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The early stages of the virus—cell interaction have long evaded observation
by existing microscopy methods due to the rapid diffusion of virions in

the extracellular space and the large three-dimensional cellular structures
involved. Here we present an active-feedback single-particle tracking method
with simultaneous volumetric imaging of the live cell environment called
3D-TrImto address this knowledge gap. 3D-TrIm captures the extracellular
phase of the infectious cycle in what we believe is unprecedented detail. We
report what are, to our knowledge, previously unobserved phenomenain
the early stages of the virus—-cell interaction, including skimming contact
events at the millisecond timescale, orders of magnitude change in diffusion
coefficient uponbinding and cylindrical and linear diffusion modes along
cellular protrusions. Finally, we demonstrate how this method can move
single-particle tracking from simple monolayer culture toward more
tissue-like conditions by tracking single virions in tightly packed epithelial
cells. This multiresolution method presents opportunities for capturing fast,
three-dimensional processes in biological systems.

The ongoing SARS-CoV-2 pandemic has demonstrated with frighten-
ing clarity the need for fundamental research in physical virology to
exploit and counter the mechanisms of viral infection. The first point
of contact with the host organism occurs in the extracellular space of
the epithelia, whose cells form a tightly packed arrangement protected
by an extended mucus layer and glycocalyx'~. The structure of the
extracellular matrix (ECM) has been shown to be critical to the viral
lifecycle, undergoing changesin structure and composition uponintro-
duction of viral pathogens® and hosting biofilm-like viral assemblies
for cell-to-cell transmission’.

Single-particle tracking (SPT) methods have emerged as apower-
fultoolin our understanding of viral infection®*'2. These methods have
uncovered virion binding mechanisms to the cell surface™", distin-
guished internalization pathways” ", identified the cellular location
of envelope fusion®* %, characterized cytoskeletal trafficking''?2>%7-
and demonstrated how viruses hijack filopodia to efficiently infect
neighboring cells'®?***,

Despite these advances, it has thus far not been possible to follow
virionsinthe extracellular space with sufficient detail to interrogate this
important phase of viralinfection. Thisis because extracellular diffusion
occursacross depth ranges exceeding 10 pm and at diffusive speeds 2-3
orders of magnitude greater than the highly confined processes that
canbe followed by conventional SPT methods. Even the most advanced
image-based SPT methods such as spinning-disk confocal (SDC) and
light-sheet microscopy*®* are unable to meet these challenges as they
suffer from limitations caused by attempting to simultaneously track
and image disparately scaled objects on asingle platform.

Onewaytounderstand theselimitationsisto consider the sampling
oftrajectory pointsinterms of the number of localizations per second
(loc s™), which for image-based tracking methods is given by the volu-
metricimaging rate (Fig. 1a). As volumetric data are acquired frame by
frame, the temporal resolution scales poorly as the axial extent of the
processinquestion grows. Yet shrinking the volume Zsize reduces the
likelihood that the virion will remain in the volumetric field of view,
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shortening the observation duration and, thus, the absolute num-
ber of localizations acquired. Additionally, as camera exposure times
decrease, photon limitations when trying to image single particles
becomealimiting factor. Given amodest value of 16 z-slices spaced over
anaxial range sufficient to capture extracellular diffusion, even the fast-
estlight-sheet systems can theoretically acquire as many as 6.25loc s™
at best. Overcoming these fundamental limitations in speed and axial
range motivated the development of active-feedback tracking methods
which focus exclusively on the tracked particle*. Such methods can
localize particles with high spatial and temporal resolution, but the cost
to obtaining this enhanced temporal resolution is loss of environmen-
tal context. While such methods have been useful in studying particle
dynamicsinisolation, this missing context has precluded the applica-
tion of such methods to studying particle-environment interactions.
To address this gap, we present 3D Tracking and Imaging Micros-
copy (3D-TrIm), a multi-modal instrument that integrates a real-time
active-feedback tracking microscope®* with a volumetricimaging sys-
tem*® capable of simultaneously tracking the high-speed dynamics of
extracellular virions whileimaging the surrounding three-dimensional
(3D), live cell environment (Fig. 1a). This multi-modal approach pro-
vides unique value which cannot be extracted by itsindependent com-
ponents alone and, as demonstrated here, provides unprecedented
glimpses into the initial moments of the virus—-cell interaction. Using
3D-TrIlm, we acquired over 3,000 viral trajectories and demonstrate
the benefits of how this contextualized tracking uses localizations in
time analogously to super-resolution methods. This ‘super-temporal
resolution’ enables not just the formation of trajectories, but the detec-
tion of changes in diffusive regimes and the tracing out of nanoscale
structural features. Finally, 3D-Trim was applied to advance SPT from
monolayer cell culture to tightly packed, 3D epithelial culture models,
providing awindow into this critical stage of viral infection.

Results

Capturing extracellular viral dynamics requires the ability to track
arapidly diffusing target in three dimensions. To accomplish this,
we apply the recently developed 3D single-molecule active real-time
tracking (3D-SMART)***, 3D-SMART is an active-feedback microscopy
method that uses real-time positioninformation to ‘lock on’ to moving
fluorescenttargets. Critically, 3D-SMART can capture particles diffus-
ingat up to 10 pm? s with only a single fluorophore label*’, making it
anideal choice for capturing diffusing virions®.

The implementation of 3D-SMART in the current work is similar
to previous reports. Briefly, a rapid 3D laser scan is generated by an
electro-opticdeflector (EOD) and tunable acoustic gradient (TAG) lens.
The scanned laser spot excites photons from the fluorescently labeled
diffusing viral particle (Fig.1b and Supplementary Video 1). Photons are
collected on a single-photon-counting avalanche photodiode (APD),
which also acts as a pinhole to provide confocal detection and prevent
detection of out-of-focus virions. The photon arrival times are used
to calculate the real-time position every 20 ps which is then used in an
integral feedback loop to move the sample viaa piezoelectric stage, effec-
tively fixing the moving targetin the focus of the microscope objective.
Inthe eventthatasecond viriondiffusesinto the tracking volume, aspike
inintensity is recorded. Trajectories are split at these jump’ points so
thateachtrajectoryrepresentsasingle virion.3D-SMART producesa3D
particle trajectory with1,000 loc s, limited here by the 1-ms mechanical
response time of the stage, withlocalization precisionupto-~20 nmin XY
and~80 nminZ(Supplementary Fig.1) and duration only limited by the
travel range of the piezoelectric stage (75 x 75 x 50 um?*; XY2).

