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Botulinum neurotoxins (BoNTs) are zinc metalloproteases that block neurotransmitter release at the neuromuscular junction (NMJ). Their high affinity for motor neurons combined with a high potency have made them extremely effective drugs for the treatment of a variety of neurological diseases as well as for aesthetic applications. Current in vitro assays used for testing and developing BoNT therapeutics include primary rodent cells and immortalized cell lines. Both models have limitations concerning accuracy and physiological relevance. In order to improve the translational value of preclinical data there is a clear need to use more accurate models such as human induced Pluripotent Stem Cells (hiPSC)-derived neuronal models. In this study we have assessed the potential of four different human iPSC-derived neuronal models including Motor Neurons for BoNT testing. We have characterized these models in detail and found that all models express all proteins needed for BoNT intoxication and showed that all four hiPSC-derived neuronal models are sensitive to both serotype A and E BoNT with Motor Neurons being the most sensitive. We showed that hiPSC-derived Motor Neurons expressed authentic markers after only 7 days of culture, are functional and able to form active synapses. When cultivated with myotubes, we demonstrated that they can innervate myotubes and induce contraction, generating an in vitro model of NMJ showing dose-responsive sensitivity BoNT intoxication. Together, these data demonstrate the promise of hiPSC-derived neurons, especially Motor Neurons, for pharmaceutical BoNT testing and development.
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INTRODUCTION
Botulinum neurotoxins (BoNTs) are zinc metalloproteases produced by the Gram-positive anaerobic bacterium Clostridium botulinum and have a high potency for inhibition of neurotransmitter release from peripheral neurons, in particular Acetylcholine release at the Neuro Muscular Junction thereby inducing muscle weakness (Simpson, 1980; Foster, 2014a; Foster, 2014b; Rossetto et al., 2014; Rummel, 2015). While they are the causative agent of botulism, a disease characterized by a progressive descending flaccid paralysis, their high affinity for motor neurons combined with a high potency have made them extremely valuable drugs for treatment of a variety of neurological diseases as well as for aesthetic applications (Foster, 2014a; Foster, 2014b).
BoNT is synthesized as a 150 kDa single chain and then cleaved into a 100 kDa heavy chain linked by a disulfide bridge to a 50 kDa light chain (Rossetto et al., 2014). The heavy chain is responsible for binding the toxin to presynaptic surface receptors of cholinergic nerve terminals and promotes light-chain translocation across the endosomal membrane after endocytosis (Beard, 2014). The light chain acts as a zinc endopeptidase with proteolytic activity located at the N-terminal end (Montal, 2010; Rossetto et al., 2014; Fonfria, 2018).
Seven antigenically distinct but structurally similar serotypes of botulinum neurotoxin (BoNT) have been reported so far, from BoNT/A to G (Foster, 2014a; Rossetto et al., 2014; Peck et al., 2017). More recently, an eighth serotype has been identified at the protein sequence level, BoNT/X (Zhang et al., 2017).
BoNTs exhibit neuronal intoxication through a multistep process: 1) binding, 2) internalization, 3) translocation, 4) cleavage. Although all botulinum toxin serotypes block the release of acetylcholine from nerve endings by affecting the soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptor (SNARE), complex essential for acetylcholine release, they differ in their specificity for surface receptors as well as their specificity for individual SNARE proteins.
The first step in the BoNT intoxication process involves binding to a ganglioside receptor present on the presynaptic membrane, followed by binding to a protein receptor of the lumen of synaptic vesicles (Montecucco, 1986; Rummel, 2016). Gangliosides are a group of glycosphingolipid molecules with sialic acid moieties linked to oligosaccharides, particularly abundant in neuronal membranes (Salinas et al., 2010). Their biosynthesis involves sequential activities of distinct membrane-spanning sialyltransferases and glycosyltransferases that regulate the number and position of their sialic acids. Amongst the large family of gangliosides, GM2, GD1a, GD1b and GT1b are the most abundant in the nervous system, with GT1b and GD1 being the preferred forms recognized by BoNTs (Rummel, 2016; Hamark et al., 2017). Ganglioside binding accumulates the toxin on the nerve terminal surface and thus facilitates its interaction with a protein receptor (Rummel, 2016; Hamark et al., 2017).
BoNT/A,/E and/F bind to synaptic vesicle protein SV2 (Dong, 2006; Dong et al., 2008) ; BoNT/B and/G bind to synaptotagmin 1 and 2 (Syt 1, 2) (Rummel et al., 2007; Stenmark et al., 2010; Willjes et al., 2013); BoNT/C binds to two gangliosides to gain cellular entry (Karalewitz et al., 2012) ; BoNT/D may use SV2 as a receptor (Peng et al., 2011; Peng et al., 2012) and cell binding modalities of BoNT/X have yet to be explored (Zhang et al., 2017). Furthermore, while BoNT/A can bind to all three isoforms (SV2A, SV2B, and SV2C), BoNT/E binds only to the glycosylated forms of SV2A and SV2B (Dong, 2006; Dong et al., 2008; Benoit et al., 2014).
After binding, BoNT is internalized inside synaptic vesicles. The acidification of these vesicular lumens induces the protonation and not-well understood conformational changes of BoNT that lead to membrane translocation. The Light Chain is then released into the cytosol by the action of the thioredoxin reductase – thioredoxin system (TRXR-TRX) which reduces the interchain disulphide bond.
Once in the cytosol, the Light Chain cleaves specific components of the SNARE complex: BoNT/A and BoNT/E cleave synaptosomal-associated protein 25 (SNAP25); BoNT/B, BoNT/D, BoNT/F, BoNT/G and BoNT/X cleave synaptobrevin (VAMP); and BoNT/C cleaves both SNAP25 and syntaxin (Blasi et al., 1993; Schiavo et al., 1995; Foran et al., 1996).
The number of indications treated with BoNTs has been constantly increasing since their first clinical use in 1980 (Fonfria, 2018). Because of their fascinating modular molecular architecture, their high potency and the emergence of recombinant production methods offering the possibility to modify and engineer them as required, the therapeutic potential of these molecules for a plethora of indications is large (Chaddock, 2012; Fonfria et al., 2018b; Pons et al., 2019). Current in vitro models used for the development of BoNTs include rodent primary cultures (Keller et al., 2004; Restani et al., 2012) and immortalized cell lines (Purkiss et al., 2001; Tegenge et al., 2012). Rodent primary cultures have several limitations such as a poor reproducibility and stability over time; they also raise important ethical considerations. In addition, cross species differences have been reported in some BoNT receptors or SNARE BoNT substrates (Peng et al., 2012; Strotmeier et al., 2012; Elliott et al., 2019), limiting the translatability of data from rodent primary cells as well as immortalized rodent cell lines. Human neuronal immortalized cell lines partially overcome this hurdle, but still have limitations concerning their physiological relevance (Gordon et al., 2013).
Since their first generation in 2008 (Takahashi et al., 2007; Yu et al., 2007), human induced pluripotent stem cells (hiPSCs) have been widely used in disease modeling, drug discovery and cell therapy development for a broad spectrum of human diseases including neurological disorders (Shi et al., 2017; Little et al., 2019; Rowe and Daley, 2019) and have also shown great potential for predictive toxicology (Liu et al., 2017). The establishment of robust methods for differentiating hiPSCs into various neuronal subtypes (Kriks et al., 2011; Marteyn et al., 2011; Kirkeby et al., 2012; Nicoleau et al., 2013; Gribaudo et al., 2019) has revolutionized their usage in drug discovery in neurology (Marteyn et al., 2011; Egawa et al., 2012; Charbord et al., 2013).
