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Background: Monitoring blood levels of human growth hormone (hGH) in most children with short stature deficiencies is crucial for taking a decision of treatment with extended course of daily and expensive doses of recombinant hGH (rhGH or Somatropin®). Besides, misusing of rhGH by sportsmen is banned by the World Anti-Doping Agency and thus sensitive GH-detecting methods are highly welcome in this field. Nanobodies are the tiniest antigen-binding entity derived from camel heavy chain antibodies. They were successfully generated against numerous antigens including hormones.

Methods: A fully nanobody-based sandwich ELISA method was developed in this work for direct measurement of GH in biological samples.

Results: Two major characteristics of nanobody were exploited for this goal: the robust and stable structure of the nanobody (NbGH04) used to capture hGH from tested samples, and the great ability of tailoring, enabling the display of the anti-GH detector nanobody (NbGH07) on the tip of M13-phage. Such huge, stable, and easy-to-prepare phage-Nb was used in ELISA to provide an amplified signal. Previously, NbGH04 was retrieved on immobilized hGH by phage display from a wide “immune” cDNA library prepared from a hGH-immunized camel. Here, and in order to assure epitope heterogeneity, NbGH07 was isolated from the same library using NbGH04-captured hGH as bait. Interaction of both nanobodies with hGH was characterized and compared with different anti-GH nanobodies and antibodies. The sensitivity (~0.5 ng/ml) and stability of the nanobody-base sandwich ELISA were assessed using rhGH before testing in the quantification of hGH in blood sera and cell culture supernatants.

Conclusion: In regard to all advantages of nanobodies; stability, solubility, production affordability in Escherichia coli, and gene tailoring, nanobody-based phage sandwich ELISA developed here would provide a valuable method for hGH detection and quantification.
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INTRODUCTION

Human growth hormone (hGH), a single-chain polypeptide hormone of 22 kDa and 191 amino acid residues, is synthesized mainly by the acidophilic somatotrophs of the anterior pituitary gland (1). GH is produced and extracted from animals (somatotropin) or synthetized by the recombinant technology (somatropin or rhGH) (2). Medical hGH is given to patients whose pituitary glands produce insufficient quantities of the hormone for normal development and growth (3). Beside its permitted medical application, rhGH is broadly abused by many sportsmen for its lipolitic and anabolic properties. Therefore, it is on the list of substances issued by World Anti-Doping Agency (WADA) as banned for competitive sports. However until recently, a standard test was lacking to detect administrated rhGH (4) in spite of the many proposed assays for measuring GH levels in the blood of young patients (5) or abusing athletes (6). For in vitro bioassays, GH measurement depends on its proliferative effect on cultured cell lines which display its specific receptor (7, 8) or through measuring the biological changes of hGH protein markers in the serum (9). Because of their affordability, clinical laboratories are still considering immunoassays for GH measurement in biological samples (10). For years, immunoassays depend on specific anti-GH antibodies (11), recombinant antibody fragments (12), or even DNA aptamers (13).

Alternative means to produce antibodies are recently open through the advances in the field of antibody engineering technology. The recombinant protein constructed from the joined variable parts of conventional antibody, also called the single-chain Fv antibody (scFv), is one of the most successful engineered antibodies with several advantages over the full-length antibody, including the low cost and mass production by fermentation in Escherichia coli (14). More importantly, the capacity of tailoring such single chain in order to make fusions with other moieties such as proteins or toxins, resulting in the formation of bi- or multi-functional molecules represent a great advantage of antibody engineering technology (15). Camelids have exceptionally a unique type of antibodies called the heavy chain antibodies (HCAbs), which are naturally devoid of light chains without affecting their capacity of antigen binding (16). Therefore, the recombinant variable domain of HCAb, referred to as nanobody or VHH, is a monomeric structure with astonishing physicochemical characteristics, such as solubility and stability, and a high production yields in E. coli or yeast (17). With all their features, nanobodies could overpass the intact antibodies for biotechnological or research purposes and medical applications (18–21) and they might be an efficient alternative to scFv (22, 23). Nanobodies were successfully generated against numerous antigens including various molecules or venoms and even intact pathogens (20, 24–29) as well as purified recombinant proteins (24, 30, 31). Nanobodies are a novel class of affinity binders with promising applications in many fields, such as therapeutics, diagnostics, proteomics, etc. (19).

Previously, we reported the production and characterization of several anti-rhGH nanobodies for use in the field of GH production and detection (32). These nanobodies were retrieved from a large “immune” cDNA library that was prepared from an immunized camel with rhGH fused to the superfolder green fluorescent protein (sfGFP). The current work described our attempt to exploit these nanobodies to develop a full nanobody-based sandwich ELISA for dosing GH concentrations in biological samples. In our seek for better diagnostics and cheaper tools for developing GH assays, such direct method for accurate measuring of GH has a particular importance.

MATERIALS AND METHODS

Antigens and Antibodies

For ELISA and immunoblotting tests, detection of M13 helper phage and M13-Nb was achieved using specific polyclonal antibody (33) and monoclonal antibody anti-M13 conjugated to horseradish peroxidase (HRP, GE Healthcare Life Sciences). For ELISA, detection of antigen-bound nanobodies was mostly accomplished using rabbit anti-6 × His antibody (Bethyl Laboratories Inc.) or with streptavidin–POD (Roche Life Science) when biotinylated nanobodies were used. Subsequent detection of rabbit or mouse antisera was completed using anti-rabbit or anti-mouse antibodies conjugated to HRP for ELISA tests or to alkaline phosphatase for immunoblotting (Bethyl Laboratories Inc.). For nanobody preparation, pMES4 phagemid and E. coli strains (TG1 and WK6) were kindly provided by Prof. S. Muyldermans (VUB, Brussels, Belgium). Plasmid constructs for expressing different GH antigens (TEV-GH, GFP-GH, and GFP) were prepared as previously described (32, 34). Expression and purification of these antigens was performed in E. coli BL-21(DE3) Gold using standard protocol (32). Commercial un-tagged rhGH was obtained from sigma. D-Biotinoyl-ε-aminocaproic acid-N-hydroxysuccinimide ester (Biotin-7-NHS, Roche Life Science) was used to prepare biotinylated nanobodies via chemical bioconjugation according to the manufacturer’s instructions.