While 3D-SMART is ideally suited for capturing the fast dynam-
ics of extracellular viral particles over vast axial ranges, alone it lacks
environmental context. A complementary rapid volumetric imaging
method is needed to capture the live cell environment. The choice
of imaging system is nontrivial as the active-feedback nature of
3D-SMART requires amoving stage which places two constraints that

must be considered. First,imaging with camera-based methods, such
as light-sheet microscopy, would result in motion blur across a single
exposure time; the chosen imaging modality must be faster than the
1-msresponse time of the piezoelectric stage. Second, the stage cannot
be stepped to perform ‘z-stacking’ for volumetric imaging.

To meet these criteria, we implement 3D Fast Acquisition by
z-Translating Raster (3D-FASTR) microscopy to provide rapid volu-
metric imaging around the tracked viral particle*. 3D-FASTR uses a
two-photon laser scanning microscope outfitted with an electrically
tunablelens (ETL). The short pixel dwell time of the raster scan (-1 ps)
prevents motion blur, and the ETL performs remote focusing of the
imaging laser for 3D imaging. In contrast to a conventional z-stack,
3D-FASTR performs a continuous focal scan across an 8-um range. At
optimized scan frequencies, the combination of the XY raster scan and
the Zfocal scan evenly samples voxels in a tessellating pattern which
tiles to scan the entire volume (Fig. 1c and Supplementary Video 1). At
short acquisition times, unsampled voxels will have many sampled
neighbors such that the volumetric imaging rate can be increased
2-4-fold over conventionalimage stacking methods through interpola-
tion*®. The ability to rapidly image volumes without moving the sample
makes 3D-FASTR the perfect complement to 3D-SMART.

Tointegrate the two microscopesinto acombined platform, exci-
tationand emission for both trackingand imaging are routed through
asingle shared objective lens (OL, X100, numerical aperture = 1.4) on
aninverted microscope stand outfitted with a 3D piezoelectric stage.
The piezoelectric stage is mounted on a secondary motorized stage
which remains static during acquisition but can be moved between
trajectories to capture different areas of the sample (Extended Data
Fig.1). Registration of the 3D-SMART and 3D-FASTR systemsis required
togenerate combined 3D-Trlm datasets (Supplementary Figs.2 and 3).
The piezoelectric stage represents a shared spatial grid between the
two microscopes; the real-time stage position is a measure of the
tracked particle’s location which is tagged to the imaging XYZ voxel
position. The motion of the piezoelectric stage translates the 3D imag-
ing field of view, expanding the total imaging volume size based on
how far the virion diffuses. This effect is most dramaticin Zwhere the
8-um 3D-FASTR imaging range moves across the 50-um Zstage range.
These tagged positions are then used with calibration information
(Supplementary Figs. 4 and 5) to place each image voxel in the shared
global volume space. This per-voxel registration allows for anarbitrary
volume acquisition rate; voxels can be accumulated over the duration
of anentiretrajectory to formasingle global volume or spread across
multiple local volumes over time (shown here at ~17 s per volume) to
construct sequences over the course of the trajectory (Fig. 1d).

For this pioneering study into the early stages of the virus—cell
interaction, we investigated the journey of vesicular stomatitis virus
(VSV)-G-pseudotyped lentiviruses from the extracellular solution to the
cellsurface and beyond. This specific virus-like particle (VLP) was selected
for its wide cellular tropism due to the ubiquitous host entry partner of
VSV-G, thelow-density lipoproteinreceptor (LDLR)*, which has established
VSV-G as the standard for gene delivery*s. We utilized an efficient and
well-characterized internal virus labeling approach whereby fluorescent
proteinsfused totheHIV-1viral proteinR (Vpr) are packaged intobudding
lentiviruses®. Successful incorporation of eGFP-Vpr into single virions
was confirmed by tracking VSV-G eGFP-Vpr in the absence of cells and by
immunofluorescence experiments (Supplementary Figs. 6-8). Based on
aphotobleachinganalysisthatindicatesasingle eGFP-Vprhasanintensity
of -2 kHz, each VLP tracked in this study has somewhere between 10 and
100 eGFP-Vpr packaged within its capsid (Supplementary Fig. 9). Criti-
cally, these VLPs were shownto remaininfective (Supplementary Fig.10).

Toinitiate data collection, the 3D-TrIm microscope locates diffu-
sive virions by searching a plane approximately 5 pm above the apical
cellsurfacesothatviruses are captured before virus-cell first contacts.
When a VLP enters the 3D-SMART tracking volume, a large increase
in detected photons above the background level is observed on the
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Fig.1|3D tracking and imaging (3D-TrIm). a, Experimental setup. Fluorescently
labeled VLPs are added to live cells plated on a coverslip. The sample is placed
onaheated sample holder mounted on a piezoelectric stage. Inset, sampling

rate comparison among spinning disk, light sheet and 3D-TrIm. FPS, frames
persecond. b, Overview of 3D-SMART tracking of single viruses. The EOD and
TAG lens rapidly scan the focused laser spot around the local particle area.
Photon arrival times and the current laser position are used to calculate the
position of the virus within the scan area. Using the measured position, the
piezoelectric stage moves to recenter the virus within the scan area. ¢, Concept
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of 3D-FASTR volumetric imaging. By outfitting a traditional two-photon LSM
withan ETL, arepeatable, tessellated 3D sampling pattern can be generated
during each frame-time. Over a set number of frame-times, the entire volume
issampled. d, Construction of global volumes in 3D-TrIm. As the virus diffuses,
3D-SMART moves the sample, and the 3D-FASTR imaging system collects
sequential volumes from different areas around the particle (black dot). These
time-resolved local volumes can be used to generate an integrated global volume
(see also Supplementary Video1).

single-photon counter, which triggers the active-feedback tracking
loop and 3D-FASTR image acquisition.