With regard to BoNT research and drug discovery, the most commonly used hiPSC-derived neuronal model is a GABAergic neuronal model (Whitemarsh et al., 2012; Pellett et al., 2015a; Pellett et al., 2015b; Elliott et al., 2019). However, as GABA is an inhibitory neurotransmitter, the usage of GABAergic neurons for functional assays remains challenging and might demand, for example, the usage of radioactive elements (Elliott et al., 2019) which requires trained staff and special authorization. Furthermore, even though all the proteins necessary for the toxin to be active are expressed by GABAergic neurons, this model does not represent the most physiologically relevant cell type for BoNT activity, i.e. cholinergic motor neurons.
We have recently highlighted the potential of three additional hiPSC-derived neuronal models, including a Motor Neuron model, to provide a sensitive platform for studying BoNT intoxication mechanisms and for BoNT potency determination (Nicoleau et al., 2018a; Nicoleau et al., 2018b). The potential of hiPSC-derived Motor Neurons for BoNT testing has been confirmed more recently by two studies (Pellett et al., 2019; Schenke et al., 2020). However, most assays using hiPSC-derived neurons for BoNT study and testing used so far have been biochemical assays focusing on the quantification of one specific BoNT target which does not allow the comparison of BoNTs cleaving different SNARE. The development of functional assays incorporating hiPSC-Motor Neurons would overcome this limitation and offer the possibility to study, test and compare different BoNT serotypes in physio-relevant systems. Several protocols for differentiating hiPSCs into Motor neurons are now available for the generation of functional Motor Neurons that can be incorporated in physiological systems such as the Neuro Muscular Junction (Maury et al., 2015; Puttonen et al., 2015; Steinbeck et al., 2016; Bianchi et al., 2018; Santhanam et al., 2018).
In this study, we have thoroughly characterized and compared four different neuronal models derived from hiPSCs by analyzing their gene and protein expression profiles and by assessing their sensitivity to two different BoNT subtypes, BoNT/A and BoNT/E. The most clinically relevant of these models, hiPSC derived Motor Neurons, expressed markers of authentic Motor Neurons and were highly sensitive to intoxication by both serotype A and E BoNTs. We assessed the physiological and functional features of hiPSC-derived Motor neurons cultures by performing RNA sequencing and conducting electrophysiological studies and calcium mobilization analyses. And finally, we have exploited functional characteristics and innervation potential of these hiPSC-derived Motor neurons in presence of human myotubes. The coculture system led to the establishment of a model of NMJ sensitive to BoNT highlighting the high promise and potential of hiPSC-derived Motor Neurons to enhance the physiological relevance of preclinical data on BoNTs.
MATERIAL AND METHODS
Culture of hiPSC-Derived Neuronal Models
Frozen hiPSC-derived GABAergic Neurons, Glutamatergic Neurons and Motor Neurons (iCell GABA N, iCell GLUTA N and iCell Motor Neurons respectively) were provided by FujiFilm Cellular Dynamics International (FCDI, Madison, WI) and Peripheral neurons (Peri.4U) were provided by Ncardia (Gosselies, Belgium). Frozen cells were thawed and plated according to the provider instructions and at the recommended density (125 × 103 cells/cm2 for iCell GABA N, 100 × 103 cells/cm2 for Motor Neurons, 150 × 103 cells/cm2 for Peri.4U and 200 × 103 cells/cm2 for iCell GLUTA N) into 24-well plates (TPP, Trasadingen, Switzerland) in a volume of 500 µL/well or into 96-well plates (TPP or Greiner Bio-One International GmbH, Kremsmünster, Austria) in a volume of 100 µl/well depending on the experiment. Each culture type was maintained in the medium recommended at 37°C, 5% CO2 for the indicated time. A 50%–75% medium change was realized every 2–3 days as recommended by suppliers. Cultures were observed regularly using an Olympus microscope (CKX53, Olympus Life Science Solutions, Waltham, MA).
RNA Extraction and Quantitative Reverse Transcriptase Chain Reaction (qRT-PCR)
hiPSC-derived neurons were plated onto 24-well plates at the recommended density. Total RNA from two wells was isolated with the PicoPure RNA Isolation Kit (Applied Biosystems, Foster City, CA) according to the manufacturer’s instructions. Human adult total brain or human total Spinal Cord RNA (BioChain Institute Inc., Newark, CA) was used as positive control. cDNA was generated from 0.5 µg of RNA with High Capacity cDNA Reverse Transcription kit (Applied Biosystems). Quantitative real time-polymerase chain reactions (QRT-PCRs) were performed with the TaqMan™ Universal PCR Master Mix (Applied Biosystems) and the following TaqMan™ Human Gene Expression Assays: SNAP25 (Hs00938962_m1); SNAP23 (Hs00187075_m1); STX1A (Hs00270282_m1); STX1B (Hs01041315_m1); STX2 (Hs00984922_m1); VAMP1 (Hs01042310_m1); VAMP2 (Hs00360269_m1); VAMP3 (Hs00922166_m1); VAMP4 (Hs01002031_m1); VAMP5 (Hs01105383_g1); YKT6 (Hs00559911_g1); VAMP7 (Hs00194568_m1); VAMP8 (Hs00186809_m1); SYT1 (Hs00194572_m1); SYT2 (Hs00980604_m1); SV2A (Hs01059458_m1); SV2B (Hs00208178_m1); SV2C (Hs00392676_m1); ST3GAL2 (Hs00199480_m1); ST3GAL3 (Hs00544033_m1); B4GALT6 (Hs00191135_m1); UGCG (Hs00916612_m1) ; ST3GAL5 (Hs01105377_m1); ST8SIA1 (Hs01124289_m1); B4GALNT1 (Hs01110791_g1); B3GALT4 (Hs00534104_s1); ST8SIA5 (Hs00203298_m1); ST6GALNAC5 (Hs00229612_m1); TXN (Hs01555214_g1); TXNR (Hs00917067_m1) and GAPDH (Hs03929097_g1). Quantification was performed at a threshold detection line (Ct value). The Ct of each target gene was normalized to GAPDH housekeeping gene.
Immunostaining
For immunostaining, hiPSC-derived neurons were plated into 96-well plates. 15 days after plating, neurons were fixed with 4% paraformaldehyde for 30 min at 4°C. Cultures were washed twice with PBS (Thermo Fisher Scientific, Waltham, MA) and then permeabilized and blocked with PBS containing 2% BSA (A9647, Sigma-Aldrich, Saint-Louis, MO) and 0.1% Triton (X100, Sigma-Aldrich) for 30 min at RT. The following primary antibodies were incubated overnight at 4°C in PBS 2% BSA, 0.1% Triton: MAP2 (M1406, Sigma-Aldrich), TUJ1 (Ab107216, Abcam, Cambridge, United Kingdom ; Ab41489, Abcam ; BLE801202, BioLegend, San Diego, CA, USA), SMI-32 (ab8135, Abcam), SYN (NB300-104, Novus Biologicals, Centennial, CO, USA), SNAP25 (S9684, Sigma-Aldrich), GABA (A0310, Sigma-Aldrich), PRPH (sc-377093, Santa Cruz Biotechnology Inc., Dallas, TX), vGlut2 (135403, Synaptic Systems GmbH, Göttingen, Germany), Isl1 (GT15051, Neuromics Inc., Edina, MN, USA), SV2A (119002, Synaptic Systems), VAMP2 (ab181869, Abcam), SAA (A7811, Sigma-Aldrich), Desmin (ab80503, Abcam), GT1b (MAB5608, Merck Millipore, Burlington, MA), GD2 (Ab68456, Abcam).
