/S1074-7613(00)00006-6

20. Kiss C, Fisher H, Pesavento E, Dai M, Valero R, Ovecka M, et al. Antibody binding loop insertions as diversity elements. Nucleic Acids Res (2006) 34(19):e132. doi:10.1093/nar/gkl681

21. Deroo S, Fischer A, Beaupain N, Counson M, Boutonnet N, Pletinckx J, et al. Non-immunized natural human heavy chain CDR3 repertoires allow the isolation of high affinity peptides mimicking a human influenza hemagglutinin epitope. Mol Immunol (2008) 45(5):1366–73. doi:10.1016/j.molimm.2007.09.001

22. Venet S, Ravn U, Buatois V, Gueneau F, Calloud S, Kosco-Vilbois M, et al. Transferring the characteristics of naturally occurring and biased antibody repertoires to human antibody libraries by trapping CDRH3 sequences. PLoS One (2012) 7(8):e43471. doi:10.1371/journal.pone.0043471

23. Dai M, Temirov J, Pesavento E, Kiss C, Velappan N, Pavlik P, et al. Using T7 phage display to select GFP-based binders. Protein Eng Des Sel (2008) 21(7):413–24. doi:10.1093/protein/gzn016

24. Levi M, Sallberg M, Ruden U, Herlyn D, Maruyama H, Wigzell H, et al. A complementarity-determining region synthetic peptide acts as a miniantibody and neutralizes human immunodeficiency virus type 1 in vitro. Proc Natl Acad Sci U S A (1993) 90(10):4374–8. doi:10.1073/pnas.90.10.4374

25. Bourgeois C, Bour JB, Aho LS, Pothier P. Prophylactic administration of a complementarity-determining region derived from a neutralizing monoclonal antibody is effective against respiratory syncytial virus infection in BALB/c mice. J Virol (1998) 72(1):807–10.

26. Chevigne A, Fischer A, Mathu J, Counson M, Beaupain N, Plesseria JM, et al. Selection of a CXCR4 antagonist from a human heavy chain CDR3-derived phage library. FEBS J (2011) 278(16):2867–78. doi:10.1111/j.1742-4658.2011.08208.x

27. Nicaise M, Valerio-Lepiniec M, Minard P, Desmadril M. Affinity transfer by CDR grafting on a nonimmunoglobulin scaffold. Protein Sci (2004) 13(7):1882–91. doi:10.1110/ps.03540504

28. Smith JW, Tachias K, Madison EL. Protein loop grafting to construct a variant of tissue-type plasminogen activator that binds platelet integrin alpha IIb beta 3. J Biol Chem (1995) 270(51):30486–90. doi:10.1074/jbc.270.51.30486

29. Persson H, Ye W, Wernimont A, Adams JJ, Koide A, Koide S, et al. CDR-H3 diversity is not required for antigen recognition by synthetic antibodies. J Mol Biol (2013) 425(4):803–11. doi:10.1016/j.jmb.2012.11.037

30. Yang WP, Green K, Pinz-Sweeney S, Briones AT, Burton DR, Barbas CF III. CDR walking mutagenesis for the affinity maturation of a potent human anti-HIV-1 antibody into the picomolar range. J Mol Biol (1995) 254(3):392–403. doi:10.1006/jmbi.1995.0626

31. Schier R, McCall A, Adams GP, Marshall KW, Merritt H, Yim M, et al. Isolation of picomolar affinity anti-c-erbB-2 single-chain Fv by molecular evolution of the complementarity determining regions in the center of the antibody binding site. J Mol Biol (1996) 263(4):551–67. doi:10.1006/jmbi.1996.0598

32. Chothia C, Lesk AM. Canonical structures for the hypervariable regions of immunoglobulins. J Mol Biol (1987) 196(4):901–17. doi:10.1016/0022-2836(87)90412-8

33. Chothia C, Lesk AM, Gherardi E, Tomlinson IM, Walter G, Marks JD, et al. Structural repertoire of the human VH segments. J Mol Biol (1992) 227(3):799–817. doi:10.1016/0022-2836(92)90224-8

34. Chothia C, Lesk AM, Tramontano A, Levitt M, Smith-Gill SJ, Air G, et al. Conformations of immunoglobulin hypervariable regions. Nature (1989) 342(6252):877–83. doi:10.1038/342877a0

35. North B, Lehmann A, Dunbrack RL Jr. A new clustering of antibody CDR loop conformations. J Mol Biol (2011) 406(2):228–56. doi:10.1016/j.jmb.2010.10.030