Applying Phage Display for Biopanning of GH-Specific Nanobodies

Nanobodies from E. coli TG1 library were displayed on the phage particles after infection (~20 times excess phages versus cells) with the M13K07 helper phage (GE Life Sciences). A representative aliquot (1 ml) of the library was grown to mid-logarithmic phase before adding the helper phage. After an overnight growth (in 250 ml), virions were precipitated from the culture supernatant using polyethylene glycol (PEG)/NaCl buffer and then resuspended in a total volume of 1 ml PBS. Bio-panning was performed using MaxiSorp immunotubes (Nunc) precoated with GH or NbGH04 (1 µg/ml). Before adding phages, immunotubes coated with nanobody NbGH04 were washed, blocked in 5% skimmed milk in TBS-T, and then incubated with GH (1 µg/ml) for 1 h at room temperature before adding phage particles (5 × 1011 in each immunotubes). GH-specific phages were enriched by several consecutive rounds of in vitro selection. From each round and after extensive washing, bound phages were eluted from the immunotubes by incubation for 10 min in triethylamine (100 mM, pH 11.0, Sigma), and eluted particles were immediately neutralized with 1 M Tris–HCl (pH 9.0) and then used to infect exponentially growing E. coli TG1 cells. Enrichment of antigen-specific phage-Nb particles was assessed by comparing the number of phages eluted from antigen-coated and -uncoated immunotubes. Individual colonies were picked, and expression of soluble periplasmic nanobody was performed by the addition of 1 mM IPTG. Then, soluble nanobodies from the periplasmic extract were tested in ELISA for their capacity to recognize directly coated or NbGH04-captured GH.

Expression and Purification of Soluble Nanobodies

Plasmid construct of pMES4 containing NbGH07 nanobody was prepared by a miniprep kit (Qiagen) from E. coli TG1, sequenced, and transformed into E. coli WK6. Similarly, WK6 of other anti-GH nanobodies were previously prepared to express soluble proteins tagged with C-terminal 6 × His for purification using nickel-charged columns (32). The bacteria were grown in 250 ml shake flasks containing terrific broth medium (1.2% tryptone, 2.4% yeast extracts, 0.8% glycerol, 17 mM KH2PO4, 72 mM K2HPO4 with 0.1% glucose and 100 µg/ml ampicillin) to achieve large-scale production of nanobodies. Expression induction with IPTG (1 mM) was performed on the culture after an optical density (at 600 nm) of 0.6–0.9 was reached and further incubation for 16 h at 28°C (35). Periplasmic proteins, including nanobodies, were extracted from pelleted cells by osmotic shock and run through 5 ml nickel charged column on chromatography. After washing, bound nanobodies were recovered with elution buffer containing imidazole (500 mM). Eluted nanobodies were concentrated on Vivaspin tubes with a molecular mass cutoff of 5–10 kDa. Nanobodies concentrations were calculated after measuring the absorption at 280 nm and using the extinction coefficient, as calculated from the amino acid sequence of each nanobody, and were finally adjusted to 1 mg/ml before storage at −20°C. Biconjugation of purified nanobodies (1 mg) with biotin (Biotin-7-NHS) was accomplished according to the manufacturer’s instructions.

Preparation and Quantification of Phage-Nb Particles

A single colony of E. coli TG1 cell containing pMES4-Nb plasmid was inoculated from a Petri dish into 100 ml 2 × TY (1.6% tryptone, 1% yeast extracts and 0.5% NaCl) containing ampicillin (100 µg/ml) and glucose (2%) and in 1-L flask and incubated at 37°C, 200 rpm, till an optical density of OD600 = 0.5 was reached. M13K07 helper phages ~1010 pfu Ø (>1/20 infection ratio) then were added to the culture, which was incubated for 30 min without shaking at RT, and then for further 30 min with gentle shaking (200 rpm) at 37°C, in order to allow phage infection. After that, cells were pelleted by centrifugation and the medium was replaced by a fresh 2 × TY containing ampicillin (100 µg/ml) and kanamycin (70 µg/ml, Sigma), and the culture was grown overnight at 37°C with shaking (250 rpm). The next day, cells were pelleted by centrifugation, and M13 phages were recovered from the supernatant by precipitation in 5:1 (v:v) volume of PEG (Carl Roth)/NaCl (20% PEG6000 and 2.5 M NaCl). Tubes were mixed gently and incubated for at least 1 h on ice to allow phages precipitation. Finally, phages were recovered by centrifugation, removing supernatant and resuspending the pellet in 0.5-ml PBS containing 7% dimethyl sulfoxide (DMSO, Sigma). Phage concentration was measured either by spectrophotometer at OD260 (1 OD = 1011 pfu/ml) or by phage sandwich ELISA using rabbit (captor) and mouse (detector) anti-M13 antibodies in the presence of serial concentrations (5 × 106–5 × 108 Ø/ml) of standard M13 helper phage for comparison, as previously described (33).

