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Abstract

Cultured human spinal motor neurons are a valuable tool to study basic mechanisms of neural development as
well as motor neuron diseases. However, the lack of efficient gene transfer techniques limits the study of
gene regulation and the development of gene therapy strategies for motor neuron diseases including
amyotrophic lateral sclerosis (ALS) and spinal muscular atrophies (SMA).

One of the major limitations of gene delivery studies is obtaining a pure and consistent population of primary
motor neurons. To overcome this, we utilized iPSC-derived human motor neurons from a commercial source
(BrainXell) that were produced using a directed differentiation protocol taking human iPSCs to neuroepithelial
cells to motor neuron progenitors and finally to motor neurons that were cryopreserved.

Next, we performed a gene delivery optimization and screened more than 200 candidates of cationic polymer
and lipid combinations in iPSC-derived human motor neurons. The novel nanoparticles that we identified from
the screen offer superior gene delivery in human motor neurons compared to leading commercially available
transfection reagents. The lead transfection formulation was also tested in other cell types including iPSC-
derived human glutamateric neurons, primary mouse cortical neurons, and a human neuroblastoma cell line,
SH-SY5Y. The ability to safely and efficiently deliver genetic materials into human motor neurons will enable a
wide range of scientific studies from neuronal gene expression modulations to drug discovery screening.
Optimization for maximal transfection efficiency in neurons

Introduction

Gene delivery is a powerful tool enabling study of the function and regulation of genes in cells. In neurons, non-viral
gene delivery techniques remain less widely use than viral transduction due to their lower transfection efficiency
and high cellular toxicity!. Despite this limitation, plasmid-mediated transfection has the major advantages that
they are: (1) easy to use, (2) can be used to deliver larger size genes and (3) pose less potential hazard to laboratory
personnel?.

Chemical transfection methods are the most widely used methods for non-viral gene delivery into mammalian cells.
Cationic polymers and lipids are commonly used to form positively charged complexes with negatively charged
nucleic acids. These transfection complexes are then attracted to the negatively charged cell membrane where
endocytosis occurs to uptake the foreign nucleic acids into the cells. In order for the transfected gene to be
expressed, it must be released from endosomes and subsequently get transported across the nuclear envelope into
the nucleus? (Fig. 1). In dividing populations of cells, transfected genes gain access to the nucleus during mitosis
where the nuclear envelope disassembles, thus eliminating the barrier3. Chemical transfection efficiency in neurons
and other types that do not actively undergo cell division during the gene transfer process remains relatively low due
to the ineffective nature of transporting the plasmid across the nuclear membrane3.

Figure 1. Chemical transfection of eukaryotic cells
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In the present study, we screened for combinations of cationic polymers and lipids for safe and efficient delivery of
plasmid DNA into various neuronal cultures including iPS-derived human motor neurons, iPS-derived human
glutamatergic neurons, primary mouse cortical neurons and human neuroblastoma cell line.

Experimental procedures

Cationic polymer and lipid screening

iPS-derived human spinal motor neurons (BrainXell) were seeded at 50,000 cells per well in poly D-L-lysine coated 24-well plates
(Corning) for 7 days before transfection. Shortly before transfection, the transfection complexes were formed in OPTI-MEM® serum free
medium (ThermoFisher Scientific) by incubating firefly luciferase encoding plasmid DNA (0.5 pg/well, pCl-Luc, Promega) and the desired
amount of cationic polymers and lipids for 15 minutes at room temperature. Luciferase gene expression was monitored at 24 hours post-
transfection using photon counting machine (Promega). Each transfection experiment was done in triplicate and is expressed as mean
light units + SD.

Transfection efficiency and cellular morphology visualization post-transfection

iPS-derived human spinal motor neurons and glutamatergic neurons (BrainXell), as well as primary mouse cortical neurons (ThermoFisher
Scientific) were seeded at 50,000 cells per well in poly D-L-lysine coated 24-well plates (Corning) for 7 days before transfection. Human
neuroblastoma cell line, SH-SY5Y (ATCC), was seeded at 250,000 cells per well in 24-well plates for 18-24 hours before transfection.
Shortly before transfection, the transfection complexes were formed in OPTI-MEM® serum free medium (ThermoFisher Scientific) by
incubating green fluorescent protein (GFP) encoding plasmid DNA (0.5 ug/well, pCAG-GFP) and the desired amount of cationic polymers
and lipids for 15 minutes at room temperature. Expression of GFP was monitored at 48-72 hours post-transfection using flow cytometry.
Each transfection experiment was done in triplicate and is expressed as mean percent GFP expressing cells + SD. Calcein AM
(ThermoFisher Scientific) was used for labeling live cells in order to observe cellular morphology post-transfection using fluorescent
microscopy.

Novel nanoparticles for gene delivery in motor neurons
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Cationic polymer screening for plasmid DNA delivery
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Figure 2. Library of cationic polymers of various sizes and structures were screened at various concentrations for efficient luciferase reporter plasmid
delivery into iPS-derived human spinal motor neurons (BrainXell) in the presence of a cationic lipid MC1181 at the concentration of 2 ug/ml of culture.
Multiple concentrations of polymer was tested, representative data of the best performing condition for each polymer is shown. The top performing
cationic polymer in the library, MP2388, efficiently delivered plasmid into the neurons resulting in high level of luciferase protein expression.
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Figure 3. Library of cationic lipids of various structures were screened at multiple concentrations for efficient luciferase reporter plasmid delivery into
iPS-derived human spinal motor neurons (BrainXell) in the presence of the top performing cationic polymer in the library, MP2388, at the concentration
of 1-3 pg/ml of culture. The lead formulation consisting of cationic polymer MP2388 and cationic lipid MC1186 efficiently delivered plasmid into the
neurons resulting in higher level in luciferase protein expression compared to the cationic lipid, MC1181 used in previous polymer screening.

High transfection efficiency in iPS-derived human spinal motor neurons
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Figure 4. The mixture of top performing cationic polymer (MP2388) and lipid (MC1186) were formulated and compared to commercially available
transfection reagents were then used to deliver GFP encoding plasmid at various dosages of the reagent. High transfection efficiency was observed with
the lead formulation compared to the leading commercially available transfection reagents in the market, Lipofectamine® 2000 and Lipofectamine®
3000 (ThermoFisher Scientific).

Low cellular toxicity was observed with the lead formulation
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Figure 5. Visualization of neuronal
morphology at 48 hours post-
transfection was performed using the
B A AR AN NS N | e fluorescent live cell staining Calcein
o e e S N AM. Normal neuronal morphology was
MDY/ A observed in iPS-derived human spinal
ME;Z’%B&I motor neurons in both transfected and
untransfected control suggesting the
low cytotoxicity nature of the lead
formulation.
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High transfection efficiency in various neuronal cell types
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Figure 6. Each neuronal cell type was transfected with GFP encoding plasmid using either the lead formulation or other commercially available
transfection reagents following manufacturers’ protocols using 3 pl of reagent per 1 pug of plasmid. High level of transfection efficiency was observed
with the lead formulation across in various neuronal cell types including iPS-derived human glutamatergic neurons (BrainXell), primary mouse cortical
neurons (ThermoFisher Scientific) and human neuroblastoma cell line, SH-SY5Y (ATCC).

Conclusion

« The delivery of plasmid into various neuronal cell types can be achieved with high
efficiency and low toxicity by using the lead formulation from the screen in the present
study

The best performing transfection reagent varies among different neuronal cell types.
Therefore, several reagents may need to be tested to achieve the highest transfection
efficiency
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