36. James LC, Roversi P, Tawfik DS. Antibody multispecificity mediated by conformational diversity. Science (2003) 299(5611):1362–7. doi:10.1126/science.1079731

37. Teplyakov A, Obmolova G, Malia TJ, Luo J, Muzammil S, Sweet R, et al. Structural diversity in a human antibody germline library. MAbs (2016) 8(6):1045–63. doi:10.1080/19420862.2016.1190060

38. Kabat EA, Wu TT. Identical V region amino acid sequences and segments of sequences in antibodies of different specificities. Relative contributions of VH and VL genes, minigenes, and complementarity-determining regions to binding of antibody-combining sites. J Immunol (1991) 147(5):1709–19.

39. DeKosky BJ, Kojima T, Rodin A, Charab W, Ippolito GC, Ellington AD, et al. In-depth determination and analysis of the human paired heavy- and light-chain antibody repertoire. Nat Med (2014) 21(1):86–91. doi:10.1038/nm.3743

40. Parameswaran P, Liu Y, Roskin KM, Jackson KK, Dixit VP, Lee JY, et al. Convergent antibody signatures in human dengue. Cell Host Microbe (2013) 13(6):691–700. doi:10.1016/j.chom.2013.05.008

41. Laserson U, Vigneault F, Gadala-Maria D, Yaari G, Uduman M, Vander Heiden JA, et al. High-resolution antibody dynamics of vaccine-induced immune responses. Proc Natl Acad Sci U S A (2014) 111(13):4928–33. doi:10.1073/pnas.1323862111

42. Lu DR, Tan YC, Kongpachith S, Cai X, Stein EA, Lindstrom TM, et al. Identifying functional anti-Staphylococcus aureus antibodies by sequencing antibody repertoires of patient plasmablasts. Clin Immunol (2014) 152(1–2):77–89. doi:10.1016/j.clim.2014.02.010

43. Tan YC, Blum LK, Kongpachith S, Ju CH, Cai X, Lindstrom TM, et al. High-throughput sequencing of natively paired antibody chains provides evidence for original antigenic sin shaping the antibody response to influenza vaccination. Clin Immunol (2014) 151(1):55–65. doi:10.1016/j.clim.2013.12.008

44. Glanville J, D’Angelo S, Khan TA, Reddy ST, Naranjo L, Ferrara F, et al. Deep sequencing in library selection projects: what insight does it bring? Curr Opin Struct Biol (2015) 33:146–60. doi:10.1016/j.sbi.2015.09.001

45. Ferrara F, D’Angelo S, Gaiotto T, Naranjo L, Tian H, Graslund S, et al. Recombinant renewable polyclonal antibodies. MAbs (2015) 7(1):32–41. doi:10.4161/19420862.2015.989047

46. Ferrara F, Naranjo LA, D’Angelo S, Kiss C, Bradbury AR. Specific binder for lightning-link(R) biotinylated proteins from an antibody phage library. J Immunol Methods (2013) 395(1–2):83–7. doi:10.1016/j.jim.2013.06.010

47. Ravn U, Didelot G, Venet S, Ng KT, Gueneau F, Rousseau F, et al. Deep sequencing of phage display libraries to support antibody discovery. Methods (2013) 60(1):99–110. doi:10.1016/j.ymeth.2013.03.001

48. Ravn U, Gueneau F, Baerlocher L, Osteras M, Desmurs M, Malinge P, et al. By-passing in vitro screening – next generation sequencing technologies applied to antibody display and in silico candidate selection. Nucleic Acids Res (2010) 38(21):e193. doi:10.1093/nar/gkq789

49. Lovgren J, Pursiheimo JP, Pyykko M, Salmi J, Lamminmaki U. Next generation sequencing of all variable loops of synthetic single framework scFv-application in anti-HDL antibody selections. N Biotechnol (2016) 33(6):790–6. doi:10.1016/j.nbt.2016.07.009

50. D’Angelo S, Kumar S, Naranjo L, Ferrara F, Kiss C, Bradbury AR. From deep sequencing to actual clones. Protein Eng Des Sel (2014) 27(10):301–7. doi:10.1093/protein/gzu032

51. Ferrara F, Kim CY, Naranjo LA, Bradbury AR. Large scale production of phage antibody libraries using a bioreactor. MAbs (2015) 7(1):26–31. doi:10.4161/19420862.2015.989034