Cultures were then washed with PBS and stained with the corresponding secondary antibodies anti-rabbit, anti-mouse, anti-goat, anti-chicken, as well as DAPI, MF20-AF488 (53-6503-82, Thermo Fisher Scientific) and αBTX (Alexa Fluor 647, B35450, Thermo Fisher Scientific ; Rhodamine, T0195, Sigma-Aldrich) for 1 h 30 at RT.
Cultures were washed again with PBS and then visualized using either the ImageXpress Micro Confocal High-Content Imaging System (Molecular Devices, San José, CA, USA) at 20X magnification or the Eclipse Ti-E inverted fluorescence microscope (Nikon Instruments Inc., Tokyo, Japan) coupled to an ORCA Flash 4 LT camera (Hamamatsu Photonics, Hamamatsu City, Japan) at 20X and 40X magnifications.
Botulinum Neurotoxins Treatment
BoNT serotype A and E were manufactured by Ipsen as previously described (Hooker et al., 2016; Fonfria et al., 2018a; Pons et al., 2019). Inactive BoNT/A (BoNT/A (0)) was produced by point mutations E224Q, H227Y in BoNT/A (Fonfria et al., 2018a). All BoNTs were purified and activated to more than 91%. For assessing the effect of Botulinum Neurotoxin A and E, hiPSC-derived neurons were plated in 96-well plate and exposed to the indicated doses of Botulinum toxin A or E in 100 µl of culture medium. For each experiment, each dose of BoNT was tested in triplicate and a negative control (medium without toxin) was always included. After 24 h the medium containing the toxin was removed, cells were washed with 200 µl PBS and lysed in 100 µl MPER. For each BoNT, each experiment was replicate in triplicate.
SNAP25 Cleavage Assay by Western Blot
All samples were resolved by SDS-PAGE (Invitrogen, Carlsbad, CA) and transferred onto nitrocellulose membranes. Membranes were blocked with 5% nonfat milk in 0.1% PBS-T (phosphate buffered saline with Tween-20) and probed with an anti-SNAP25 antibody (1/2000; S9684, Sigma-Aldrich). Immunoreactive bands were detected using horseradish peroxidase–conjugated secondary anti-rabbit (1/2000; A6154, Sigma-Aldrich) antibodies and SuperSignal West Dura ECL substrate (Thermo Fisher Scientific). Bands were visualized on a Pxi4 imaging system using GeneSys image acquisition software (Syngene, Bangalore, Karnataka, India), and intensities of the total form and cleaved form of SNAP25 were measured with GeneTools (Philomath, OR, USA).
RNASeq Analysis of hiPSC-Derived Motor Neurons and Human Spinal Cord
For the quantification of gene expression, libraries were prepared with TruSeq Stranded mRNA kit protocol according to supplier recommendations. After purification of PolyA containing mRNA molecules using poly-T oligo attached magnetic beads from 1 µg total RNA, a fragmentation using divalent cations under elevated temperature to obtain approximately 300 bp pieces was performed, followed by double strand cDNA synthesis and finally Illumina adapters ligation and cDNA library amplification by PCR for sequencing. Sequencing was then carried out on paired-end 75 b of Illumina NovaSeq. For the unsupervised analysis, we used the Bioconductor edgeR package to import raw counts into R statistical software and compute normalized log2 CPM (counts per millions of mapped reads) using the TMM, weighted trimmed mean of M-values, as normalization procedure. The normalized expression matrix from the 1,000 most variant genes (based on standard deviation) and from a custom list of genes were used to classify the samples according to their gene expression patterns using principal component analysis (PCA), hierarchical clustering and consensus clustering. We used FactoMineR:: PCA function to perform the PCA with “ncp = 10,scale.unit = FALSE” parameters. Hierarchical clustering was performed with stats:hclust function (with euclidean distance and ward.D method). For the differential expression analysis, we used the Bioconductor edgeR package to import raw counts into R statistical software. We then used the Bioconductor limma package to test for differential expression using the voom transformation. We only tested genes expressed in at least one sample (FPKM >= 0.1) to improve the statistical power of the analysis. We applied a q-value threshold of <= 0.05 and a minimum fold change of 1.2 to define differentially expressed genes. For the pathway enrichment analysis, we used hypergeometric tests to identify gene sets of the Gene Ontology collection from MSigDB v7.0 database overrepresented among the lists of up- or down-regulated genes, correcting for multiple testing with the Benjamini-Hochberg procedure.
Measurements of Ca2+ Transient
iCell Motor Neurons (FCDI) were cultured in 96-well plates at a density of 90 × 103 cells/cm2 for 28 days. For Ca2+ dynamics experiments, 28 days old-cells were loaded for 15 min with the calcium indicator Cal520-AM (2 µM, Abcam); previously reconstituted in dimethylsulfoxide (DMSO, Sigma-Aldrich) in loading buffer composed of HBSS Ca2+/Mg2+ (Thermo Fisher Scientific), 20 mM Hepes (Thermo Fisher Scientific), 2 mM NaOH (Sigma-Aldrich). Then cells are washed three times with recording buffer composed of HBSS without Ca2+/Mg2+ (Thermo Fisher Scientific), 20 mM Hepes (Thermo Fisher Scientific), 2 mM NaOH (Sigma-Aldrich), 2 mM CaCl2 (Sigma-Aldrich). Cells were then placed in recording buffer and challenged with products by the addition of 0.1% DMSO considered as vehicle, or 1 µM Tetrodotoxin (TTX, Tocris Bioscience, Bristol, United Kingdom), previously reconstituted in DMSO. To visualize Ca2+ transient, a live imaging system with an Evolve EMCCD camera (Zeiss, Oberkochen, Germany) coupled to a Spinning Disk system (Nipkow, CSU-X1M 5000, Zeiss) was used, and timelapse imaging (3 min film with time interval of 500 ms, 20X magnifications) was performed under physiological conditions (37°C and 5% CO2). A recording of Ca2+ oscillations with FDSS 6000 (Hamamatsu) imaging-based plate reader (10 min with time interval of 700 milliseconds) was also performed. Analyses of the Ca2+ oscillations frequency for each well were performed using the FDSS Waveform analysis software (Hamamatsu).
Patch Clamp Analysis of Human hiPSC-Derived Motor Neurons in Monoculture and Coculture With Myotubes
Whole-cell patch clamp recordings were conducted at room temperature using an Axopatch 200B (Molecular Devices) connected to a 16-bit analogue-to-digital converter (Digidata 1,440, Molecular Devices). The pClamp 10.2 software package was used for data acquisition (sampling rate 20 kHz, low-pass eight-pole bessel filter 5 kHz) and analysis were done in Clampfit (Molecular Devices) or automated in Matlab (MathWorks, Natick, MA, USA) with custom-made scripts. Graphs were made in Graphpad Prism (GraphPad Software Inc., La Jolla, CA). All chemicals were purchased from Sigma-Aldrich®. Cells were perfused with bicarbonate-buffered solution containing (mM): 126 NaCl, 3.6 KCl, 1.5 MgSO4, 1.2 NaH2PO4, 26 NaHCO3, 0.5 CaCl2, 10 glucose, 305 mOsm, bubbled with 95%O2/5%CO2. Electrodes contained a solution comprising (mM): 135 Kgluconate, 5 NaCl, 1 CaCl2, 10 HEPES, 0.5 EGTA, 3 MgATP, 0.2 Na2GTP, 10 phosphocreatine-Mg, 2 KLucifer yellow, pH set to 7.3 with KOH, 299 mOsm. Series resistance was 5–25 MΩ (if higher, cells were excluded from the analysis) and electrode junction potentials (−15 mV) were corrected for offline. Cells were identified (Figure 1C) by their post-recording dye-fill morphology and confirmed by antibody labeling (Gautier et al., 2015) against Islet1 (5/10) and TUJ1 (10/10, monoculture). Only double positive cells were included in the analysis.