Super-temporal resolution of viral trajectories in context
To demonstrate theimpact of this method, extracellular trajectories of
rapidly diffusing extracellular VLPs using both 3D-TrIm and an Andor

Dragonfly SDC microscope were acquired. The side-by-side datashown
inFig.2a,b demonstrate the vast difference inthe amount of data availa-
blefrom3D-TrImcompared withSDCdata(seealsoExtended DataFig.2).
The SDC microscope shows the trajectories of multiple extracellular
virions, the majority of which remaininthe trackable field of view long
enough to obtain only a few sample points. Such sample points are
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Fig.2|Minute-long high-resolution 3D tracking and volumetric live cell
imaging reveals transient VSV-G VLP contacts with the cell surface.

a, Extracellular viral diffusion collected on an Andor Dragonfly SDC microscope.
The same area was sampled continuously. Each volume has adepth of 8 pm
splitinto 16 z planes. Virus particles (eGFP-Vpr VSV-G) and live cells (HeLa,
SiR650-Actin stain) were imaged simultaneously with acamera exposure time of
40 ms. b, Extracellular viral diffusion collected on 3D-Trlm microscope. A single
virus particle (eGFP-Vpr VSV-G) was tracked continuously (1 ms of sampling
shown) and the surrounding area wasimaged 5 um below the particleand 3 pm
above, to give an approximate 8-um volume of cellular environment (HeLa,
SiR650-Actin stain). The resulting trajectories over the entire acquisition period
areshownand color-coded by time. ¢,d, 3D reconstruction of a single VSV-G
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VLP trajectory with live HeLa cells stained with SYTO61 from a four-dimensional
(4D) dataset. Cells are color-coded by intensity and distance from the cell
surfacetothe virus trajectoryin cand d, respectively. Circular inset, enlarged
view of ‘skimming’ event. e, Correlation between diffusivity and cell-to-virus
distance. Skimming events are highlighted in purple. Skimming event shown
incircularinset of d occurs at 68-78 s.f, Top-down (xy) complete imaging area
with trajectory. g, Lateral (yz) view with trajectory color-coded by diffusion
coefficient segments calculated by change-point analysis. h,i, Identical to cand
d except VSV-G trajectory coregistered with live GM701 fibroblast cells stained
with SiR-Actin (see also Supplementary Video 2). Circular inset, enlarged view of
‘skimming’ event.j, Lateral (yz) view of the trajectory shown in h, demonstrating
thatthe VLPis tracked over adepth of 30 pm.

characterized as long, straight lines averaging the behavior between
frame exposures. Tracking and imaging are coupled together so the
field of viewis confined to afixed areaand only one localization canbe
made per volume acquired. The overlaid volumes show that over three
acquired volumes there are three localizations. In contrast, the 3D-TrIm
trajectory of a single virion features thousands of sample points,
capturing the contour of motion instead of straight lines (Fig. 2b).
Thislocalization rate and field of view are completely decoupled from
the volume rate. Instead, over the course of three volumes, there are
thousands of localizations per volume and the imaging field of view
moves with the particle, reducing bleaching. Notably, the utility of this
super-resolved tracking is not just in the ability to form trajectories

butalso in the ability to extract quantitative and qualitative meaning
fromthe data. This super-temporally resolved data can extract not just
asingle approximated diffusion coefficient, but can detect changesin
diffusion speed and mode due to interactions.

Extracellular virions skim the live cell surface

Anexampletrajectory of these early interactionsis showninFig. 2¢c,f,g,
which features live HeLa cells fluorescently labeled with the nucleic
acid stain SYTO61. Taking advantage of the coregistered individual
local volumes (Extended Data Fig. 3), a global 3D render of the cells
was constructed using the maximum intensity of each voxel over
time. The viral trajectory is constructed from the piezoelectric stage
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Fig. 3| VSV-G VLP binding. a-c, 3D-Trim trajectory of a single VSV-G VLP binding
tolive nucleic acid-labeled HeLa cells. a, Intensity volume render (see also
Supplementary Video 3). Gray circular inset shows moment of VLP binding to
the cell surface. b, Virus-cell distance render. ¢, Maximum intensity projection
(MIP) with trajectory overlay. d, Trajectory diffusivity and virus-cell distance-
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time trace. Skimming events are highlighted in purple; binding events are
highlighted in pink. e-g, 3D-TrIm trajectory of VSV-G VLP transient binding to live
actin-labeled GM701 cells. e, Intensity volume render with trajectory color-coded
by diffusivity (see also Supplementary Video 4). f, Close-in view of VLP binding
sites. g, MIP with trajectory overlay.

coordinates and visualized here at the 3-ms sampling intervals used
for diffusivity calculations. The single VSV-G VLP was initially captured
inthe search plane and diffused for -90 s, reaching amaximum height
of nearly 20 um above the cell surface. The virion closely approaches
andintermittently touches the surface of several cells over the course
of the trajectory.

These periods of transient contact (‘skimming’) were quanti-
fied in two ways. First, change-point analysis was applied to identify
changes in the diffusive state of the VLP as it traverses the volume®®°",
The extracted diffusion coefficients are shown as color-coded linesin
Fig.2e.Second, the distancebetween the VLP and the cell surface was cal-
culated using segmented volume data (Extended DataFig. 4). This VLP-
celldistanceisvisualized in Fig. 2d, acolor-mapped volume with yellow/

red indicating approach within1 um/0.5 pm (comparable to the axial
extentof the 3D-FASTR point-spread function, Supplementary Fig. 11),
respectively. This value of 0.5 pm was used as the threshold value for
determining contact. The trajectory reveals multiple and repeated
contact events at various surface locations (highlighted in purple in
Fig. 2e). While the HeLa cell shown is LDLR-positive, these skimming
eventsare not restricted toreceptor-positive cells but are also observed
in GM701 fibroblasts (low LDLR expression level) (Fig. 2h-j and Sup-
plementary Video 2). Additional examples of viral skimming can be
found in Extended Data Fig. 5 and Supplementary Figs. 12-15.

These transient contacts were quantified toyield their occurrence
(Supplementary Fig. 16a), frequency (Supplementary Fig. 16b) and
dwell time (Supplementary Fig. 17) for three different cell types of
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varying LDLR expression level and morphology. These contacts can be
as short as several milliseconds in duration but numerous per trajec-
tory, without promoting long-duration viral attachment. Exponential
fitting of contact event durations on HeLacells yielded two populations
with dwell times of23 £+ 1and 102 + 5 ms (Supplementary Fig.17a). The
shorter dwell time is consistent with free diffusion, while the longer
dwell time indicates an interaction of the VLP with the cell surface or
ECM. These dwell times were longer for HeLa (102 + 5 ms) compared
with the low-LDLR GM701 fibroblast cells (88 + 8 ms, Supplementary
Fig.17b), though they exhibited identical fast components. Since these
two diffusive states are not correlated with the presence (BJ) or absence
(GM701) of LDLR, it can be concluded that these initial interactions are
notrelated toreceptor priming but potentially related to cell morphol-
ogy (Supplementary Fig.17c).