52. Close DW, Ferrara F, Dichosa AE, Kumar S, Daughton AR, Daligault HE, et al. Using phage display selected antibodies to dissect microbiomes for complete de novo genome sequencing of low abundance microbes. BMC Microbiol (2013) 13:270. doi:10.1186/1471-2180-13-270

53. Ferrara F, Naranjo LA, Kumar S, Gaiotto T, Mukundan H, Swanson B, et al. Using phage and yeast display to select hundreds of monoclonal antibodies: application to antigen 85, a tuberculosis biomarker. PLoS One (2012) 7(11):e49535. doi:10.1371/journal.pone.0049535

54. Lillo AM, Ayriss JE, Shou Y, Graves SW, Bradbury AR, Pavlik P. Development of phage-based single chain Fv antibody reagents for detection of Yersinia pestis. PLoS One (2011) 6(12):e27756. doi:10.1371/journal.pone.0027756

55. Velappan N, Martinez JS, Valero R, Chasteen L, Ponce L, Bondu-Hawkins V, et al. Selection and characterization of scFv antibodies against the Sin Nombre hantavirus nucleocapsid protein. J Immunol Methods (2007) 321(1–2):60–9. doi:10.1016/j.jim.2007.01.011

56. Ayriss J, Woods T, Bradbury A, Pavlik P. High-throughput screening of single-chain antibodies using multiplexed flow cytometry. J Proteome Res (2007) 6(3):1072–82. doi:10.1021/pr0604108

57. Kehoe JW, Velappan N, Walbolt M, Rasmussen J, King D, Lou J, et al. Using phage display to select antibodies recognizing post-translational modifications independently of sequence context. Mol Cell Proteomics (2006) 5(12):2350–63. doi:10.1074/mcp.M600314-MCP200

58. Lou J, Marzari R, Verzillo V, Ferrero F, Pak D, Sheng M, et al. Antibodies in haystacks: how selection strategy influences the outcome of selection from molecular diversity libraries. J Immunol Methods (2001) 253(1–2):233–42. doi:10.1016/S0022-1759(01)00385-4

59. Sblattero D, Bradbury A. Exploiting recombination in single bacteria to make large phage antibody libraries. Nat Biotechnol (2000) 18(1):75–80. doi:10.1038/71958

60. Sblattero D, Lou J, Marzari R, Bradbury A. In vivo recombination as a tool to generate molecular diversity in phage antibody libraries. J Biotechnol (2001) 74(4):303–15. doi:10.1016/S1389-0352(01)00022-8

61. D’Angelo S, Glanville J, Ferrara F, Naranjo L, Gleasner CD, Shen X, et al. The antibody mining toolbox: an open source tool for the rapid analysis of antibody repertoires. MAbs (2014) 6(1):160–72. doi:10.4161/mabs.27105

62. Colby DW, Kellogg BA, Graff CP, Yeung YA, Swers JS, Wittrup KD. Engineering antibody affinity by yeast surface display. Methods Enzymol (2004) 388:348–58. doi:10.1016/S0076-6879(04)88027-3

63. DeKosky BJ, Lungu OI, Park D, Johnson EL, Charab W, Chrysostomou C, et al. Large-scale sequence and structural comparisons of human naive and antigen-experienced antibody repertoires. Proc Natl Acad Sci U S A (2016) 113(19):E2636–45. doi:10.1073/pnas.1525510113

64. DeWitt WS, Lindau P, Snyder TM, Sherwood AM, Vignali M, Carlson CS, et al. A public database of memory and naive B-cell receptor sequences. PLoS One (2016) 11(8):e0160853. doi:10.1371/journal.pone.0160853

65. Khan TA, Friedensohn S, de Vries AR, Straszewski J, Ruscheweyh HJ, Reddy ST. Accurate and predictive antibody repertoire profiling by molecular amplification fingerprinting. Sci Adv (2016) 2(3):e1501371. doi:10.1126/sciadv.1501371

66. Lavinder JJ, Horton AP, Georgiou G, Ippolito GC. Next-generation sequencing and protein mass spectrometry for the comprehensive analysis of human cellular and serum antibody repertoires. Curr Opin Chem Biol (2015) 24:112–20. doi:10.1016/j.cbpa.2014.11.007

67. Busse CE, Czogiel I, Braun P, Arndt PF, Wardemann H. Single-cell based high-throughput sequencing of full-length immunoglobulin heavy and light chain genes. Eur J Immunol (2014) 44(2):597–603. doi:10.1002/eji.201343917

68. Mathonet P, Ullman CG. The application of next generation sequencing to the understanding of antibody repertoires. Front Immunol (2013) 4:265. doi:10.3389/fimmu.2013.00265