Preparing Constructs for Cell Transfection

For this purpose, two plasmids were used, pRSET-a (Invitrogen) and pRSET-TEV-rhGH plasmids (34), to extract the fragments (218 and 786 bp, respectively) corresponding to DNA fragments of pRSET and GH gene with 6 × His tag at the N-terminal in both. Besides, pRSET-TEV-rhGH was modified by the insertion of a linker (GAGAACCTATACTTCCAGGGC) encoding the sequence (ENLYFQ_G), which represents the recognition site for tobacco etch virus (TEV) protease. Both fragments were amplified by PCR using plasmid-specific primers pRSET-to-pcDNA-F (ATAGGCGCGCCTGTACATCATCATCATCATCATGG) and T7R (TAGTTATTGCTCAGCGGTGG). In parallel, DNA fragments (~400 bp) of three nanobodies were amplified by PCR from their respective pMES4-Nb plasmids; NbGH01, NbGH07, and NbGFP04 as control (36), using specific primers pMES-to-pcDNA-F (TATGGCGCGCCTGTACAGCTGCAGGAGTCTGGGGGAGGATCGGT) and pMES-to-pcDNA-R (TATGGATCCGCTAGCTCCGGAGGAGACGGTGACCTGAGTCC). PCRs were performed using KOD high-fidelity DNA polymerase (Novagen) to minimize nucleotides mistakes. The amplified fragments were inserted, downstream the secretory (Sec) leader signal (MGWSLILLFLVAVATGVHS) via BssHII/EcoRI (for pRSET plasmids) or BssHII/BamHI (for pMES4 plasmids) digestions, into a derivative of pcDNA3 vector (Invitrogen) secreting the anti-FcRI scFv 9E1 (kindly provided by Dr. Oscar Burrone, ICGEB, Trieste, Italy) (37). The final constructs, pcDNA-pRSET, pcDNA-TEV-rhGH, and pcDNA-Nbs, were confirmed by PCR and sequencing before preparation by a transfection-grade Plasmid Midi Prep kit (Qiagen).

Cell Culture and Transfection

HEK293 cells were grown in Dulbecco’s Modified Eagle Medium supplemented with 10% fetal calf serum and 100 U/ml of penicillin and 100 mg/ml of streptomycin (all from Sigma Chemical). Transient transfections were performed in six-well plates (~5 × 105 cells/well) by standard calcium phosphate technique (38) using 2.5 µg of each plasmid followed by adding serum-free medium 18 h after transfection. For nanobody site-specific biotinylation, a co-transfection with pSECBirA plasmid (1 µg, kindly provided by Dr. Oscar Burrone, ICGEB, Trieste, Italy) (37) was performed, then 18 h after transfection, medium was replaced by serum-free medium supplemented with biotin (0.1 mM, Carl Roth) and incubated for at least 8 h at 37°C. Forty-eight hours post-transfection, cell supernatant was recovered and cells were lysed with lysis buffer (100 µl, 100 mM Tris–HCl, pH 8.0, 250 mM NaCl, 0.5% Nonidet P-40) supplemented with protease inhibitors cocktail (Roche Life Science) and 1 mM phenylmethylsulfonyl fluoride (PMSF, Sigma). A total of 5 µl cell extracts or 20 µl of the supernatants were separated on 15% SDS-PAGE and transferred to nitrocellulose membrane (GE Healthcare) for immunodetection with mouse anti-6 × His tag antibody (R&D systems). GH as well as biotinylated nanobodies in cell supernatants from the different conditions of transfection were tested by ELISA.

Stability Tests and Enzyme-Linked Immunosorbant Assay (ELISA)

For stability tests, 100 µl of diluted nanobodies (1:10 v:v), R-a-GH antibody (1:50), and phage-Nb particles (1011 Ø/ml), in 0.2 µl PCR transparent microtube, were incubated at the indicated conditions (temperature/times) using thermocycler machine or cross-linked under UV254nm lamp to achieve the exposure of the indicated doses (joules). Phage-Nb particles from different conditions were then used to infect exponentially growing E. coli TG1 cells, which were then streaked (10 µl) on LB agar supplemented with ampicillin.

For direct ELISA, different antigens were used to coat the wells of Maxisorb 96-well plates (Nunc); rhGH (Somatropin, Sigma), TEV-GH, GFP-GH, or GFP by overnight incubation (at 4°C) with 100 μl/well, prepared at 1 µg/ml in carbonate buffer. Residual protein-binding sites in the wells were blocked for 1 h at 37°C with 5% skimmed milk in TBS-T (20 mM Tris–HCl, 150 mM NaCl, 0.05% Tween-20, pH 7.5). For sandwich ELISA, plates were coated with nanobodies or antibodies (1 µg/ml) in carbonate buffer and after blocking, different antigens, GH derivatives (as indicated), M13 phages (as indicated), blood sera (50% v:v), or cells supernatant (50% v:v), were all prepared in the blocking buffer (1%) and then added to the wells and incubated for further 1 h at room temperature. Dilutions of primary antibodies were prepared and added to the wells according to what was indicated for each experiment. After a number of washes with TBS-T, finale detection was done with either anti-rabbit HRP or with streptavidin–POD in case of biotinylated nanobodies or with mouse anti-M13-HRP antibody in case of phages. Finally, peroxidase substrate 3,3′,5,5′-tetramethylbenzidine (TMB; Sigma) was added and the absorption was measured (at 450 nm) after adding the stopping buffer (1 M of H2SO4) to neutralize the enzymatic activity of the peroxidase.

Statistical Analysis

Paired T-test was used to compare ELISA signal values of the different conditions of antibodies, nanobodies, and phage-Nb with their respective controls. P values lower than 0.01 were considered as statistically significant and marked with * on the different graphs. The calculations were performed using Microsoft Excel.