[image: Figure 1]FIGURE 1 | Characterization of multiple neuronal models derived from hiPSC. (A) Phase contrast images taken with a 20X objective at day 15 after thawing. Scale bar: 25 μm. (B–E) Time-course gene expression analysis of neuronal markers (B) and phenotypic markers (C,E) for the four models. Expression is normalized to GAPDH and to a control cDNA (human total brain: TB). For every model, each shade bar represents a different time point: 1 day, 7 days, 14 days and 28 days after thawing; 1 day being the lighter shade. (F) Immunolabelings at day 15 after thawing of markers for neurons (TUJ1 or MAP2), synapses (SYN), GABAergic neurons (GABA), peripheric neurons (PRPH), glutamatergic neurons (vGlut2) and motor neurons (Islet1). Nuclei are stained in blue (DAPI). Scale bar: 25 μm. (G) % of islet1+ cells amongst total cells and amongst neurons (TUJ1+).
Cocultures of Human Myotubes and Motor Neurons
Human immortalized myoblasts (AB1167c4, Institute of Myology, Paris, France) were seeded in Myoblast seeding medium on 96-well plates coated with Collagen I (Thermo Fisher Scientific) at a concentration of 70 × 103 cells/cm2 and incubated at 37°C within a 5% CO2 environment. The myoblasts seeding medium was composed of 4 volume of DMEM high glucose GlutaMAX (Thermo Fisher Scientific), 1 volume of Medium 199 (Thermo Fisher Scientific), 20% FBS (Sigma-Aldrich) and 50 µg/ml gentamicin (Thermo Fisher Scientific) supplemented with 25 μg/ml fetuin (Sigma-Aldrich), 5 μg/ml recombinant human insulin (Thermo Fisher Scientific), 0.2 μg/ml dexamethasone (Sigma-Aldrich), 0.5 ng/ml recombinant human basic FGF (Thermo Fisher Scientific) and 5 ng/ml recombinant human EGF (Thermo Fisher Scientific). After 24 h, the myoblasts seeding medium was replaced with coculture medium composed of a mix between myoblasts differentiation medium and motor neurons growth medium (ratio respectively 1/3 and 2/3). The myoblasts differentiation medium is composed of DMEM high glucose GlutaMAX (Thermo Fisher Scientific), 50 µg/ml gentamicin (Thermo Fisher Scientific) and 10 µg/ml Insulin (Thermo Fisher Scientific). The motor neurons growth medium composition is based on the protocol developed by Martinat’s lab (Maury et al., 2015). iCell Motor Neurons (FCDI) were seeded at the density of 90 × 103 cells/cm2, plated directly over the human myoblasts and incubated at 37°C with 5% CO2 for up to 15 days. A 50% medium change was realized once a week.
Analysis of Myotube Contractions and Effect of Treatment
Human myotubes and Motor Neurons were cultured in 96-well plates for 15 days. For recording of contractions, cells were placed in a Spinning Disk microscope system (Zeiss) under physiological conditions (37°C and 5% CO2). Recording of contractions was performed in basal condition (before drugs addition) during 1min30 in phase contrast timelapse imaging (10X magnification) with time interval of 600ms, then after addition of 150 µM Tubocurarine (Sigma-Aldrich), 2 µM Tetrodotoxin (TTX, Tocris), BoNT/A and BoNT/A (0) during 1 min 30 in phase contrast timelapse imaging (10X magnification) with time interval of 600 ms at different timepoints. Analysis was performed with the open-source software tool MUSCLEMOTION (Sala et al., 2018) on ImageJ software, to quantify contractions according to instructions.
Data Analysis
All data are expressed as individual data or as means ± SEM of n independent experiments. Dose-response curves were fitted by a four-parameter logistic equation, and the pEC50 was calculated. All data processing and statistical tests were done using GraphPad Prism version 7.04 (GraphPad Software Inc., La Jolla, CA).
Ordinary One Way of variance and Dunnett’s multiple comparisons: *p value<0.05 ; **p value <0.01; ***p value <0.001 and ****p < 0,0001.
RESULTS
Morphologic and Phenotypic Characterization of Different hiPSC-Derived Neuronal Models
In order to assess and compare the potential of hiPSC-derived GABA-, Glutaminergic-, Peripheral - and Motor- Neurons for BoNT testing, we first performed a full time-course characterization of these models when maintained in culture for four weeks, based on morphological observation, gene expression analysis and immunostainings.
After 14 days in culture the four cryopreserved hiPSC-derived neuronal models each formed a dense network of neurites and axons (Figure 1A). While iCell GABA Neurons, Glutamatergic Neurons and Peri.4U had well-defined cellular bodies, iCell Motor Neurons tended to form cell body clusters (Figure 1A), as already reported by other studies on hiPSC-derived Motor Neurons (Maury et al., 2015; Steinbeck et al., 2016).
In order to characterize the neuronal maturity of the different neuronal cultures generated, we conducted a time-course gene expression analysis for different markers of neuronal progenitors, mature neurons and synaptic connections. Whatever the time in culture, Peri.4U neurons expressed a higher level for Nestin (NES), a marker for non-mature neurons, than the other three models and compared to human total brain, which served as a control (Figure 1B). The expression of MAP2, a marker for more mature neurons, was quite high compare to control, stable over time and comparable in the four models suggesting the four models acquired a neuronal maturity after 2 weeks in culture (Figure 1B). The expression of synaptic markers such as Synaptophysin (SYP) and Synapsin (SYN1, SYN2 and SYN3) suggested the presence of synaptic connections in the different cultures of hiPSC-derived neurons respectively as soon as day 7 (Figure 1B).
To further determine the phenotypic identity of neurons present within the different cultures generated, we then performed a time-course gene expression analysis of markers specific for GABAergic, Glutamatergic, Peripheral and Motor neurons. As expected, when comparing expression level for iCell GABA Neurons and iCell Gluta Neurons, we showed that iCell GABAN expressed higher level of vesicular Gaba transporter (vGAT) and Glutamate decarboxylase 2 (GAD2) than iCell GlutaN, whereas iCell Gluta Neurons expressed higher level of Vesicular glutamate transporter 1 and 2 (vGLUT1 and vGLUT2) than iCell GABA Neurons (Figure 1C) confirming the respective identity of iCell GABAergic- and iCell Glutamatergic- neurons. When comparing iCell GABA Neurons and Peri.4U, data showed that Peri.4U expressed higher level of expression for Peripherin (PRPH) and calcitonin related polypeptide alpha (CALCA) (Figure 1D) confirming the peripheral identity of Peri.4U. Finally, QrtPCR analysis demonstrated that iCell Motor Neurons expressed a high level of Choline Acetyl Transferase (ChAT) and islet1 (ISL1) compared to Gluta Neurons and TB confirming the identity of this model (Figure 1E).
To confirm the expression of some of key genes, immunostainings were conducted in all models. The expression for neuronal markers MAP2 and Neuron-specific class III beta-tubulin (TUJ1) as well as Synapsin, a marker for synapses, was confirmed in all the models at day 14 (Figure 1F). Furthermore, the expression of markers specific to each neuronal type, ie. GABA for iCell GABA Neurons, vGLUT2 for iCell Gluta N, Peripherin for Peri.4U and Islet1 for Motor Neurons was confirmed. In addition, the percentage of TUJ1-positive cells and Islet1 positive cells amongst TUJ1 expressing cells in iCell Motor Neurons cultures was estimated to 96.7 and 82.5% respectively confirming the high purity of this culture (Figure 1G).