69. Kaplinsky J, Li A, Sun A, Coffre M, Koralov SB, Arnaout R. Antibody repertoire deep sequencing reveals antigen-independent selection in maturing B cells. Proc Natl Acad Sci U S A (2014) 111(25):E2622–9. doi:10.1073/pnas.1403278111

70. Kaplinsky J, Arnaout R. Robust estimates of overall immune-repertoire diversity from high-throughput measurements on samples. Nat Commun (2016) 7:11881. doi:10.1038/ncomms11881

71. Arnaout R, Lee W, Cahill P, Honan T, Sparrow T, Weiand M, et al. High-resolution description of antibody heavy-chain repertoires in humans. PLoS One (2011) 6(8):e22365. doi:10.1371/journal.pone.0022365

72. Tsioris K, Gupta NT, Ogunniyi AO, Zimnisky RM, Qian F, Yao Y, et al. Neutralizing antibodies against West Nile virus identified directly from human B cells by single-cell analysis and next generation sequencing. Integr Biol (Camb) (2015) 7(12):1587–97. doi:10.1039/c5ib00169b

73. Jackson KJ, Liu Y, Roskin KM, Glanville J, Hoh RA, Seo K, et al. Human responses to influenza vaccination show seroconversion signatures and convergent antibody rearrangements. Cell Host Microbe (2014) 16(1):105–14. doi:10.1016/j.chom.2014.05.013

74. Jiang N, He J, Weinstein JA, Penland L, Sasaki S, He XS, et al. Lineage structure of the human antibody repertoire in response to influenza vaccination. Sci Transl Med (2013) 5(171):171ra19. doi:10.1126/scitranslmed.3004794

75. Lavinder JJ, Wine Y, Giesecke C, Ippolito GC, Horton AP, Lungu OI, et al. Identification and characterization of the constituent human serum antibodies elicited by vaccination. Proc Natl Acad Sci U S A (2014) 111(6):2259–64. doi:10.1073/pnas.1317793111

76. Greiff V, Menzel U, Haessler U, Cook SC, Friedensohn S, Khan TA, et al. Quantitative assessment of the robustness of next-generation sequencing of antibody variable gene repertoires from immunized mice. BMC Immunol (2014) 15:40. doi:10.1186/s12865-014-0040-5

77. Snir O, Mesin L, Gidoni M, Lundin KE, Yaari G, Sollid LM. Analysis of celiac disease autoreactive gut plasma cells and their corresponding memory compartment in peripheral blood using high-throughput sequencing. J Immunol (2015) 194(12):5703–12. doi:10.4049/jimmunol.1402611

78. DeFalco J, Harbell M, Manning-Bog A, Baia G, Scholz A, Millare B, et al. Non-progressing cancer patients have persistent B cell responses expressing shared antibody paratopes that target public tumor antigens. Clin Immunol (2017). doi:10.1016/j.clim.2017.10.002

79. Glanville J, Zhai W, Berka J, Telman D, Huerta G, Mehta GR, et al. Precise determination of the diversity of a combinatorial antibody library gives insight into the human immunoglobulin repertoire. Proc Natl Acad Sci U S A (2009) 106(48):20216–21. doi:10.1073/pnas.0909775106

80. Fantini M, Pandolfini L, Lisi S, Chirichella M, Arisi I, Terrigno M, et al. Assessment of antibody library diversity through next generation sequencing and technical error compensation. PLoS One (2017) 12(5):e0177574. doi:10.1371/journal.pone.0177574

81. Edwards BM, Barash SC, Main SH, Choi GH, Minter R, Ullrich S, et al. The remarkable flexibility of the human antibody repertoire; isolation of over one thousand different antibodies to a single protein, BLyS. J Mol Biol (2003) 334(1):103–18. doi:10.1016/j.jmb.2003.09.054

82. Marks JD, Hoogenboom HR, Bonnert TP, McCafferty J, Griffiths AD, Winter G. By-passing immunization. Human antibodies from V-gene libraries displayed on phage. J Mol Biol (1991) 222(3):581–97. doi:10.1016/0022-2836(91)90498-U

83. Gram H, Marconi LA, Barbas CF III, Collet TA, Lerner RA, Kang AS. In vitro selection and affinity maturation of antibodies from a naive combinatorial immunoglobulin library. Proc Natl Acad Sci U S A (1992) 89(8):3576–80. doi:10.1073/pnas.89.8.3576

84. Griffiths AD, Williams SC, Hartley O, Tomlinson IM, Waterhouse P, Crosby WL, et al. Isolation of high affinity human antibodies directly from large synthetic repertoires. EMBO J (1994) 13(14):3245–60.

