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            Abstract
Genetic engineering by viral infection of single cells is useful to study complex systems such as the brain. However, available methods for infecting single cells have drawbacks that limit their applications. Here we describe 'virus stamping', in which viruses are reversibly bound to a delivery vehicle—a functionalized glass pipette tip or magnetic nanoparticles in a pipette—that is brought into physical contact with the target cell on a surface or in tissue, using mechanical or magnetic forces. Different single cells in the same tissue can be infected with different viruses and an individual cell can be simultaneously infected with different viruses. We use rabies, lenti, herpes simplex, and adeno-associated viruses to drive expression of fluorescent markers or a calcium indicator in target cells in cell culture, mouse retina, human brain organoid, and the brains of live mice. Virus stamping provides a versatile solution for targeted single-cell infection of diverse cell types, both in vitro and in vivo.
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                    Figure 1: Single-cell virus stamping using an unshielded stamper.[image: ]


Figure 2: Versatility of virus stamping.[image: ]


Figure 3: Single-cell virus stamping using a shielded stamper in mouse brain in vivo and in human brain organoid.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Preparing glass pipettes for unshielded virus stamping of surface cells and performing virus stamping.
The tools used for the four steps described in Methods (‘Glass pipette preparation’) are shown: a, Pulling and blunting of pipettes; b, Cleaning of pipettes; c, Silane functionalization of pipettes; d, Virus binding to pipettes. e, Non-targeted infection can be averted by using a lower virus concentration. The percentage of preparations in which non-targeted infection was observed when binding different concentrations of VSVG-coated rabies viruses encoding GFP (indicated on the x-axis) to functionalized glass pipettes (for each virus concentration, n = 8). For these experiments, virus-bound pipette tips were lowered into, and then removed from, solution containing plated BHK cells. The graph indicates that diluting the virus 100-fold eliminated non-targeted infection completely. The starting titer of the virus was 109 plaque-forming units per ml. f, Infrared image of a flame-blunted, virus-bound glass patch pipette that is touching the cell body of a retinal ganglion cell during virus stamping. Scale bar, 20 μm. g, A single BHK cell was targeted with a pipette tip bound with VSVG-coated rabies viruses encoding tdTomato. Time series of superimposed phase contrast and fluorescence images, showing the development of fluorescence in a single BHK cells over a 24 hours period. The insets in the bottom images are higher-resolution views of the infected cell. The black lines on the top and right are the walls of the well in which the cells were cultured. Scale bars, 200 μm, and 10 μm for inset.


Supplementary Figure 2 Versatility of virus stamping.
a,b, Targeted single cell infection by combining virus stamping with 2-photon microscopy. A neuronal cell culture was transfected with a low concentration of plasmids encoding GFP, resulting in sparse GFP labeling (left). A single GFP-expressing neuron was then targeted with VSVG-coated rabies viruses encoding tdTomato, leading to a single neuron expressing both tdTomato (middle image) and GFP (right image). Scale bar, 50 μm. c-f, Co-infection of single cells by virus stamping using one pipette bound with two different viruses. VSVG-coated rabies viruses encoding tdTomato and VSVG-coated lenti viruses encoding GFP were used. Examples of single cell co-infection in neuron culture (c-d, scale bar, 20 μm), and brain slice (e-f, scale bar, 60 μm). g-h, Monosynaptic circuit tracing in brain slice initiated by co-infecting a single cell with VSVG-coated G-deleted rabies viruses encoding GFP and VSVG-coated lenti viruses encoding the rabies glycoprotein (Rabies-G). The target cell (left image, white arrow) was confirmed by staining against the rabies glycoprotein, which only labeled a single cell in the slice. Scale bar, 50 μm. i, Multi-day, sequential single cell virus stamping. On day 1 at t = 0 hours, a single cortical neuron was targeted with a virus stamper bound with VSVG-coated G-deleted rabies viruses encoding GFP. j, After 48 hours, the infected cell expressed GFP and it was then stamped a second time with a virus stamper bound with HSVs encoding mCherry. k, Four hours later the stamped cell expressed both GFP and mCherry. Note that the stamped cell migrated slightly in the culture dish and changed shape slightly over the course of the experiment. The stamped cell was tracked over time to ensure that no neighboring cells showed fluorescent protein expression. Scale bar, 20 μm.