Altogether our results show that the four neuronal models derived from hiPSC express high level of neuronal and synaptic markers as well as markers specific of their respective neuronal identity 1 week after thawing and that these models can be maintained in culture up to 4 weeks without loss of phenotype demonstrating the value of hiPSC-derived neuronal models compared to primary cells (Nicoleau et al., 2018b) or neuronal immortalized cell lines.
In order to determine whether hiPSC-derived neuronal models could be used for measuring BoNT activity, the expression of BoNT protein receptors, SNARE substrates, and proteins needed for the light chain translocation were measured by QrtPCR over a period of 4 weeks in all four hiPSC-derived neuronal cultures. In order to make the analysis as exhaustive as possible, genes encoding SNAREs cleaved by the newly discovered BoNT/X as well as VAMP7 and VAMP8 were included in the analysis in addition to the genes conventionally studied in the field of BoNTs.
All SNARE, BoNT protein receptors, Thioredoxin and thioredoxin-reductase were expressed by the four hiPSC-derived models whatever the time in culture and up to 4 weeks. For the genes SNAP25, STX1A, STX1B, VAMP3, VAMP5, SYT1, TNX and TNXR the expression level was quite comparable when comparing the four models (Figure 2). For some other analyzed genes, differences in the level of expression among models were detected. GABA neurons express higher expression of VAMP2 and SV2A, Peripheral neurons expressed higher level of SNAP23 and VAMP7 compared to other models. Also, these two models expressed higher level of STX2, YKT6 and VAMP8 compared to Glutamatergic neurons and Motor Neurons while SYT2 was more highly expressed by Peripheral and glutamatergic neurons (Figures 2A,B). Motor Neurons express higher level of VAMP1, SV2B and SV2C and lower expression of VAMP4 compared to other models (Figures 2A,B). As BoNT binds also to gangliosides, we assessed the expression of the 10 enzymes known to be involved in ganglioside biosynthesis. The expression of ST3GAL5, B4GALT6 and ST6GALNAC5 was comparable in all four models (Figure 2C). ST3GAL2, ST3GAL3 were more highly expressed by Motor Neurons and on the contrary, B4GALNT1 and ST8SIA5 were less expressed by Motor Neurons (Figure 2C). The expression of UGCG and B3GALT4 was higher in Glutamatergic neuronal cultures and ST8SIA1 and ST8SIA5 higher in Peri.4U (Figure 2C). In order to confirm the expression of some of these genes and gangliosides, immunostainings were conducted on the 4 models after 14 days in culture.
[image: Figure 2]FIGURE 2 | Expression of the different BoNT SNARE substrates, BoNT receptors and gangliosides. (A–C) Time-course gene expression analysis of various SNARE proteins (A), BoNT proteic receptors (B) and enzymes involved in the biosynthesis of gangliosides (C) for the 4 models. For every model, each shade bar represents a different time point: 1 day, 7 days, 14 days and 28 days after thawing; 1 day being the lighter shade. Expression is normalized to GAPDH and to a control cDNA (human total brain: TB).
Staining with specific antibodies for SNAP25, VAMP2 and SV2A confirmed the high expression of these proteins on the 4 hiPSC-derived neuronal cultures (Figure 3). The expression of GT1b and GM1, 2 major gangliosides was confirmed in all 4 models (Figure 3).
[image: Figure 3]FIGURE 3 |  Immunolabelings of hiPSC-derived Neurons at day 15 after thawing: (A–E) TUJ1 (green) and (A) SNAP25 (red); (B) SV2A (red); (C) VAMP2 (red); (D) GM1 (red) and (E) GT1b (red). Nuclei are stained in blue (DAPI). Scale bar: 25 μm.
All these data indicate that the four models express molecules involved in the different steps of BoNT intoxication process. Very interestingly, the expression level of the genes coding for BoNT receptors, SNAREs, TXR or even for enzymes involved in gangliosides biosynthesis are not the same amongst the four neuronal models tested and this could be translated in different sensitivity to toxins.
Sensitivity of Different hiPSC-Derived Models to BoNT/A and BoNT/E
In order to determine whether the differential expression of genes encoding key proteins for BoNT activity might affect the sensitivity of the different hiPSC-derived neuronal models to BoNTs, the four neuronal cultures were exposed for 24 h to serial dilutions of recombinant BoNT/A and BoNT/E at 14 days after thawing. Western blot analyses of cell lysates were performed to measure the percentage of cleaved SNAP25.
After 24 h of exposure to different doses of rBoNT/A and rBoNT/E, measurement of SNAP25 cleavage by Western Blot (Figures 4A,B) indicated a dose-response effect of both toxins in all 4 models (Figures 4C,D). Differences in pEC50 and maximum cleavage were identified between the models and toxins (Figures 4C–E). For rBoNT/A and rBoNT/E, iCell Motor Neurons were the most sensitive model with EC50 of 0.39 pM (10−12.41) and 0.04 pM (10−13.41) respectively. iCell GABA neurons represented the second most sensitive model with EC50 of 1.14 pM for rBoNT/A and 0.53 pM for rBoNT/E. Both Peri.4U and iCell Glutamatergic Neurons were less sensitive than the two other models. EC50 for Peri.4U are 23.71 pM for rBoNT/A and 13.70 pM for rBoNT/E. EC50 for Glutamatergic Neurons were 38.61 pM for rBoNT/A and 29.40 pM for rBoNT/E (Figure 4E).
[image: Figure 4]FIGURE 4 | Sensitivity of the 4 models to rBoNT/A and rBoNT/E. (A,B): Western Blots showing the cleavage of SNAP25 in the 4 different cellular models after treatment of BoNT/A (A) or BoNT/E (B) at different doses. (C,D) Dose response curves of SNAP25 cleavage for BoNT/A (C) and BoNT/E (D). (E) Table of the potencies (pEC50) for BoNT/A and BoNT/E in each model; n = 3 for all models.
These data indicate that Motor Neurons derived from hiPSC are one of the most sensitive models to rBoNT/A and the most sensitive to rBoNT/E highlighting the potential of this model for developing physiologically relevant models for determining the activity and characterizing the activity of BoNTs.
Motor Neurons Exhibit Physiological Features and Functional Activity After Only 7 days of Maturation
In order to further analyze the gene profile of Motor Neurons derived from hiPSC, we performed a RNASeq unsupervized analysis of Motor Neurons maturated during 1, 14 and 28 days. In order to compare the different gene profiles, RNA from human spinal cord has been included in the analysis.
The Principal Component analysis (PCA) of Motor Neurons and Spinal Cord showed that hiPSC-derived Motor Neurons exhibited similar profiles within a same maturation stage and that profiles specific to each stage are different. The analysis indicated also that Motor Neurons, whatever the maturation stage, exhibited a distinct signature compared to Spinal Cord (Figure 5A). Furthermore, the profile of Motor Neurons at day 28 was closer to that of the profile of Motor Neurons maturated for 14 days than the profile after 1 day maturation, suggesting that the 2 first weeks in culture had a higher impact on the degree of maturation of hiPSC-derived Motor Neurons than weeks three and four (Figure 5A).