Theincreased dwell time near the cell surface also correlated with
slower diffusioninthe presence of HeLa cells. A trajectory-wide analysis
of ‘skimming’ VSV-G VLPs showed 80% of trajectories acquired in the
presence of HelLa cells have diffusion coefficients within the range of
0.5-3.4 um?*s™ (Supplementary Fig.18a), consistent with diffusive rates
in the presence of cells in previous reports™'**, Interestingly, VLPs
exhibited increased diffusivity of 1.3-4.5 pm? s for thinner fibroblast
cells, revealing a cell-type dependence on extracellular diffusivity (Sup-
plementary Fig.18a, two-sample ¢-test, P< 0.01). The unique correlative
imaging and high-speed tracking capabilities of the 3D-TrIm microscope
enabled a quantitative examination of the relationship between VLP
diffusion and distance from the cell surface. This correlation analysis
revealed adistance-dependent relationship, with VLPs slowing down as
they near the cell surface. Statistically significant inhibition of diffusion
was observed within 2.5 um of the cell surface for all cell types tested
(Supplementary Fig. 18e). Again, compared with the fibroblasts, VLPs in
the presence of HeLatrended toward lower diffusion coefficients near
the cell surface (Supplementary Fig. 18f). This difference again suggests
morphological effects imposed by the more irregularly shaped HeLa
compared with flatter, more uniform fibroblasts.

While all three cell types showed a trend toward slower diffusion
near the cell surface, eachsstill displayed a substantial fraction of VLPs
with segments of diffusion >1 pm?s™ at less than 1 pum from the cell
surface. Again, this effect was cell-type dependent, with BJ cells showing
amuch higher percentage of fast-diffusing VLPs near the surface (B}:
33.6% +11.8%, HeLa: 16.8% + 3.9%, GM701: 16.7% + 7.3%). This fast dif-
fusion near the cell surface suggests acomplexinterplay between the
extracellular environment and VLP dynamics. Such short-lived contact
events are resolvable with 3D-TrIm due to the unique combination of
super-temporally resolved tracking combined with 3D Imaging which
candiscern cellular contact on the millisecond timescale.

3D-TrIm captures the transitional dynamics of binding
Inadditionto the transient contacts observed above, long-termbinding
events of individual VSV-G VLPs on the cell surface were also captured
by 3D-TrIm. Unlike skimming, these binding events display dramatic
diffusivity changes upon contact. In the first example (Fig. 3a-c, Sup-
plementary Fig. 19 and Supplementary Video 3), the virus initially
undergoes several skimming events, marked by close approach to
the surface of multiple cells with subtle changes in the diffusion coef-
ficient. At -70 s, as the virus—cell distance reaches a minimum, viral
diffusivity drops by two orders of magnitude and remains bound for
several minutes (indicated by the pink box in Fig. 3d). In such cases
where motion of the particle is confined, the observation duration
is limited by photobleaching of the virion to several minutes at the
reported laser power. Photobleaching of the cells occurs over alonger
duration due to sampling a larger area less frequently.

Itwas also observed that bound viral particles detach after landing
and diffuse away or evenbind again elsewhere. Figure 3e-gshowsaVLP
initially bound between two protrusions on an actin-stained GM701
fibroblast (see also Supplementary Fig.20 and Supplementary Video 4).

This bound state (D = 0.04 pm?*s™; Fig. 3e,f, yellow) persists for -23s,
before detaching to free diffusion (D > 2 pum?s™). After only -4 s of free
diffusion, viral diffusivity drops to less than 0.1 pm?s™ upon contact
and remains bound for several seconds before detaching againto free
diffusion and ultimately leaving the trackable volume (additional
example: Extended DataFig. 6). Combined with the millisecond-scale
dwell times above, these multiple and long-term binding events sug-

gest that cell-VLP attachment events cover alarge range of timescales.

3D-TrIm traces out nanoscale cellular protrusions
Inadditionto the ability of 3D-TrIlm to resolve milliseconds-long contact
and sample changes in diffusive regime, 3D-TrIm’s highly sampled tra-
jectories cantrace out nanoscale structures onthe cell surface. Similar
to how super-localization of emitters enables nanoscale resolution of
cellular structures in super-resolution methods, the high 3D precision
and rapid sampling of 3D-SMART turns the virus into a nanoscale pen
that draws out local features smaller than the diffraction limit which
canbe contextualized through the simultaneous larger-scale imaging.
Oneexampleistheinteraction between VLPs and cylindrical pro-
trusions on the cell membrane. Using 3D-TrIm, viral particles were
observed binding directly to these structures from the extracellular
space (Fig.4a-e, Extended DataFig. 7, Supplementary Fig. 21 and Sup-
plementary Video 5). While not stained and therefore not visible in the
image, thevirus’s path along the surface creates a high-resolution map,
carving out the nanoscale cylindrical morphology of the protrusion
surface (Fig.4d,e). The feature traced by this VLP protrudes -1 pm verti-
cally fromthe cell surface (Fig. 4d). A best-fit cylinder gives aradius of
105 + 8.4 nm (Fig. 4e), consistent with the observed size of filopodial
protrusions, and, notably, demonstrating the ability for 3D-TrIm to
super-resolve tracked features beyond the diffraction limit. These
structures were dynamic and resulted in changing cylindrical structure
within the viral trajectory over time (Fig. 4f-i), with radii tapering for
more distal parts of the structure. VLPs on these structures were con-
sistently measured to have diffusivity values -0.01 pm?*s™ (Extended
DataFig. 8 and Supplementary Figs. 22 and 23), nearly identical to other
types of membrane diffusion observed (Supplementary Fig. 24). Viral
trajectories collected with 3D-Trlm were also able to super-resolve
hemispherical membraneblebs (Fig. 4j,k and Supplementary Fig. 25),
highlighting again how the high-sampling-rate 3D tracking can result
insuper-resolution structural tracing.

VLP dynamics in the epithelia: beyond monolayer cell culture
Asistypical of SPT experiments, the previous examples were captured
in the presence of monolayer cultures, which have been shown to differ
from more realistic tissue models**. Here, we demonstrate the poten-
tial for 3D-TrIm to operate in complex environments at considerable
depthsinsystems that more closely approximate the infection routes
of virusesin vivo. A system of particular relevance to the extracellular
dynamics of viruses (and to respiratory virusesin particular) is the epi-
thelium, whichis protected by a thick mucuslayer*and asize-excluding
periciliary layer®>. For well-differentiated epithelial cells to form tightly
packed arrangementsinvitro, they must be grown on asemipermeable
membrane support to allow access to the basolateral layer and pro-
vide a morerealistic growth environment. The thick (>10 pm), tightly
packed epithelial layer cannot be grown directly on a coverslip, mak-
ing observation of dynamics in these critical systems impossible in
conventional microscopy methods. In contrast, 3D-Trlm’s large axial
range enables unprecedented high-speed SPT in these more biologi-
cally relevant tissue models.