Supplementary Figure 3 Demonstration that virus stamping works with non-VSVG coated enveloped viruses and non-enveloped viruses, and that virus stamped neurons survive for many days post-infection.
a, A single cultured cortical neuron (embryonic day 18, from rat) was stamped shielded virus stamper that contained magnetic nanoparticles coated with both herpes simplex viruses (HSV1, non-VSVG coated) encoding GFP and G-coated rabies viruses encoding tdTomato. Both fluorophores expressed for a week and the neuron kept its morphology throughout this period. Scale bar, 50 μm. Note that adult neurons cannot be stamped at their soma with G-coated rabies or HSV1 viruses since these viruses enter adult neurons at their axon terminals. b, A single cultured cortical neuron was simultaneously stamped with two different AAVs (non-enveloped virus), one encoding GCaMP6 s and the other encoding mRuby. After 2 weeks, both fluorophores strongly expressed and the neuron maintained a healthy morphological appearance. Note than in general, AAVs take longer to express their payload than the other virus types used in this study. Scale bar, 20 μm.


Supplementary Figure 4 Cell infection with virus-coated magnetic nanoparticles.
a, For these experiments, nanoparticle-containing virus solution was applied to cell culture and a permanent magnet was used to pull the nanoparticles into contact with the cells. Confocal image of HEK cells infected with AEEA-functionalized nanoparticles (Alpha Biobeads, see Methods) bound with VSVG-coated rabies viruses encoding tdTomato. b, Confocal image of HEK cells infected with cationically-functionalized nanoparticles (OZ Bioscience, see Methods) bound with VSVG-coated rabies viruses encoding tdTomato. Scale bars, 50 μm. c, Quantification of cells infected in a 200 μm2 field of view in the center of a 24 well plate for both cationically and AEEA-functionalized nanoparticles bound with VSVG-coated rabies viruses encoding tdTomato. Red lines represent mean values. d, Testing the efficiency of virus-bound magnetic nanoparticles for stamping. Alexa 488-coated magnetic nanoparticles were bound with VSVG-coated lenti viruses encoding tdTomato. Single, highly fluorescent nanoparticles were FACS-isolated and were dropped into the wells of a glass bottom 96 well plate that had been plated with a confluent monolayer of HeLa cells (see Methods). A permanent magnet was used to pull the nanoparticles into contact with the cells. e, Example infection in one of the wells showing low resolution (top) and magnified (bottom) DIC and fluorescence images of a single infected cell and the fluorescent nanoparticle. Scale bars, 100 μm (top) and 50 μm (bottom). f, Percentage of wells in a 96 well plate that contained a fluorescent cell. g, Nanoparticles bind viruses with high efficiency. A 10 μl solution of VSVG-coated lenti viruses encoding GFP was mixed with 10 μl magnetic nanoparticle solution in a 1.5 ml centrifuge tube. The nanoparticles were pulled down to the bottom of the tube with a permanent magnet (see Methods). The supernatant was isolated and used for testing the infectivity of free viruses that were not bound to nanoparticles. The nanoparticles were then diluted with 10 μl of L-15 media and the magnet was removed. This nanoparticle-containing virus solution was then used to test the infectivity by placing 1 μl of nanoparticle solution per well of a 24 well plate and using a permanent magnet to pull the nanoparticles into contact with the cells. Top row, confocal images showing cultured HEK cells infected with nanoparticle-containing fraction. Bottom row, cultured HEK cells infected with the supernatant. Left column, DAPI staining. Middle column, GFP fluorescence. Right column, overlay of DAPI and GFP signals. Scale bar, 20 μm. h, Number of cells infected in a 200 μm2 field of view in the center of a 24 well plate for nanoparticle-containing fraction and supernatant. Red lines represent mean values. i, Virus stamping of single cells in cell culture with a shielded virus stamper. Targeted infection of one of the two GFP positive cells with VSVG-coated rabies viruses encoding tdTomato is shown 24 hours after infection. Left panel, GFP fluorescence. Middle panel, tdTomato fluorescence. Right panel, overlay of GFP and tdTomato signals. Scale bar, 20 μm.