RESULTS

GH Detection Using Nanobody-Based Sandwich ELISA

In our previously published work, several anti-GH nanobodies, NbGH01, 02, 03, 04, and 06, were retrieved by phage display from a cDNA “immune” library prepared from a camel after immunization with the recombinant GH. Using such nanobodies, different ELISA formats could be conceived for the detection and quantitation of GH (Figure 1A). Generally, all these nanobodies were able to detect immobilized GH in a direct ELISA format, whither they are in a free 6 × His-tagged form (model I) or exposed at the surface of M13 phage (model II). Direct ELISA format requires the immobilization of pure antigens making it useless when impure or mixed antigens needs to be detected, like those in natural samples or body fluids. Interestingly, only NbGH04 and NbGH06 showed a remarkable capacity to capture GH from an impure mixture (bacteria total extract) before being detected by a secondary anti-GH antibody, like a rabbit anti-GH antibody, providing the base to develop a sandwich ELISA format for GH detection (model III). One major characteristic of sandwich ELISA is that the detector antibody should be distinguishable from the capture antibody, especially when a secondary enzyme-conjugated antibody is required for the finale revelation. Nanobody-displaying phages, or phage-Nb particles, are good candidates to act as detector antibodies and the revelation signal could be amplified by using anti-M13-HRP antibody (model IV). However, our different anti-GH nanobodies in their phage-Nb forms have failed to detect efficiently the NbGH04-captured GH (model IV) despite being able to detect a directly immobilized rhGH (model II) (Figure 1B). Besides GH detection, two other sandwich ELISA were developed to detect phage-Nb particles and M13 helper phages using homemade rabbit anti-Nb (model V) and anti-M13 (model VI) as capture antibodies, respectively (Figure 1A).
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FIGURE 1 | Different enzyme-linked immunosorbant assay (ELISA) strategies for GH detection using specific nanobodies. (A) Schematic representation of the different methods used for detecting immobilized GH by free (I) or phage-Nb (II). Sandwich ELISA was designed for detecting GH (III and IV), phage-Nb (V), and phages (VI). Detection of phages was always performed using anti-M13-HRP antibody. (B) Detection of the immobilized (1 µg/ml) or NbGH04-captured GH (0.2 µg/ml) using five different anti-GH phage-Nb (1010 phages/ml). Significant values (*P < 0.01) comparing with their respective controls were marked with * on this graph and the following ones.



Retrieving New Nanobodies against NbGH04-Captured rhGH

The failure of phage-Nb particles of the different anti-GH nanobodies to detect NbGH04-captured GH could be explained by an epitope clash since initial phage display bio-panning was performed against an immobilized rhGH. Therefore, isolated nanobodies could be specific to similar or overlapping epitopes of GH. In our previous work, we showed that NbGH04 and NbGH06 could target the same epitope on GH, and NbGH02 and NbGH03 could also be weak competitors for this epitope (32). An exception was NbGH01 which seemed to target a totally different epitope, but at the same time failed in recognizing GH when it is captured by NbGH04 or NbGH06 (data not shown). Therefore, we started a new phage display panning of three rounds on the same anti-GH phage library, but this time using NbGH04-captured rhGH as a bait. Interestingly, a clear enrichment of specific anti-GH phage-Nb particles could be observed from the second round onward, and they were reactive either to the directly immobilized (model II) or to the NbGH04-captured (model IV) rhGH, as shown by a phage ELISA (Figure 2A).
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FIGURE 2 | Phage display panning against GH captured by NbGH04. (A) Phage enzyme-linked immunosorbant assay (ELISA) of the M13 phagemids (1010 phages/ml) from three rounds of phage display panning on GH captured by NbGH04. Specificity enrichment was tested against directly immobilized (1 µg/ml) or NbGH04-captured GH (0.2 µg/ml). (B) Alignment of the predicted amino acid sequence of nanobodies, where frameworks (FR) and hyper variable regions (CDR) are indicated. Numbers are according to IMGT numbering (39). (C) Sandwich ELISA using immobilized nanobodies (0.2 µg/ml), NbGH01, 04, and 07, for capturing GH (0.2 µg/ml) before being detected by phage-Nb (1010 phages/ml) or biotinylated nanobodies (0.2 µg/ml).



By analyzing the new retrieved anti-GH phage-Nb particles, one nanobody variant, termed NbGH07, with high occurrence in the panning products was identified. After DNA sequencing and amino acid prediction, the alignment of NbGH01, NbGH04, and NbGH07 confirmed its new identity as a VHH with the characteristic amino acid substitutions in the second and third frameworks, with one disulfide bridge (between Cys23 and Cys104) and a relatively long CDR3 (Figure 2B). Sequence comparison between the different anti-GH nanobodies provided evidence that NbGH07 has a distinct sequence, and perhaps B-cell origin, from the previous anti-GH nanobodies. To further confirm the capacity of NbGH07 to detect or capture rhGH in a sandwich ELISA format (model IV), it was prepared as a free and pure recombinant protein from WK6 cells and used to coat an ELISA plate together with NbGH01 and NbGH04 pure nanobodies. Then, captured rhGH was detected using phage-Nb particles of these three nanobodies, and M13 helper phage was used as negative control (Figure 2C). For confirmation, pure NbGH04 and NbGH07 were chemically conjugated to biotin in order to be recognized as detector molecules of rhGH using the system biotin/streptavidin–HRP for their final detection. As expected, NbGH01 was a bad example for capturing rhGH, while NbGH04 was the best especially when the following detection of GH was performed using either phage-Nb or biotinylated forms of NbGH07. The opposite system using NbGH07 for GH capture and phage- or biotinylated-NbGH04 for detection resulted in a lower ELISA signal (Figure 2C).