Epithelialmodel systemswere prepared by growing HT29-MTX cells
onasemipermeable membrane supportandinverted so thatthecells
were suspended above the coverslip surface (Supplementary Fig. 26).
The diffusion of viruses into this tightly packed layer can be captured
from this vantage with millisecond temporal resolution (Fig. 5a-d,
ExtendedDataFig.9,SupplementaryFig.27and SupplementaryVideo6).
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Fig. 4| Virusinteraction with cellular protrusions. a, VSV-G landing on
protrusion from the surface of alive SYTO61-stained HeLa cell (see also
Supplementary Video 5). b, Magnified view with slices through x and y axes.

¢, Top-down (xy) complete imaging area with trajectory. d, Magnified views
showing the hollow cylinder the VLP draws out while diffusing around the
protrusion. e, Cylindrical fitting of the bound portion of the trajectoryina-d
(16-133 s), radius =105 + 8.4 nm. f, Additional high-resolution trajectory of VLP
ona protrusion captured after landing. g, Lateral (yz) view. VLP tracking captures
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change in protrusion shape. h, Enlarged views showing VLP progression after
starting from a proximal position on the membrane. i, Cylindrical fitting of base
(10-31s) and extremity (55-99 s) of the trajectory in f-h, radius =153 + 8.7 nm
and 77 + 8.4 nm, respectively. Average protrusion radius of 125+ 16 nm (n =5).
Jj, Top-down view of VSV-G VLP diffusing on membrane bleb of actin-stained B)
fibroblast cells. Inset: enlarged view. k, 3D volume rendering for datashowninj,
except trajectory colored by diffusion coefficient.

The VLP experiences confinement near the surface of multiple cells
for nearly 3 min. However, it is important to note the difference
between subdiffusion/confinement and diffusivity. The average dif-
fusion coefficient for VSV-G traveling in this complex environment
is 1.29 + 0.44 pm?s™, in the range of freely diffusing virus particles

(Supplementary Fig. 8g) and at least two orders of magnitude higher
than bound or internalized processes, suggesting the ECM does not
present a substantial physical barrier. Critically, despite this confine-
ment, the virion manages to diffuse more than 10 pm across the Zaxis
during the trajectory.
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Fig. 5| VSV-G VLP diffusing through multi-layered epithelial cells. a, Top,

3D reconstruction froma 4D dataset covering 10 local volumes, at 10 frames

per volume (see also Supplementary Video 6), of suspended HT29-MTX cells
grown oninverted matrix support and labeled with SYTO61. Coregistered VSV-G
VLP trajectory color-coded by time. Bottom, lateral (xz) view. b, Top-down (xy)
MIP. ¢, Right, magnified cut-through view showing VSV-G VLP confined within
vacancy as it diffuses around the edge of tightly packed epithelial cells. Left,
isosurface render of cells highlighting sample density. d, Top, the distance

ofthe trajectory to the cell surface is projected as a distance map on the cell
volume, with the trajectory color-coded by time overlayed. Bottom, volume with

4 pm

JZ
4 uym
X

Inside chamber

[0 [051<]

Distance to virus (um)

Expected diffusion
coefficient = 0.75 um?s™

trajectory omitted, showing areas of close contact on the cell surface. e, Left, the
resulting trajectory is color-coded by diffusion coefficient, using mean squared
displacement and change-point analysis. Right, trajectory with volume omitted,
showing highly sampled trajectory across a large range in diffusivity. f, The
same fluorescently labeled VLPs (eGFP-Vpr VSV-G) were tracked in 40% glycerol
(v/v) onan Andor Dragonfly SDC microscope, with acamera exposure time of
40 ms. Asingle volume (-8 um splitinto 16 z planes) was sampled continuously.
Theresulting trajectories over the entire acquisition period are shown and
color-coded by time.

This large accessible depth range coupled with near-free diffu-
sivity precludes study with even advanced image-based tracking. To
demonstrate the benefit of 3D-Trlm in studying this diffusive regime,
VLPswere suspended in40% glycerol, which based on solution-phase

tracking should reduce the particle diffusion to ~0.75 pm?s™. Figure 5f
shows that when imaged at this similar diffusivity, the slower volume
sampling of the spinning disk makes it impossible to extract details
of local diffusion from the undersampled trajectory. In contrast, the
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Fig. 6 | Internalized viral trafficking. a, Whole-volume visualization of HeLa
cells stained with SiR650 labeling F-actin. Two slice planes were used to section
the YZplane and create a channel that renders the interior volume section
semitransparent, revealing the trajectory embedded beneath the cell surface.
b, Close-in view of VLP trajectory. ¢, Top-down XY view of internalized viral
trajectory shows high-intensity, actin-rich regions which the trajectory moves
around.d, YZslice view demonstrates that VLP is truly internalized inside the
depths of the cell (see also Supplementary Video 7).

highly sampled trajectory from 3D-TrIm reveals significant (and previ-
ously invisible) changes in virion dynamics as it hugs the cell surface
(Fig. Se).

This rapid but trapped diffusion is in stark contrast to viruses
near monolayer cultured cells, where the rapid diffusion limits the
dwell time near the cell surface. Notably, this example demonstrates
the capability for 3D-TrImto track at low signal levels (35 kHz) in com-
plex environments, which is anotable advantage over other previous
active-feedback tracking methods, whichrequire several hundred kHz
for successful tracking>~*.

We note here that there are several features of 3D-TrIm that make
itextendableto future studies. First, not restricted to capturing rapid
extracellular dynamics, 3D-TrIm’s high-resolution tracking ability
extends to the later, internalized stages of the infectious cycle (Fig. 6,
Supplementary Fig. 28 and Supplementary Video 7). These datadem-
onstrate that the VLPsin this study exhibit the hallmarks of infectious
virions in viable cells, undergoing normal cellular processes such as
endocytosis and intracellular trafficking. 3D-TrIm is fully compatible
with live cell studies and active biological processes.

Second, 3D-TrIm can observe single-particle dynamics within
the same area over long periods to expand beyond the single-particle
natureintrinsic to active-feedback tracking methods*2. Such prolonged
live cellimaging is made possible by a combination of continual laser
scanning and viral motion, which reduces the overall laser dwell time
atany single position. Multiple-trajectory registration enables 3D-TrIm
to accumulate a population of trajectories sufficient to perform sta-
tistical analyses on the dynamics and activity of virionsinasingle area
(Extended Data Fig. 10, Supplementary Fig. 29 and Supplementary
Video 8). Extended Data Fig. 10b shows the population average (27 of

38 trajectories) of VLP position and diffusivity, revealing that different
VLPs frequent similar areas of the cell surface and ECM. Further experi-
ments may uncover what factors influence the heterogenous dwell time
of virions to these particular regions of the surface.