[image: Figure 5]FIGURE 5 | RNASeq analysis of hiPSC-derived Motor Neurons. (A) Principal Component Analysis showing distinct signatures at different time points during maturation of hiPSC-derived Motor neurons and Spinal cord RNA sample. (B) Heat map illustrating the time-course of Motor Neurons progenitors and mature Motor Neurons expression (C) Enrichment analysis showing classes of genes that are over-represented in Motor Neurons after 2 weeks of maturation compared to a human tissue sample (Spinal Cord) and classes of genes that are over-represented over-represented in human spinal cord compared to Motor Neurons after 2 weeks of maturation. Expressions are in ‐logp value. Only the top gene sets of the Gene Ontology collection are represented.
To further investigate this, we performed a hierarchical clustering and consensus clustering analysis. On the first maturation day, Motor Neurons expressed genes of pluripotency (SOX1), neural progenitors (NES, SOX2) and Motor Neurons progenitors (OLIG2, MNX1) whereas Motor Neurons at day 14 or day 28 of maturation expressed mostly neuronal markers (MAP2, SNAP25), markers of synaptic connection (SYN and SYP) and motor neuron markers (ISL1, CHAT, ACHE, and PRIMA1) (Figure 5B). Interestingly the levels of expression for ISL1 and CHAT were higher after 14 days maturation than 28 days.
A differential expression analysis and a pathway enrichment analysis between hiPSC-derived Motor Neurons maturated more than 14 days and Spinal cord was performed. These analyses showed that Motor Neurons transcriptome was enriched with genes involved in neuronal development, neuronal function, synaptic maturation and function whereas Spinal Cord transcriptome was enriched with genes mainly involved in tissue physiology such as genes coding for proteins of the extracellular matrix or the inflammatory and immune response (Figure 5C).
Altogether, these data confirm that hiPSC-derived Motor Neurons express markers of authentic and functional Motor Neurons after 14 days of maturation.
In order to assess if human Motor Neurons acquired functional properties, we performed both Ca2+ imaging using a Spinning Disk system and Ca2+ oscillations recording using a high content plate reader on Motor Neurons cultures. After 28 days in culture, Motor Neurons exhibited synchronized spontaneous Ca2+ oscillations that were recorded both using the Spinning Disk (Supplementary Figure S1) and whole-well Cal520 calcium imaging (Figure 6A) in basal condition. The addition of culture medium or DMSO 0,1% did not alter these oscillations (Figure 6A and Supplementary Figure S1). Conversely, addition of 1 µM of Tetrodotoxin (TTX), a strong Na+ channel blocker, completely abolished both Ca2+ signal (Supplementary Figure S1) and oscillation (Figures 6A,B).
[image: Figure 6]FIGURE 6 | Functional characterization of Motor neurons. (A) Representatives traces of Ca2+ oscillations obtained by whole-well recording followed by FDSS. Waveformanalysis of Cal520 dye loaded 28 days old-iCell MN cultures. Cells were stained with Cal520 the day of the recording. Ca2+ oscillations were recorded before (i.e. baseline condition) and after addition of culture medium, 0.1% DMSO or 1 μM TTX. (B) Ca2+ oscillations frequency of iCell Motor Neurons after addition of culture medium, 0.1% DMSO or 1 μM TTX, compared to baseline condition without treatment. Data are represented as mean ± SEM. ANOVA with Sidak correction (****p < 0.0001, n.s. not significant). (C) Left: Patch-clamped iPSC-derived MN (arrowhead) filled with lucifer yellow (LY) and identified after recording by labelling for Islet1 (inset) and Tuj1. Scale bar 20 μm. Right: Voltage-clamp whole-cell current-voltage relationship. Top: representative trace and corresponding voltage steps; bottom: current densities plotted against voltage pulses. (D) Left, Top: Current-clamp whole-cell current-voltage relationship with current pulses applied. Bottom: table summarizing action potentials properties and resting membrane potential (RMP). Right: Synaptic inputs and zoom in on one event. Bottom: spontaneous firing of action potentials.
These data demonstrate that Motor Neurons acquire functional properties in culture and are able to form connections.
To confirm the functional signature of Motor Neurons, we performed whole-cell recordings on Motor Neurons maturated after 14 days. Motor Neurons were identified by their dye-filled morphology and post-recordings immunocytochemistry (Figure 6C, Left, Islet1 and TUJ1 positive cell). Whole-cell voltage clamp recordings revealed the presence of voltage-activated sodium and potassium channels (Figure 6C right).
On day 14, 100% of the Motor Neurons (Islet1 and TUJ1 positive cells) fired action potentials in response to a 50 pA current injection (n = 5), with the threshold, shape and magnitude being typical for mature neurons (Figure 6D, Left). As previously described (Devlin et al., 2015), three types of Motor Neurons can be distinguished based on their response to current injections: single, adaptive and repetitive. Here, we mainly identified adaptive and repetitive Motor Neurons (Figure 6D and Supplementary Figure S2A). Moreover, all Motor Neurons received synaptic inputs and showed spontaneous action potentials, indicating a functional network (Figure 6D, Right).
Altogether our data demonstrate that after only 14 days in culture, Motor Neurons display electrophysiological properties of mature neurons and typical characteristics of functional Motor Neurons, such as receiving post-synaptic inputs and firing of action potentials.
When Cultivated With Human Myotubes, Motor Neurons Form Functional NMJ Sensitive to BoNT
To evaluate the potential of hiPSC-derived Motor Neurons for generating a human in vitro model of the neuromuscular junction, we tested whether Motor Neurons could innervate human myotubes. To this aim human immortalized skeletal myoblasts were thawed and seeded into 96-well plates and grown in skeletal muscle growth medium for one day, and in differentiation medium to induce myoblast fusion and myotube formation.
To generate the coculture system, Motor Neurons were thawed and seeded directly on the muscle fiber cultures after 1 day of maturation. After 15 days of coculture, large myotube fibers expressing desmin and a dense TUJ1 or SMI32 + neuronal network were observed suggesting that both cell types, neurons and myotubes, continued to mature within the coculture (Figures 7A,Bfig7). Immunostainings conducted at day 15 of maturation confirmed that viable Motor Neurons expressing islet1 and mature myotubes expressing Myosin can be identified in the coculture system (Figure 7B). In addition, clusters of αBTX-positive acetylcholine receptors were identified at the site of TUJ1-positive Motor Neurons suggesting the formation of NMJ between human Motor Neurons and human Myotubes (Figure 7B). In parallel, control immunostainings were performed on myotubes alone after 15 days of culture, confirming the specificity of stainings with the absence of neuronal markers expression (Supplementary Figure S3).
[image: Figure 7]FIGURE 7 | Coculture of human myotubes and human motor neurons. (A) Phase images of co-cultures maintained in P96 during 7 or 13 days. Scale bar: 25 µm. (B) Immunocytochemical characterization of NMJ formation. Muscular fibers are identified with Myosin/MF20 or Desmin, Motor Neurons neurites are identified with TUJ1 or SMI-32 and MN nuclei are identified with Islet 1 and Acetylcholine receptor with alpha-bungarotoxin. Nuclei are represented in blue (DAPI). Top: 20X images; scale bar: 50 µm. Bottom: 40X images; scale bar: 25 µm. (C) Effect of TTX and Tubocurarine on muscle cells contractions after 6 h of exposure. (D) Dose-response effects of BoNT/A on contraction of myotubes after 6 h of exposure. *p < 0.05; **p > 0.01; ***p < 0.001; ****p < 0.0001.
To evaluate whether or not the coculture system affected the electrophysiological properties of Motor Neurons, we performed a patch clamp analysis of Motor Neurons cultivated during 14 days in presence of myotubes. Similar to Motor Neurons recorded in monocultures, patched Motor Neurons in coculture fell into two categories when current pulses were applied: they adapted and only produced one or a few action potentials or they generated repetitive action potentials throughout the pulse (Supplementary Figure S2B,C). They also displayed the same functional characteristics such as receiving synaptic inputs and firing spontaneous action potentials (Supplementary Figure S2D).