Characterizing of NbGH07-Displaying Phages

To investigate if the capacity of NbGH07 in detecting rhGH was not related to its availability on the tip of displaying phages comparing to other nanobodies, we performed several ELISA of the already mentioned models. We started by tittering the phage-Nb particles of NbGH07 against a directly immobilized (Figure 3A) or NbGH04-captured (Figure 3B) rhGH, and similar scale of concentrations of M13-NbGH01 and M13-helper phages was used for comparison. Interestingly, similar curves were observed in both conditions using M13-NbGH07 but not M13-NbGH01. The effective concentration resulting in 50% of the maximal signal (EC50) for M13-NbGH07 was estimated of about 3 × 109 and 109 phage/ml for detecting immobilized or captured rhGH, respectively. EC50 of M13-NbGH01 for the detection of only immobilized GH was about 3 × 1010 phage/ml.
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FIGURE 3 | Characterizing the phages displaying NbGH07. Phage enzyme-linked immunosorbant assay (ELISA) was performed using serial decimal concentrations (phage\ml) of phage-Nbs, M13-NbGH01 and M13-NbGH07, against a directly immobilized GH [1 µg/ml (A)] or after capturing with NbGH04 [0.2 µg/ml (B)]. (C) A comparison between the different anti-GH phage-Nb prepared from phagemids-containing TG1 cells. Phage yield (phage/ml culture) was calculated using model VI sandwich ELISA. Nanobody yield (pmoles/ml culture) was calculated using model V sandwich ELISA after considering the molecular weight of each nanobody. Display factor (Nb pmoles/1011 phages) was calculated for each phage-Nb.



Another interesting question was regarding the production yield of each phage-Nb from the TG1 transformed with the encoding plasmids (pMES4-Nb) of the six anti-GH nanobodies. As determined using standard M13 phage-ELISA (model VI), production yield of phages ranged between 2 × 1010 and 1 × 1011 phage/ml of bacterial culture, and M13-NbGH07 was among the best produced phages, exceeding the value (5 × 1010 phage/ml) of M13 helper phage that was used as control (Figure 3C). Consequently, another sandwich ELISA (model V) was performed on the bacterial supernatant in order to estimate nanobodies availability (picomoles per mL) in the samples of different Nb-producing TG1 cells. Once more, M13-NbGH07 was the best in nanobody content among the tested nanobodies; however, its display ratio (picomoles of nanobodies per 1011 phages) was the second after M13-NbGH04 (Figure 3C).

Specificity and Sensitivity of NbGH07 Phage-Nb Particles

Then, we tested the capacity of M13-NbGH07 to recognize different forms of GH; rhGH (or Somatropin), TEV-GH, GH fusion with GFP and GFP as control, either immobilized directly (Figure 4A) or captured using NbGH04 nanobody (Figure 4B). For comparison, different antigens were detected using M13-NbGH01 and M13 helper phage as well as using specific anti-GH and anti-GFP rabbit polyclonal antibodies. As expected, all immobilized GH antigens were detected with the two anti-GH phage-Nbs and antibody, and in the contrary, R-anti-GFP antibody was the only to recognize GFP-GH and GFP. However, only M13-NbGH07 was able to recognize NbGH04-captured GH antigens in the second ELISA and to a lesser extent was the R-anti-GH, while R-anti-GFP recognized the fusion protein GFP-GH, but not the GFP, since it was captured by anti-GH NbGH04 nanobody.
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FIGURE 4 | Evaluation of the specificity and sensitivity of M13-NbGH07 toward GH. Enzyme-linked immunosorbant assay (ELISA) was performed using phage-Nbs, M13-NbGH01 and M13-NbGH07, and specific anti-GH and anti-GFP antibodies (1:3,000) against a directly immobilized antigens [1 µg/ml (A)], GH, TEV-GH, GFP-GH, or GFP, or after a capturing step with NbGH04 [0.2 µg/ml (B)]. (C) Detection sensitivity of M13-NbGH07 (1010 phages/ml) was tested in sandwich ELISA using different capturing agents (0.2 µg/ml); camel-anti-GH, rabbit-anti-GH, NbGH04, and NbGH06, in the presence of serial decimal concentrations of GH (nanograms per milliliter).



The sensitivity of M13-NbGH07 to low concentrations of rhGH was tested but this time by varying the molecules, NbGH04, NbGH06, rabbit anti-GH, or camel anti-GH, used to capture these concentrations (Figure 4C). Apparently, full antibodies, from rabbit or camel, are more efficient in capturing low concentrations of GH reaching 0.1 ng/ml, while NbGH04 capture a linear range of concentrations from 1 to 30 ng/ml and NbGH06 detect a range 10 times higher.

Stability of M13-NbGH07

Nanobody has a stable structure that is resistant to harsh conditions such as extreme pH and temperatures. However, in our conditions, nanobodies are used as one structural entity with M13; thus, it was important to test the stability of phage-Nb particles under different conditions. As expected, NbGH07 and NbGH04 free nanobodies were extremely stable after 30-min exposure to increasing temperatures up to 90°C and retained their capacity to detect (NbGH07) or to capture (NbGH04) rhGH (Figure 5A). Similarly, biotinylated NbGH07 was resistant to temperatures put lost some activity to detect GH at very high degrees, while the polyclonal anti-GH antibody has lost about 50% of activity (to capture GH) at 70°C and was totally futile at 90°C. Concerning M13-NbGH07, the virus function (as detector) and structure, as tested by ELISA model IV and VI respectively, were intact up to 50°C incubation and start to disintegrate at 70°C (with significant 45% decrease in functionality) and lost all its capacity to detect rhGH at 90°C. TG1 infection test showed that M13 infectivity was apparently untouched when heating at 70°C or below and decreased drastically from 80 to 90°C (Figure 5A, inset).