Discussion

Thedatacollected here by the 3D-TrIm microscope represent adramatic
step forward for SPT at high speeds in complex systems. Before this
study, theimmobilization and detachment behaviors of single virions
could be observed by epifluorescence microscopy™*. However, here
3D-Trlm gives a continuous and uninterrupted timeline of the viral
particle through the entire process, complete with volumetric imag-
ing and environmentally contextualized diffusion analysis. While in
the current study 3D-TrIm is able to track viral particles for minutes
atatime, following one particle through the entire infection process
will require 10 s of minutes of observation time. This limits the abil-
ity of 3D-TrIm to correlate these newly uncovered extracellular and
cell-surface dynamics with the infectivity of a single VLP. To address
thisinthe future, we haverecently developed aninformation-efficient
sampling approach which extends the observation time dramatically
by only sampling high-information areas around the particle*. This
should allow tracking of the VLP all the way from the extracellular to
the perinuclear space.

The skimming events observed here are to our knowledge
the first of their kind and demonstrate how cell morphology can
affect viral diffusion and how diffusion is inhibited at the cell sur-
face. For membrane-bound VLPs, while the phenomenon of viruses
utilizing actin-rich protrusions as tracks to facilitate transport
along the plasma membrane has been well-described'******, the
distinct transport modes revealed here give insight into the dif-
ferent ways that VLPs interact with cellular protrusions. Finally,
we demonstrated rapid diffusion of single VLPs in a tightly packed
epithelial layer, which to our knowledge has never before been
reported, paving the way toward high-speed SPT in more realis-
tic biological systems. Future studies with 3D-TrIm will be able to
probe various unanswered questions in viral dynamics, including
the ‘molecular walker” hypothesis® and the seeming impenetrability
of the periciliary layer for particles larger than 40 nm in diameter*’.
This work is also readily extendable to the study of pseudotyped
SARS-CoV-2 VLPs, which have already been shown to mimic many of
the properties of the wild-type virion®s. Importantly, the application
of thistechnique can be extended to any system where fast dynamics
of nanoscale objects occur over large volumetric scales, including
delivery of nanoscale drug candidates to the lungs® and through leaky
tumor vasculature®.
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Methods

3D-TrIm instrument overview

The 3D-TrIm instrument design is shown in Extended Data Fig. 1and
consists of 3D-SMART tracking excitation optics and 3D-FASTR imag-
ing excitation optics coupled through a commercial confocal micro-
scope (Zeiss LSM 410, modified by LSM Tech), piezoelectric stage and
microscope objective tojoin both setups together. The microscope is
controlled by custom code LabVIEW code.

3D-SMART

High-speed particle trackingis achieved using a rapidly scanning laser
focus over anarrow field of view and single-photon counting detectors
to calculate photon-by-photon position updates in real time. This is
accomplished using a pair of EODs to scan the laser across a 25-point
Knight's tour pattern***', covering al-um”areain the XY plane, holding
at each spot for 20 ps (Fig. 1b). A TAG lens®* sinusoidally deflects the
laser’s focus at ~70 kHz over a 2-um range around the focal volume
(Fig. 1b). Photon arrivals at different laser positions are fed into a
Kalman filter® on afield-programmable gate array. The real-time locali-
zationisthenused astheinputtoanintegral-feedback controller, which
controls a piezoelectric nanopositioner torecenter the particleinthe
objective focal volume.

3D-SMART excitation optics

The optical pathway for 3D-SMART tracking excitation uses a
continuous-wave solid-state 488-nm laser source (FCD488-30, JDSU)
whichis expanded1.25x and spatially filtered with a 75-umpinhole. The
linear polarization of the beamis selected by aGlan-Thompson polar-
izer (GTH5-A, Thorlabs) and rotated by a half-wave plate (WPHO5M-488,
Thorlabs). A pair of EODs then deflect the polarized beam with asecond
half-wave plate in betweento rotate the polarization orthogonal to the
input. The deflected beamis further expanded 3.33x before focal modu-
lation through anacoustic lens (TAG lens). This modulated focusis then
relayed to the sample using three lenses which will preserve the input
magnification. The beamis reflected into the underside of the LSM by
amultiband dichroic mirror (DCM2) (Chroma ZT405/488/635rpc) and
then reflected vertically toward the objective, collimated through a
200-mmlens (LA1708-A) situated in the underside of aslider containing
a700-nmshortpass dichroic (DCM1). The beam exits the slider and is
focused by the objective lens.

3D-FASTR overview

In conventional laser scanning microscopes, a laser beam is
raster-scanned point by point to form animage frame. Extensioninto
the third dimension is achieved by translating the sample and per-
forming serial frame acquisition at different depths. As the stage is
used for active-feedback tracking of the particle, we instead used an
ETL to create a continuous optical translation of the focus to provide
an imaging depth range of up to 8 pm. This focal sweep completes
several periods within the period of the frame raster scan, creating
scan patterns across the Y-Zimage plane which vary each frame-time.
When the relative frequency between the ETL and the 2D frame scan
are timed correctly (Supplementary Fig. 11f,g), a unique subset of
voxellocationsinthe volume space are scanned each frame before the
patternrepeats (Fig. 1c). This method, called 3D-FASTR, increases the
volumetric imaging rate 4-8x beyond that provided by conventional
volumetric microscopy methods because the resulting gaps between
scanned voxels can be interpolated*®. The 1-us dwell time is common
to most existinglaser scanning microscopes and generates more than
enough signal-to-noise to capture the morphology and dynamics of
fluorescently labeled live cells.

The development of 3D-FASTR resulted in an imaging system
capable of 3Dimagingin motion, butsinceits original publication, the
optical configuration of 3D-FASTR was re-designed to obtain a con-
stant, diffraction-limited point-spread function throughout the focal

range. These optical improvements also resulted in a triangular focal
translation without the need for arbitrary drive signals. Improvements
to 3D-FASTR optical performance are discussed in Supplementary
Information Sections1.2and 2.1.

3D-FASTR excitation optics

Two-photon excitation was enabled by incorporating a
tunable-wavelength (tuned to 800 nm), pulsed Yb 100-fs, 80-MHz
laser source (Chameleon Discovery, Coherent) and expanded 2.5x
using a Galilean telescope (ACN254-050-B, Thorlabs; AC254-125-B-ML,
Thorlabs). Variable focusing of the expanded beam was achieved using
an ETL (EL-10-30-C-NIR-LD-MV, Optotune) placed approximately
1,200 mmbehind the rear aperture of the LSM System. A 450-mm lens
(IL1) (11665, Edmund Optics) positioned 935 mm after the ETL enabled
nearly linear focal translation with respect to current (Supplementary
Fig.11d), eliminating the need for any external modulation described
inref.*°. After passing through the confocal scan unit, the beam’s focal
rangeisadjusted bya1,000-mmlens (IL2) (LA1464-B, Thorlabs) placed
ontheimaging excitationside of the slider. The beamis thenreflected
vertically off a 700-nm shortpass dichroic mirror (DCM1) to the rear
aperture of the objective lens (x100 Plan-Apo 1.4 NA, Zeiss).