We then evaluated the functionality of this neuromuscular coculture system by monitoring myotubes contractions using video-microscopy (Supplementary Figure S4). Myotube contractions were identified in 100% of wells where myotubes and motoneurons were co-cultivated. The number of myotube contractions per minute averaged 4.2 ± 0.35 (n = 9). Conversely, no contraction was identified in wells where myotubes were cultivated in absence of Motor Neurons (Supplementary Figure S4). Treatment of the co-cultures with 2 µM of TTX, a neuronal gated sodium channel inhibitor or 150 µM of tubocurarine, a muscular nicotinic acetylcholine receptor antagonist, abolished myotube contraction demonstrating the functionality of the system (Figure 7C and Supplementary Figure S4).
Finally, we assessed whether BoNT was able to inhibit myotube contractions in this system. To this end, cocultures of myotubes and Motor Neurons were exposed to different doses of BoNT/A and non-active BoNT/A (BoNT/A(0)) for 6 and 24 h. After 6 and 24 h of exposure, BoNT/A concentration-dependently reduced the number of myotube contractions. Thus, compared to control, the contractions were significantly reduced after 6 h to 31.33 ± 9.67 % (n = 9) and 55 ± 9.92 % (n = 9) for 5 and 1 nM of BoNT/A, respectively, whereas 0,001 nM BoNT/A was without significant effect (90.56 ± 18.57 % (n = 9) (Figure 7D). This inhibitory effect was even stronger after 24 h of exposure, because 5 nM of BoNT/A completely inhibited the contraction, and 1nM significantly reduced contractions to 17 ± 11.3 % (n = 9) of control, with 0.001 nM BoNT/A still being without significant effect (78.33 ± 28.04 % (n = 9) (Supplementary Figure S4E). Addition of 5 nM BoNT/A(0) did not modify the number of contractions (Figure 7D).
Altogether our data demonstrate that hiPSC-derived Motor Neurons when cultured in presence of human myotubes induce myotubes contractions and are sensitive to BoNTs.
DISCUSSION
The objective of this study was to investigate the potential of hiPSC-derived neuronal models to generate a robust and physiologically relevant in vitro platform for testing, characterizing and comparing different BoNT serotypes. These hiPSC-derived models include GABAergic neurons, which were the first hiPSC-derived model used for BoNT testing and remain the most commonly used; Motor neurons, which are the most physiologically relevant model for BoNT testing, and two additional models Peripheral neurons and Glutamatergic neurons that might represent BoNT targets for various indications of peripheral and central nervous system disorders.
In order to assess the potential of these hiPSC-derived models for BoNT testing, we first characterized in detail the four models analyzing their phenotypic identity at different time points of culture, up to four weeks after thawing, and analyzing the expressions of genes and proteins that are involved in BoNT mechanism of intoxication. Both time course gene expression analysis and immunostainings performed on all four models showed they express neuronal markers, synaptic markers and markers specific for their respective identity as early as day 7 after thawing. The analysis also showed that these models express all proteins involved in BoNT intoxication process demonstrating the potential of all four models for BoNT testing. In addition, the time course analysis revealed that the expression for all genes tested are already well established at day 7 after thawing suggesting that these four models can be used for BoNT testing as soon as 1 week after thawing. These results complete and enrich the data obtained by Pellett et al. that reported the expression of a panel of key genes and at one single time point (Pellett et al., 2019).
Also, in order to conduct an exhaustive study of the expression of SNAREs in models derived from hiPSC, we measured the expression of other SNAREs than those conventionally considered in the field of BoNTs; such as SNAP23, VAMP5, VAMP7, VAMP8 and YKT6. First of all, we found that Total Brain (TB) expressed a high level of VAMP1 and VAMP2; a moderate level of SNAP23, VAMP3, VAMP4, YKT6 and VAMP7 and a low level of VAMP5 and VAMP8 compared to SNAP25 (Supplementary Figure S5). Not surprisingly, we found that the 4 models studied expressed a low level compared to Total Brain (TB) of VAMP5 and VAMP8, SNAREs mainly associated with the plasma membrane and intracellular vesicles in muscle cells and required in regulated exocytosis in pancreatic acinar cells respectively (Zeng et al., 1998; Wang et al., 2004). More interestingly, we found that the four models expressed, a high level of SNAP23, VAMP7 and YKT6 when compared to TB.
SNAP23 is structurally and functionally similar to SNAP25. While SNAP25 expression is restricted to neurons, SNAP23 is expressed ubiquitously (Ravichandran et al., 1996; Wang et al., 1997). Several studies reported SNAP23 expression in different brain regions such as cortex, hippocampus, cerebellum and thalamus (Prescott and Chamberlain, 2011) as well as in neuronal cultures (Suh et al., 2010; Grassi et al., 2015). Subcellular expression of SNAP23 in dendritic spines, GABA and glutamatergic synapses and colocalization of SNAP23 with constituents of the postsynaptic density was also reported (Mandolesi et al., 2009; Bragina et al., 2010; Suh et al., 2010). SNAP23 functions in neurons include actions for initial axonal elongation and establishment of neuronal polarity (Grassi et al., 2015) as well as functional regulation of postsynaptic glutamate receptors (Suh et al., 2010).
Expression of SNAP23 in our cultures might indicate presence of a rich network of neurites or elongation of axons and/or presence of glutamatergic and GABA synapses which correlates well with our observations and characterization that was performed.
VAMP7, also known as Tetanus neurotoxin insensitive - VAMP (TI-VAMP), is expressed in various mammalian tissues including brain and its expression can be detected in neuronal cultures (Rossi et al., 2004; Wang and Tang, 2006; Chaineau et al., 2009). In developing cerebral neurons, expression of VAMP7 was localized to axons and dendrites (Rossi et al., 2004). VAMP7 is involved in various important cellular functions including phagocytosis, mitosis, cell migration, membrane repair and growth as well as autophagosome biosynthesis (Rossi et al., 2004; Chaineau et al., 2009; Luzio et al., 2009; Moreau et al., 2011; Hesketh et al., 2014). In neurons, VAMP7 plays a key role in neuronal morphogenesis, neurite outgrowth and synaptic transmission (Coco et al., 1999; Alberts and Galli, 2003; Wang and Tang, 2006; Chaineau et al., 2009; Daste et al., 2015). A high level of VAMP7 expression in hiPSC-derived neuronal cultures compared to TB could indicate a high level of synaptic connection or a higher level of neurite outgrowth than in TB where neuritogenesis is complete.
YKT6 or synaptobrevin analog YKT6 is highly enriched in brain especially cerebral cortex and hippocampus with very low level being detected in other tissues (Hasegawa et al., 2003; Rossi et al., 2004; Wang and Tang, 2006). YKT6 is involved in endoplasmic reticulum (ER) to Golgi transport, intra-Golgi, endosome–Golgi and vacuolar transport steps as well as in membrane fusion reactions that result in expansion and closure of the autophagosome membrane (McNew et al., 1997; Kweon et al., 2003; Fukasawa et al., 2004; Nair et al., 2011). The expression of YKT6 in hiPSC-derived neuronal cultures suggests the presence of intracellular vesicle recycling and highlights the potential of these neuronal models to study the effect induced by the cleavage of YKT6 by BoNT/X (Zhang et al., 2017).
Treatment of these models with BoNT/A and BoNT/E indicated that all four models are sensitive to both BoNTs but exhibit different sensitivity. Interestingly, we found that Motor Neurons exhibit very high sensitivity to BoNTs demonstrating the high potential of this model for further assay development for testing and developing BoNTs.