[image: image1]

FIGURE 5 | Heat and UV stability tests of M13-NbGH07. NbGH07 (free, biotinylated, and phage-Nb), free NbGH04, and rabbit anti-GH were incubated for 0.5 h at different temperatures (A), at 90°C for different times (B) or exposed to different doses (joules) of UV254nm (C). Treated samples were tested in sandwich enzyme-linked immunosorbant assay (ELISA) for capturing (Model III) or detecting (Model I) of GH. The integrity of treated phage-Nb of NbGH07 was tested using sandwich ELISA (model VI). Insets in panels (A,C) are for LB agar plates (with ampicillin) showing streaks of TG1 cells infected with the phage-Nb particles after exposure to the different temperatures (for 0.5 h) or UV254nm doses.



To conceive what really happened at very high temperatures, antibodies were incubated for different times (up to 100 min) at 90°C before being tested in different ELISA formats. As before, free nanobodies retained their full reactivity, and only the biotinylated NbGH07 lost reactivity in function of time. M13-NbGH07 behaved in a similar manner as full antibodies, as they have all lost a great deal of activity since the first minutes of exposure to this temperature and were totally worthless after 100 min (Figure 5B).

Exposure to a range of doses (between 0.01 and 3 J) of UV254nm has less destructive effect on protein structure than did the heat, since most of the tested antibodies (including nanobodies) retained more than 80% of their activity after radiation with 3 J. However, M13 was very sensitive to UV, which resulted in a dose-dependent decrease in phage-Nb activity in the range between 0.1 and 3 J (significant 60% activity loss) (Figure 5C). M13 infectivity after UV exposure was also tested and showed that a dose of 0.1 J was enough to fully destroy the capacity of the bacteriophage to infect TG1 cells (Figure 5C, inset).

Application of M13-NbGH07 Phage ELISA for GH Quantitation in Biological Samples

Sandwich ELISA (models III and IV) were applied on blood sera from five different persons in order to quantitate the exact content of GH in these samples (Figure 6). To give an exact concentration value (nanograms per milliliter), standard curves were established (for the two models of ELISA) using serial concentrations of rhGH, and the linear fit equation was extracted for each curve and subsequently used to calculate the GH concentration in the blood samples (Figure 6, inset). Interestingly, detection of NbGH04-captured GH from blood sera either with M13-NbGH07 (model IV) or with rabbit anti-GH antibody (model III) have resulted in relatively similar values for each of the five samples and with no significant differences from those given by a commercial kit for GH quantitation in blood.
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FIGURE 6 | Quantitation of blood content of GH using M13-NbGH07 phage enzyme-linked immunosorbant assay (ELISA). GH content (nanograms per milliliter) was measured in five plasma samples using phage (model IV) or conventional (model III) sandwich ELISA. Absorbance values were calculated using the linear equations of the standard curve of known GH concentrations resulted from the two different ELISA models (inset). GH concentration values in the plasma samples were determined using a commercial ELISA test (Kit).



We evaluated the use of M13-NbGH07 phage ELISA for detecting rhGH secreted in the supernatant of cell cultures. For this aim a special plasmid (pcDNA-TEV-GH) was constructed and used to transiently transfect human embryonic kidney cells HEK293T. This plasmid permits the cell to secret an N-terminal 6 × His-tagged rhGH of 27 kDa (Figure 7A). It was possible to detect this protein in the supernatant and cell lysate 48 h post-transfection by immunoblotting with an anti-6 × His tag antibody (Figure 7B). Levels of rhGH in the supernatant were detected using M13-NbGH07 (model IV) and rabbit anti-GH (model III) sandwich ELISA, after capturing with NbGH04 (Figure 7C). Both techniques were efficient for detecting significantly secreted rhGH from HEK293T cells transfected with pcDNA-TEV-GH plasmid, and not the control plasmid pcDNA-pRSET. Furthermore, a logical correlation, between the amount of plasmid used for cell transfection and the concentration of the secreted rhGH (nanograms per milliliter) in the supernatant, was found by applying any of the two ELISA models (Figure 7C, inset).
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FIGURE 7 | Quantitation of GH in the supernatant of HEK293 cell using M13-NbGH07 phage enzyme-linked immunosorbant assay (ELISA). (A) Schematic representation of the recombinant proteins; pRSET, TEV-GH, and nanobodies secreted by HEK293 transfected cells with the corresponding pcDNA plasmids. The theoretical molecular size (kiloDaltons) is shown to the right of each recombinant construct. Positions of the different elements, the Sec signal, 6 × His tag, TEV, BAP, and SV5, are indicated using specific symbols [image: image1], [image: image1], [image: image1], [image: image1], and [image: image1], respectively. (B) Detection of pRSET and TEV-GH proteins in the lysate (10 µl) and supernatant (25 µl) of 48 h transfected HEK293 cells after SDS-PAGE (15%) separation by immunoblotting using anti-6 × His antibody. (C) Measuring of GH (nanograms per milliliter) in the cell supernatants was performed using phage (model IV) or conventional (model III) sandwich ELISA. (Inset) Quantitation of GH concentration (nanograms per milliliter), using phage ELISA (model III), in the supernatant (25 µl) of HEK293 cells after 48 h of transfection with serial concentrations of pcDNA-GH plasmid. (D) Biotinylated nanobodies (NbGH01, NbGH07, and NbGFP04) secreted in the supernatant of transfected cells were tested in conventional (model I where 6 × His tag is replaced by the biotin group, left panel) and sandwich (model IV where M13 is replaced by the biotin group and using NbGH04 as bait, right panel) ELISA. Streptavidin–HRP (1:1,000) was used to reveal the biotinylated detector nanobodies bound to GH, GFP-GH, and GFP antigens.