Imaging variable focus detection

Thebeamissampled before variable focusing using a10:90 beamsplit-
ter (BS025, Thorlabs). The sampled beamis focused using a75-mmlens
(AC254-075-B-ML, Thorlabs) onto a Si photodiode (DET10A, Thorlabs)
terminated with a 56-kQ resistor. This photodiode is used as a power
reference to normalize the signal. Two additional 10:90 beamsplitters
(BS1, BS2) sample the beam after focal modulation at extremaof the ETL
focal range, producing peak photodiode signals at focal length minima
(PD1) and maxima (PD2). Because the two measurement photodiode
signals peak out-of-phase with respect to focal shift, their difference
produces amonotonicresponse curve with respect to ETL focal power
asreported previously inref. *°. Details of the ETL focal length calibra-
tion can be found in Supplementary Information Section 1.2.

Shared emission pathway

Akeyfactor tointegrating the tracking and imaging modulesin3D-TrIm
isminimization of crosstalk between the channels. In thisimplementa-
tion, tracking fluorescence collection occursin the 500-600-nm win-
dow andimaging fluorescenceis collected inthe 600-700-nm window.

Emitted fluorescence fromboth tracking and imaging passes back
through the dichroic mirror (DCM1) and 200-mm lens on the tracking
excitation side of the slider. Both emitted beams pass through the
multiband entrance dichroic (DCM2) and focus through an 85-mm lens
positioned approximately 360 mm from the objective lens. Reflected
imaging laser excitation is removed through amultiphoton blocking fil-
ter (FFO1-750/SP-25, Semrock), and the tracking and imaging emissions
are separated with a second dichroic mirror (DCM3) (Di03-R594-t1,
Semrock). The imaging emission is focused onto a nondescanned
detector (PMT) using a 50-mm lens (LA1131-A, Thorlabs) positioned
50 mm beyond the previous 85-mm lens.

After DCMS3, the tracking emission is relayed by a 300-mm lens
(AC254-300-A-ML, Thorlabs), placed 625 mm beyond the previous
85-mm lens, and focused onto an APD by an 80-mm lens (AC254-
080-A-ML, Thorlabs). This detection setup results in abeam magnifi-
cation that nearly fills the APD sensor area and prevents interference
fromthe scanned imaging laser.

Tracking and imaging integration overview

The 3D-SMART active-feedback tracking and 3D-FASTR imaging are
coupled into a single platform through the chromatically separated
excitation and emission pathways described above but unified by the
master spatial grid of the piezoelectric stage. The stage coordinates
define the physical space and can be used as an absolute reference

Nature Methods


http://www.nature.com/naturemethods

Article

https://doi.org/10.1038/s41592-022-01672-3

between tracking and imaging spaces. As the 3D-SMART system
natively outputs the trajectory in stage-space coordinates, only the
location of the 3D-FASTR image must be adjusted to generate fully
registered tracking and imaging volume spaces. Multiple calibrations
were used to obtain the imaging parameters needed to convert voxel
locations fromimage-space into physical stage-space and are described
below. Details for calibration of the relative tracking and imaging center
positions can be found in Supplementary Information Section 1.1.

TrIm data acquisition workflow

Tracking and imaging acquisition is initiated by the 3D-SMART laser
pattern scanning through the tracking volume. When the number
of detected photons exceeds a predetermined threshold based on
the laser power and observed background, a particle is assumed to
be located within the tracking volume. This particle-detection event
will initiate the stage feedback loop, open the imaging laser shutter
and trigger datarecording. Tracking and imaging data continue to be
recorded until the tracking intensity drops below a threshold value
based on the background level.

We note here that the primary limit to trajectory duration in dif-
fusive scenarios is not photobleaching, but that trajectories most
frequently ended when reaching the boundary of the piezoelectric
stage. For confined trajectories, acquisition continues until bleaching
causes the virus intensity to fall to a level similar to the background.

Automated acquisition overview

Due to the serial nature of SPT acquisition, obtaining a quantity of
trajectories sufficient for population-level statistical analysis can be
tedious and time-consuming. We developed an automated acquisition
protocol to act as an autopilot so that 3D-TrIm experiments could be
conducted without user input over experiment durations up to 12 h.
The cells were maintained at 37 °C and buffered (Live Cell Imaging Solu-
tion, Invitrogen A14291DJ) with 2% FBS (Millipore Sigma, no. F2442) to
preserve viability through the duration of the experiment.

The autopilot algorithm searches for particles and considers
any particle-detection event as a trajectory regardless of duration.
Afteraset duration, either time- or quantity-based, an area-migration
eventis triggered, which moves the motorized stage to anew location
inan S pattern to minimize overall distance traveled. The algorithm
then continues to search for particles in the new area and repeats this
process until it is manually terminated, or an imposed time limit has
beenreached. Atypical autopilot session resultsin acquisition of ~500
trajectories.

Trlm data processing and visualization workflow

Thegoal of data processing in 3D-TrImis to register tracking and imag-
ing datasets in the same stage-space, which requires conversion of
image data from pixel-space to stage-space. The pixel-based nature
of 3D-FASTR acquisition results inimage data without fixed temporal
boundaries: any number of 3D volumes canbe flexibly created from the
total acquired image data, limited only by the desired balance between
image quality and speed.

In the static-stage 3D-FASTR imaging case, the precise timing of
the relative frame and ETL frequencies enables the out-of-sequence
sampling to scan a volume completely without multiply sampling a
voxellocation more than once. The theoretical time toscanacomplete
volume, T, isequivalent to the product of the frame-time and number
of z-slices in the volume. In 3D-TrIm, however, the motion of the stage
across Z expands the volume beyond the initial size given by the ETL
depth range alone. We observed axial diffusion ranges of up to 25 pm
inasingle T, period. Toaccount for increased volume size, we use the
static-case T, value as our base volume acquisition time.

Once the temporal volume boundaries are determined, the voxel
positions are transformed from image frame position (P,,,.) into the
stage coordinate space position (V) in each axis using the calibrated

value for the trackcenter (P, and the pixel size (¥, um per pixel)
according to the equation below, which shows this transformation
for the x-axis positions.