RNAseq study conducted on Motor Neurons confirms that this model expresses authentic markers of Motor Neurons and share signature with adult cells from the spinal cord.
Furthermore, functionality of Motor Neurons has been characterized by electrophysiology and confirmed by Calcium mobilization assay. When co-cultivated with myotubes, Motor Neurons functionality is maintained, and Motor Neurons are able to innervate the myotubes, within a week, inducing contraction of myotubes. Addition of BoNT to the system induces dose-dependent reduction in the number of contractions.
So far, two studies have reported BoNT testing on monocultures of human iPSC-derived Motor Neurons (Pellett et al., 2019; Schenke et al., 2020). In both studies, the sensitivity of hiPSC-derived Motor neurons to BoNT/A or BoNT/E was high which is aligned with our findings. The study published by Johnson's lab evaluated BoNT/A EC50 in GABA Neurons at 0.2 U/well and in Motor Neurons at 0.006 U/well, which suggests that Motor Neurons would be 33-fold more sensitive to BoNT/A compared to GABA Neurons while in our study, the fold change in sensitivity between these two models was 2,9 in favor to Motor Neurons. In regard to BoNT/E, EC50 in GABA Neurons was 0.9U/well and Motor Neurons 0.02U/well in Johnson’s study which represent a difference of 45 fold of gain in potency for Motor Neurons while in our study the difference in sensitivity when comparing Motor Neurons and GABA was evaluated at 13.6 fold increase in Motor Neurons. Also, when comparing the sensitivity of Motor Neurons to BoNT/A and BoNT/E, Johnson’s study reported that Motor Neurons were more sensitive to BoNT/A compared to BoNT/E by a 3,3 factor. In our study, Motor Neurons sensitivity to BoNT/E was found to be 10 times higher than sensitivity to BoNT/A.
These discrepancies in the sensitivity comparisons reported by the two studies may be due to several reasons. First of all this could be linked to the different natures of BoNT used; Pellett and al. used BoNT produced by Clostridium while in our study recombinant BoNT produced by E.Coli was used. Also, in the Pellett’s study BoNT/E3 has been used whereas in our study it is BoNT/E1-3, a variant of BoNT/E1 with 4 or 5 amino acid differences. And finally, durations of exposure to toxins practiced are not the same, 48 h in Pellett’s study and 24 h in ours.
Another study, published more recently, has also reported results of BoNT/A testing on hiPSC- derived Motor Neurons (Schenke et al., 2020). In that study, EC50 for BoNT/A was estimated at 0.046 pM while in our study, EC50 was estimated at 0.39 pM. This discrepancy could be explained by the differences in nature of BoNT, protocols for toxin treatment and in models used. In Schenke’s study, Motor Neurons were exposed to BoNT/A produced by Clostridium during 48 h while in our study cells were exposed to recombinant BoNT/A during 24 h. Also, Schenke et al. generated their own model of Motor Neurons from hiPSC following a published protocol (Du et al., 2015) while we used hiPSC-derived Motor Neurons commercially available. They estimated the % of islet1+ Motor Neurons to be around 50% while the purity of Motor Neurons in the model used for our study was estimated to be more than 80%. Using commercial Motor Neurons, we reported a maximum of SNAP25 cleavage of 100% whereas Schenke et al. reported a maximum of cleaved SNAP25 smaller.
Nevertheless, and despite the deviations reported, our study and these studies reported a sensitivity of Motor Neurons to toxin E either equal to or greater than toxin A. This result is different than the data previously reported by assays carried out using primary cultures of rat eSCN (Donald et al., 2018) where the sensitivity of toxin E was reported to be more than 30 times lower than toxin A. Very recently, assays conducted in healthy volunteers as part of an First-in-Man study of the toxin E reported an equivalent or even greater effect of toxin E compared to toxin A (Pons et al., 2019) showing that human iPSC-derived Motor Neurons would have predicted clinical effects of botulinum toxins better than the rat eSCN cell-based assay in this case. These data underline the importance and translational value of assays using hiPSC-Motor Neurons for the development of BoNTs.
Another key aspect of human iPSC-derived Motor Neurons is their functionality and ability to innervate myotubes allowing the development of more complex and physiologically relevant models for testing BoNTs such as the Neuro Muscular Junction.
So far, only one study has reported botulinum testing using an in vitro model of human NMJ (Santhanam et al., 2018). In that study, motor neurons and myoblasts were cultivated in two chambers of a device separated by micro-tunnels allowing axonal outgrowth to the muscle chamber. A Dose Response effect of Botox® was reported on myotubes contraction induced after electrical stimulation of Motor Neurons which highlights the potential of NMJ system for BoNT testing. However, the system developed by Santhanam et al. requires the use of a specialised experimental setup, such as coculture chambers and an electrical stimulation device (Santhanam et al., 2018).
The system described in our study simply requires conventional cell culture plates and traditional observation devices.
Despite the differences in their implementation and use, the two systems described in Santhanam’s study and in this article demonstrate the potential of the NMJ in vitro human model for testing BoNTs. However, certain aspects of the two models remain problematic for more generalized and standardized use. First of all, recording myotube contractions, image processing and calculating the frequency of contractions are aspects that should be refined. One way to do this could be to use calcium imaging, either using calcium dyes or in situ expression of a calcium sensor, to make signal detection easier (Steinbeck et al., 2016; Sebille et al., 2017; Lin et al., 2019; Swartz et al., 2020). Another aspect which deserves to be optimized is the coupling between the exclusive stimulation of motor neurons and the recording of myotube contractions. This would allow to precisely control the stimulation of motor neurons, applying for example different profiles of stimulation and thus would allow to study the effect of BoNTs on the synapses activated with these different profiles specifically. To do this, one of the possibilities could be to implement motor neurons with an optogene that would be stimulated by light (Steinbeck et al., 2016; Lin et al., 2019; Swartz et al., 2020).
Despite many technological improvements in drug testing, there is today still a high percentage of drug attrition due to lack of efficacy (Meseguer-Ripolles et al., 2018). The lack of physiologically relevant and predictive cell-based assays is one of the major obstacles (Waring et al., 2015). HiPSCs hold tremendous promise for translational research in neurological diseases (Devine and Patani, 2017; Silva and Haggarty, 2019). Such neurological diseases include, for example, Parkinson’s disease for which new compounds hold a promise as future therapeutics (Brunetti et al., 2020). In this context hiPSC could provide a valuable testing system for direct and preconditional signal effects both in isolated cell types and as a complex system such as a model of the neuromuscular junction, with pre- and post-synaptic components. Furthermore, as shown here, hiPSC provide a valuable model where to test SNARE function and new compounds impairing the SNARE complex, for example polyphenols, could be benchmarked against BoNTs. In regard to the development of BoNT therapeutics, rodent embryonic Spinal Cord Neurons (eSCN) are a widely used in vitro assay. There are however drawbacks to using this approach such as the use of a substantial number of animals, their labour-intensive isolation, the rapid loss of cell phenotype, significant batch-to-batch variation and their potential lack of predictability due to their animal origin (Pellett, 2012).
In conclusion, our study described the potential of four hiPSC-derived models to characterize and test BoNTs. By demonstrating the potential of hiPSC-derived Motor Neurons to generate a model of NMJ sensitive to toxin, our study also provides the demonstration that hiPSC -derived Motor Neurons could represent a major asset in improving the translational value of preclinical data on BoNTs. In addition, these new hiPSC-based models could also help the development of other novel therapeutics in the area of movement disorders.
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