Finally, we took advantage of this eukaryotic system to confirm the capacity of NbGH07 to detect immobilized or NbGH04-captured hGH. For this aim, a special pcDNA plasmid was constructed to secret nanobodies with an in vivo site-specific biotinylation in the presence of bacterial BirA enzyme (Figure 7A). Interestingly, all three secreted nanobodies (NbGH01, NbGH07, and NbGFP04) were biotinylated (on the BAP motif) and functional as they were able to detect specifically their immobilized antigens (TEV-GH, GFP-GH, and GFP) and were revealed by a streptavidin–HRP conjugate (Figure 7D, left panel). As expected, only NbGH07, and not NbGH01, was able to detect significantly NbGH04-captured rhGH (free or fused to GFP) (Figure 7D, right panel). As control, biotinylated NbGFP04 was able to detect specifically immobilized GFP-GH and GFP and only NbGH04-captured GFP-GH (Figure 7D).

DISCUSSION

Camel nanobodies gained recently an increasing attention and started to overrun many fields of medicine, agriculture, and even industry and captured the interest of many researchers around the world (40). Nanobodies have proven to be efficient and valuable molecular tools for many applications of biotechnology (41). Their intact, small, and stable structure beside their remarkable specificity make them competent to conventional antibodies (42). Furthermore, nanobodies are produced in laboratory through a genetic procedure, starting from camel immunization, library construction, and then selection of specific binders by a high throughput phage display technology (42). The final outcome of the procedure, which may last for 4 months, is the isolation of several individual E. coli colonies; each expresses an antigen-specific nanobody and at the same time harbors the plasmid with the gene fragment encoding this nanobody. The conservation of such valuable nanobodies is simply done by recovering and storing their encoding plasmids. By contrast, in case of full monoclonal antibodies, the conservation of their producing hybridoma cell line risk accidental contamination and requires sophisticated equipment (e.g., minus 80 freezer and liquid nitrogen containers). Comparing to recombinant immune fragment from conventional antibodies (scFv), nanobodies seems to be very interesting alternatives because of their stable structure resembling the original structure of camel VHH. Therefore, a relatively small cDNA library of about 106 variants could be a true representative of camel immune response and thus, is largely enough to retrieve antigen-specific binders (42), whereas a library of at least 109 variants is needed in case of scFv, where VH and VL domains from the immune pool are scrambled then rebound artificially with a joint (14). One big advantage of scFv over nanobody is the host animal, especially that camelids unlike mice, rabbits, or chickens that are used for scFv do not exist naturally in most developed countries and their maintenance is considered as a challenge for laboratories working with recombinant antibody fragments. Fortunately, Syria is a natural habitat for one-humped Arabian camel, giving us a great advantage in this technology and versatile molecular tools (nanobodies) to exploit in different biotechnological and medical applications.

Since their retrieval from an “immune” cDNA library, prepared from an immunized Arabian camel, anti-GH nanobodies were designated for detection purposes (32). In this work, we started by exploiting one important result from a previous work, in which we showed that NbGH04 and NbGH06 were not only reactive to the immobilized or rabbit-IgG-captured rhGH but also were particularly able to capture rhGH. Unfortunately, captured rhGH could only be detected using the polyclonal anti-GH antibody (rabbit IgG) and not any of the other nanobodies, especially that it is not yet clear whether they all detect different epitopes of GH or not. Here, we confirmed that different anti-GH phage-Nb particles, and despite being all able to detect immobilized GH, could not detect NbGH04-captured rhGH, accenting on the need for new anti-GH nanobodies that might can. The availability of a relatively big nanobody library of 5 × 108 transformants, with high percentage (~90%) of correct nanobody–gene inserts, could reflect a considerable diversity of nanobodies, and therefore, the already obtained GH-specific nanobodies should not be considered as the final outcome of this library, but instead many other interesting binders are still need to be retrieved by phage display but using different GH forms or using alternative strategies rather than the direct panning on immobilized rhGH. Therefore, rhGH was first captured using immobilized NbGH04 before incubation with the total phage-Nb particles of the M13-infected library, and indeed it worked, and we obtained a clear enrichment of phage-Nb particles that are able to bind to immobilized or captured rhGH. Analyzing of these phage-Nb particles resulted in the identification of the sixth anti-GH nanobody, called NbGH07. This new nanobody was able to bind to NbGH04-captured rhGH, either when it was exposed on the phage (M13-NbGH07) or free expressed then bioconjugated to biotin (Biot-NbGH07) to be discriminated from the captor nanobody NbGH04. Apparently, the epitopes targeted by NbGH07 and NbGH04 are different; however, reversing sandwich ELISA order, by using NbGH07 as a captor and NbGH04 (in form of Nb-phage or biotinylated) as a detector, resulted in a low ELISA signal. This could be related in some way to the weak capacity of NbGH07 to capture rhGH when it is adsorbed on a plastic surface.