Supplementary Figure 5 Calcium imaging in mouse visual cortex.
a, A schematic of the experimental protocol, in which a mouse with a cranial window above primary visual cortex is placed under a 2-photon microscope, and GCaMP6s based calcium signals are monitored while the lightly anesthetized animal is presented with visual stimulation consisting of 8 directions of drifting grating visual stimulation. b, The shielded virus stamper was used to deliver VSVG-coated G-deleted rabies viruses encoding GCaMP6s to visual cortex. Robust calcium responses were present six days later. The light responses from two cells are shown. Black traces indicate the average from all six trials. c, The PHP.B serotype of AAV was systemically delivered to drive wide-scale infection with GCaMP6s. A mouse was placed under a 2-photon microscope and calcium responses were measured during visual stimulation before and immediately after the electromagnet used for shielded stamping experiments was turned on for ten minutes. The top image shows the field of view of the imaging session and four cells of interest are indicated in red. The light responses of these cells are shown on the bottom in red. The middle image shows the same field of view except after the magnet was turned on for ten minutes. The same four cells on interest are indicated in blue, and their light responses are shown on the bottom. The red and blue calcium traces on the bottom represent averages from six trials. d, The PHP.B serotype of AAV was systemically delivered to drive wide-scale infection with GCaMP6s. Subsequently, magnetic nanoparticles were injected into visual cortex. A week later, the mouse was placed under a 2-photon microscope and calcium responses were measured during visual stimulation. The top image shows the field of view with five cells of interest indicated. The bottom traces show the light responses to the five cells of interest. The responses represent the average of six trials.


Supplementary Figure 6 Estimating the guidance of magnetic nanoparticles within the shielded stamping pipette by the externally applied magnetic field.
a, Schematic setup used for shielded virus stamping for in vivo experiments. The highlighted area of the electromagnet illustrates the 2D axisymmetric space used to simplify the finite element modeling of the magnetic field created by the magnet (Supplementary Note 1). Variables that are critical for stamping that adjust the magnetic field are 1) the current driving the electromagnet, 2) the distance between the electromagnet and the stamping pipette (indicated by ‘d’ in the figure), and 3) the angle between electromagnet and pipette (indicated at 45° in the figure). b, Experimentally determined (mean ± 3 standard errors) and model-predicted B-field values, which falls exponentially with increasing distance between the electromagnet and the pipette (coefficient of determination = 0.984). c, Map of the force exerted on a 100 nm sized (diameter) magnetic nanoparticle in the vicinity of the electromagnet. White lines indicate the direction of the force-field. Scale bar, 1 cm. d, Nanoparticles attached to the surface of a Hela cell. Nanoparticles (Alpha Biosciences) conjugated to both a fluorophore (red) and VSVG-coated lenti viruses encoding GFP (green) were pulled from a stamping pipette by the electromagnet. Scale bar, 10 μm.


Supplementary Figure 7 Magnetic nanoparticles concentrate viruses and drive robust infection.
a, Confocal images of HEK cells co-infected with magnetic nanoparticles bound with VSVG-coated G-deleted rabies viruses, G-coated G-deleted rabies viruses, AAVs and HSVs. For this experiment, nanoparticle-containing virus solution was applied to the cell culture and a permanent magnet was used to pull the nanoparticles into contact with the cells. Scale bar, 20 μm. b, Confocal images showing HEK cells co-infected with free VSVG-coated rabies, G-coated rabies, HSVs and AAVs that are not bound to nanoparticles (i.e. the virus solution was directly applied to the cells; bottom image). Scale bar, 20 μm. Note that combining the viruses with the nanoparticles and guiding the nanoparticles towards the cells with a magnet greatly increases infectivity. c, The number of single cells co-infected with all four viruses applied in the experiments with virus-bound nanoparticles or viruses alone. The red lines represent mean. d, Infectivity of AAV virus-bound nanoparticles. Serotype 2/1 AAVs encoding tdTomato were bound to magnetic nanoparticles in a centrifuge tube. The virus-bound nanoparticles were pulled to the bottom of a centrifuge tube using a magnet and were injected locally in layer 5 of mouse cortex. The supernatant was separated and was also injected nearby into the cortex.
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