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            Abstract
Oral antibodies that interfere with gastrointestinal targets and can be manufactured at scale are needed. Here we show that a single-gene-encoded monomeric immunoglobulinâ€‰A (IgA)-like antibody, composed of camelid variable single domain antibodies (VHH) fused to IgAâ€‰Fc (mVHH-IgA), prevents infection by enterotoxigenic Escherichia coli (F4-ETEC) in piglets. The mVHH-IgA can be produced in soybean seeds or secreted from the yeast Pichia pastoris, freeze- or spray-dried and orally delivered within food.
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                    Fig. 1: Monomeric IgA in a plant seed matrix prevents F4-ETEC infection in piglets.[image: ]


Fig. 2: Pichia-secreted mVHH-IgA prevents F4-ETEC infection in piglets.[image: ]
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                Data availability

              
              The data for each piglet from the two challenge experiments plotted in Figs. 1 and 2 are reported herein: the shedding data are included in Supplementary Tables 2 and 3 and the serum titers in Supplementary Tables 4 and 5. Additional data are available from the corresponding authors on request.
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Integrated supplementary information

Supplementary Figure 1 Production of mVHH-IgA in soybean seeds and Pichia fermentate.
(a) Representative immunoblots of V2A produced in Arabidopsis (At-V2A) and soybean (Gm-V2A), in which endoglycosidase T (Endo T) treatment leads to a mobility shift. A proteolytic fragment ofâ€‰<â€‰30â€‰kDa is prominent in both plant species. (b) Pichia-based expression of V2A (Pp-V2A) and V3A (Pp-V3A) depicted in representative immunoblots, in which Endo T treatment shows a marked mobility shift due to removal of glycans. The immunoblots were repeated at least thrice with similar results.


Supplementary Figure 2 The four batches of freeze-dried Pichia secreted mVHH-IgA produced for formulating the Pichia mVHH-IgA feed contained similar proportions of V2A and V3A.
(a) Immunoblot analysis of 10%â€‰w/v resuspended solutions from the four freeze-dried batches, pre-treated with Endo H, shows similar band intensity. The volume loaded in each well corresponds to 1.2â€‰mg of freeze-dried material. (b) ELISA titration curve depicting identical endpoint titers for each of the four batches of Pichia produced mVHH-IgA in binding the immobilised antigen FaeGac. The slope of V2A and V3A curves are different as the KD of the VHH V2 and V3 is quiet different (0.1â€‰ÂµM and 7.7â€‰ÂµM). The analysis was repeated at least twice with similar results.


Supplementary Figure 3 The proportion of mVHH-IgA in the different feed formulations fed to the piglets.
Equal part mix of mVHH-IgA V2A and V3A in the final feed formulations either secreted from Pichia (Pichia mVHH-IgA feed), or produced in soybean (soybean mVHH-IgA feed) or Arabidopsis (Arabidopsis mVHH-IgA feed) were analyzed as compared to negative control feed without mVHH-IgA. (a) Immunoblot of 10% (w/v) feed suspension extracts which were pre-treated with Endo H. The volume of feed extract loaded corresponds to 1.2â€‰mg of each feed formulation. The densitometric analysis on the ~â€‰37â€‰kDa band, using the purified Endo H treated Pichia-secreted V2A dilution series as reference standards, corresponded to be 0.0011% for Pichia feed (3.3â€‰mg in 300 gram daily feed), 0.0025% for soybean feed (7.5â€‰mg in 300 gram daily feed) and 0.0013% for Arabidopsis feed (3.9â€‰mg in 300 gram daily feed). (b, c) ELISA titration curves of the 10% (w/v) suspensions of all the experimental feed formulations containing mVHH-IgA (b) without Endo H pre-treatment and (c) with Endo H pre-treatment. In the latter case, the yeast N-glycan mediated inhibition of mVHH-IgA detectability in ELISA is eliminated, resulting in the curves and the endpoint titers as very similar. These analysis were repeated at least twice with similar results.


Supplementary Figure 4 Drying of the Pichia-secreted mVHH-IgAs can be scaled up with spray-drying technology.
(a) Purified V2A in spray drying buffer or in PBS (phosphate buffer saline) shows identical melting curve (first of two melting transitionâ€‰>â€‰65â€‰Â°C) in thermal shift assay (b) A pilot-scale spray-dried mixture of Pichia secreted V2A and V3A (equal proportion), showed identical binding activity, before and after drying, to the immobilized antigen in ELISA. Maltodextrin (10%) was used as carrier in the spray-drying run, and also incorporated as negative control in the ELISA. These analysis were repeated twice. (c) Picture of the pilot-scale spray drying installation used, showing bottom 2/3rd of drying chamber and the cyclone (upper right). (d) Sample of the dried powder containing Pichia-secreted mVHH-IgAs.
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