Phage display is a sensitive, efficient, and convenient technology of functional proteomics for the elucidation of protein–protein interactions, disease mechanisms, or therapeutic targets. We tried in this work to examine the possibility to exploit the principle of phage display in developing a sandwich ELISA method for hGH quantification. The versatility of phage display technology has proven to be a method to select specific binders simply by changing the selection methodology. M13 phage has an elevated growth rate, and its amplification in liquid bacteria culture requires only 1–3 h. It was clearly demonstrated that at least 1013 phage particles could be generated per 1 L E. coli culture of which 109 phages/well are enough for hGH detection in ELISA. In other words, the quantity of phage-Nb particles from 1-L culture, which are simply recovered from the supernatant by precipitation with PEG/NaCl method, is largely sufficient for 104 ELISA tests. The phage-Nb of NbGH07 showed high values not only in term of phage recovery (1014) from 1 L culture but also in term of nanobody display ratio on these phages. Structurally, NbGH07 nucleotide sequence was analyzed by DNA sequencing and the prediction of its amino acid composition confirmed its new identity and its differences from the five previous anti-GH nanobodies (32). In addition to the conserved bridge between Cys23 and Cys104, that is present in all the clones, NbGH07 does not show the extra interloop disulfide bond, frequently occurring between CDR1 and CDR3 in camel nanobodies, that was only observed in NbGH02 and 06 (32). However, this extra bond did not seem to be crucial for antigen recognition or binding neither for nanobody stability under extreme conditions of heat or UV since NbGH04 and NbGH07, which both lake the extra disulfide bond, retained their full function after exposure to such conditions.

In phage display, bound phages are measured by ELISA using antibodies specific for the capsid proteins. Although anti-M13 p8 monoclonal antibody conjugated to HRP (from GE healthcare) has been used for phage detection by ELISA, the capturing step was accomplished using an in-house polyclonal anti-M13 antibody. The procedure of phage quantification by sandwich ELISA using these two anti-M13 was previously setup and compared to plaque assay (33). Detection of hGH-bound phage-Nb particles, especially NbGH07, could be achieved using both anti-M13 antibodies; however, the method was faster with the commercial monoclonal antibody but the signal was higher with the home-made one. Structurally, M13 filamentous phage consists of 2,700 copies of capsid p8 and 7 copies of lateral capsid p3 and 4 other capsids (43). Each engineered M13 phage is capable of displaying ~3–5 copies of a nanobody fused to the N-terminus of capsid p3 with the remaining copies of capsid p3 provided by host bacteria. Displaying the nanobodies on the tips of M13 is simply done by fusion of nanobody gene fragments with the p3 coat protein. This step is usually insured during the library preparation when the PCR-amplified DNA fragments of the different nanobodies are cloned in the phagemid pMES4 and just upstream of the G3 gene. Later, when the phagemids-transformed bacteria but in contact with helper M13 phage, spontaneously, is starts to bud a modified verions with the encoded nanobodies displayed on their tips. Apparently, the structure of the displayed nanobody can affect the efficiency of phages formation by the transformed bacteria. NbGH07-transformed TG1 E. coli has one of the elevated phage-production yield (1014 phages/l) and the nanobody displaying ratio of this nanobody in considerably high compared to the other nanobodies.

Combining the phage presentation of nanobodies with the capacity to produce biotinylated particles at site-specific reaction in the presence of BirA enzyme could be of great importance in the field of hGH diagnosis. Furthermore, the anti-hGH nanobody-based sandwich ELISA was also applicable when M13 moiety of phage-NbGH07 was replaced with a biotin tag, as a distinguishing tag for the detector nanobody from the captor one. The designed primers, plasmid constructs, and the optimized method developed here for the production of secreted and biotinylated nanobodies could be easily applied to any available nanobodies. In fact, the system used here to produce in vivo-secreted and biotinylated proteins in eukaryotic cells was previously described by Burrone group (44). Biotinylation is an interesting alternative for purification and detection of nanobodies after being bound to their specific antigens using several biotechnological methods. Indeed, the secreted nanobodies from HEK293T transfected cells were biotinylated and their specificity toward their respective antigens was intact. Furthermore, developing a system to produce secreted nanobodies by eukaryotic cells could be of a high importance in studying their physiological role on their native antigens.

GH immunoassays vary significantly because of the differences in calibration, isoform recognition, interference with GH-binding proteins, and antibody specificity (45). There are several isoforms of GH circulating in blood together with the binding proteins (growth hormone-binding protein) making the measurement of GH a complicated task. Cell culture proliferation bioassay, depending on the expressed GH receptor by these cell lines, had recorded the lowest detection limit (~0.5 ng/ml), and had the highest specificity for GH in spite of the non-specific interference by factors present in serum (7, 8). Meanwhile, different immunoassays (RIA, IRMA, and ELISA) are generally used in clinical laboratories because of sensitivity, speed, and accessibility (5). In fact, two conventional ELISA formats, competitive and sandwich ELISA, are frequently applied in hGH quantification when it exists in impure mixture, as in blood samples or tissue culture supernatants. Competitive ELISA is frequently applied with small antigens, especially those composed of a single epitope such as haptens, and require a continuous supply of the pure antigen that plays the role of competitor or a bait for the detector antibody. Sandwich ELISA, described in this work, has one major advantage over competitive ELISA in that it provides double certitude of the measured antigen, since two different epitopes should be at least targeted, one by the captor and the other by the detector antibodies. Interestingly, most isolated nanobodies, including NbGH07, showed high EC50, reaching ~1 nM, and acceptable sensitivity toward rhGH in sandwich ELISA, as most of them were able to detect GH at very low concentrations, ranging from 0.5 to 10 ng/ml.

CONCLUSION

This study describes for the first time the optimization of a fully nanobody-based sandwich ELISA method for the detection and quantification of GH in the blood or in the supernatant of cultured cells. Distinguishing the GH-detector nanobody from the captor one required the exploitation of one of the most important stages of nanobody production, which is the phage display, where nanobodies make parts of a huge viral structure and retain their full capacity to detect the antigens. Such structure is ideal for ELISA considering the high signal amplification that it may provide using a secondary anti-M13 antibody for final revelation. Considering all interesting characteristics of this Nb-phage sandwich ELISA, it may represent a powerful tool for GH detection and quantification, especially for GH miss-use by sportsmen which is strictly panned by WADA.
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