85. Perelson AS, Oster GF. Theoretical studies of clonal selection: minimal antibody repertoire size and reliability of self-non-self discrimination. J Theor Biol (1979) 81(4):645–70. doi:10.1016/0022-5193(79)90275-3

86. Boder ET, Wittrup KD. Yeast surface display for directed evolution of protein expression, affinity, and stability. Methods Enzymol (2000) 328:430–44. doi:10.1016/S0076-6879(00)28410-3

87. Brochet X, Lefranc MP, Giudicelli V. IMGT/V-QUEST: the highly customized and integrated system for IG and TR standardized V-J and V-D-J sequence analysis. Nucleic Acids Res (2008) 36(Web Server issue):W503–8. doi:10.1093/nar/gkn316

88. Ye J, Ma N, Madden TL, Ostell JM. IgBLAST: an immunoglobulin variable domain sequence analysis tool. Nucleic Acids Res (2013) 41(Web Server issue):W34–40. doi:10.1093/nar/gkt382

89. Ippolito GC, Hoi KH, Reddy ST, Carroll SM, Ge X, Rogosch T, et al. Antibody repertoires in humanized NOD-scid-IL2Rgamma(null) mice and human B cells reveals human-like diversification and tolerance checkpoints in the mouse. PLoS One (2012) 7(4):e35497. doi:10.1371/journal.pone.0035497

90. Giudicelli V, Duroux P, Ginestoux C, Folch G, Jabado-Michaloud J, Chaume D, et al. IMGT/LIGM-DB, the IMGT comprehensive database of immunoglobulin and T cell receptor nucleotide sequences. Nucleic Acids Res (2006) 34(Database issue):D781–4. doi:10.1093/nar/gkj088

Conflict of Interest Statement: SD, FF, LN, FE, and AB are employees of Specifica Inc. The remaining author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 D’Angelo, Ferrara, Naranjo, Erasmus, Hraber and Bradbury. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



1http://doi.org/10.21417/B71018.

2http://www.rstudio.com/.

OPS/images/fimmu-09-00395-t001.jpg
VH gene DHgene  JHgene  HCDR VL gene L gene LeoRs

23718888887

IoHv12 o2 1aHi3 CAKGFRAGDAFDW  1GKV228 6Kk omamaTPETE
1GHv1.2 1628 16H13 CAKGFRAGDAFDW  16LV2-14 6Lt CsSvTSVSTYVE
16Hv1.2 164028 16HI3 CAKGFRAGDAFOW  1GLV7-46 6L CUDYIDARVE
16HV1.3 G286 1GHI3 CAKGFRAGDAFDW  1GKV1-39 f=nl coasYsTPWTF
1GHV1-48 (G2 ey CAKGFRAGDAFDW  1GKv228 oK CMaSLOTPLTF
1GHV1-46 G2 GG CAKGFRAGDAFDW  16LV2.8 6Lz CSSYAGSNNWF
1GHV1-46 161028 1GHIS CAKGFRAGDAFDW  16LV2-14 6Lt COSYGRPYVF
1GHV1-46 161028 1GHE CAKGFRAGDAFDW  1GKV1-5 6Kk caavYSTRUTF
164169 1628 1GH3 CAKGFRAGDAFDW  16LV1-40 6Lt COSYDSSLSGYWF
1GHV1.60 G028 ey CAKGFRAGDAFDW  16LV2-18 6Lt CSSYTSSSTWE
G321 (G028 ey CAKGFRAGDAFDW  1GKV1-12. ok COQTNSFPFIF
G 21 G028 oS CAKGFRAGDAFDW  1GKV1-9 16 cHTDTLAITE
16323 16028 iaHs CAKGFRAGDAFDW  1GKV1 5 i6x2 COQYOTLPRTF
16323 16028 G CAKGFRAGDAFDW  1GKV1-30 16K CRASYSTPPTF
16323 161028 168 CAKGFRAGDAFDW  1GKVA-1 6x2 COQYHSTRYTF
16HV323 161028 16Hia CAKGFRAGDAFDW  1GKV1 5 16K22 coaveCsF
16323 1028 G CAKGFRAGDAFDW  1GKY2.28 oy CMOALOSPRTE
1323 G2 G CAKGFRAGDAFDW  1GKY3-11 oK COQYNNWPPYTF
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