VX,rel. = (PX,image - PX,center) * Llj)( (1)

This valueis then offset by the position of the stage, S, to yield the
absolute position in physical space (Vy ps.)-

VX,abs. = SX + l/)(,rel. (2)

The sign is determined by the relative orientation between the
piezo stage and laser scan as obtained through the slope of the pixel
size calibration described above and in Supplementary Information
Section1.3.

This process is simplified for the z axis because the ETL calibra-
tion is zero-referenced to the axial trackcenter in micrometers, such
that only the stage offset in equation 2 is necessary for voxel place-
ment. After conversion, the stage-space voxel positions must be
re-discretized to form the global voxel grid. This is accomplished by
using the stage-space extrema as the centers of the resulting minimum
and maximum voxels. The locations of these voxel boundaries are
determined per trajectory based onthe size of the global volume space.

After voxel assignment, each local volume is assessed for sam-
pling to prevent overinterpolation of undersampled image planes
and cropped such that the exterior planes of the volume are at least
20% sampled. The MATLAB (MathWorks) function inpaintn® is used
to perform the inpainting operation. After interpolation, the local
volume intensity is rescaled by setting the saturation point at the
intensity equal to the cumulative distribution threshold of 0.9998 and
contrast-enhanced by scaling withagammavalue of 0.7. Unless atime
series is desired, these completed local volumes can be composited
into asingle maximum intensity projection of the global volume over
time. When displayed as a time series of local volumes, the image may
appear incomplete or irregularly stripy in some regions. This occurs
when the virion diffuses toward or away from the cells in Zsuch that
cells are visible in the imaging volume for only a portion of the local
volume time. Compositing into a global volume is recommended for
forming distance maps to avoid such issues.

Preparation of fluorescently labeled VLPs

For these single virus tracking experiments, we incorporated fluores-
cent protein into VSV-G VLPs by fusing either eGFP, or miRFP670, to
HIV-1Vpr, which is packaged within the pseudovirus nucleocapsid.
3D-Trim trajectories were acquired on cells labeled with SYTO61 (tar-
geted to nucleic acids) or SiR650-actin (targeted to F-actin). The cell
labels were chosen to maximize chromatic separation between the
trackingandimaging, and the largest contributor to tracking crosstalk
was cell autofluorescence by single-photon excitation, which was low
enough not to perturb the active-feedback single-virus tracking. We
cultured monolayers of HeLa, BJ fibroblasts or LDLR-deficient GM701
fibroblasts on glass coverslips. Alternatively, to achieve multi-layered
cells, we cultured HT29-MTX cells oninverted matrix support filters®.
This selection of cell types offered diversity in morphology, extracel-
lular environment and cell-surface receptor concentration to observe
theirinfluences on the early stages of viral contacts.

Plasmid construction

The expression vector eGFP-Vpr, used to generate internally
labeled VSV-G VLPs, was constructed as follows. The vector pVpr*
backbone was derived from mCherry-2xCL-YFP-Vpr (Addgene,
no. 105215) and amplified by PCR with the following primers:
5 TTTTCCTGCAGGTGAACAAGCCCCAGAAGACC-3’ (Sbfl site under-
lined) and 5’-TTTTACCGGTCGTCGACTGCAGAATTCG-3’. DNA encod-
ing for the fluorescent protein eGFP was amplified by PCR with the
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following primers: 5-TTGCTAGCGCTACCGGTC-3’ (Nhel site under-
lined) and 5-TCCGCCTGCAGGCTTGTACAGCTCGTCCATG-3’ (Sbflsite
underlined), using eGFP-Rab7 (Addgene, no. 12605) as the template.
Both PCR products were digested with Nhel + Sbfland ligated together
to create eGFP-Vpr; successful insertion was verified by sequencing.

The expression vector pmiRFP70.Vpr, used to generate
internally labeled VSV-G VLPs, was derived from the same back-
bone as above and amplified by PCR with the following primers:
5-TTTTACCGGTCGTCGACTGCAGAATTCG-3’ (Agel site underlined)
and 5-AAAACCTGCAGGTGAACAAGCCCCAGAAGAC-3’ (Sbflsiteunder-
lined). DNA encoding for the fluorescent protein miRFP670 was ampli-
fied by PCR with the following primers: 5-GATCCACCGGTCGCC-3’
(Agel site underlined) and 5-TTTTCCTGCAGGGCTCTCAAGCGCGG-
3’ (Sbfl site underlined), using pmiRFP670-N1 (Addgene, no. 79987)
as the template. Both PCR products were digested with Agel + Sbfl
and ligated together to create pmiRFP670-Vpr; successful insertion
was verified by sequencing.

Production of VSV-G VLP containing eGFP-Vpr
Viral vectors were produced by the Duke Viral Vector Core Facility
(Department of Neurobiology, Duke University School of Medicine),
asdescribed previously®. Briefly, HEK-293T cells grownin10-cm plates
were transfected using a calcium phosphate-based protocol with either
10 pg of psPAX2, 2.5 pg of pREV, 5 ug pMD2.G (VSV-G) and 5 pg of the
eGFP-Vpr plasmid (described above), or 10 pg of psPAX2, 2.5 pg of pREV,
5ug pMD2.G (VSV-G), 15 pg of the transgene/reporter gene pLenti-GFP
and 5 pg ofthe pmiRFP670.Vpr plasmid (described above), to produce
VLPssuitable for SPT or transduction assays, respectively. In both cases,
the medium was replaced at 24 h after transfection, and at 72 h post-
transfection, supernatant containing pseudotyped particles was centri-
fuged at 450gfor10 min and filtered through a 0.45-um pore-sizefilter.
Viral titers were determined using a p24 ELISA and reported in
transducing units per ml (TU ml™), typically 2-4 x 10’ TU ml™.. The
virus solution was stored in aliquots at -80 °C. Before SPT and immu-
nofluorescence experiments, the virus solution was buffer exchanged
by dialysis (Spectra-Por Float-A-Lyzer G2, MWCO 100 kDa, Millipore
Sigma) against PBS (Genesee Scientific, Cat. no. 25-507) at 4 °C.

Cell culture

HelLa cells (Duke Cell Culture Facility, ATCC. no. CRL-1958), fibroblasts
(Duke Cell Culture Facility, BJ, ATCC, no. CRL-2522), hypercholester-
olemiafibroblasts (Coriell Institute, GM00701) and mucus-producing
differentiated goblet cells (HT29-MTX-E12, Millipore Sigma, no.
12040401) were all grown using complete DMEM which comprised
DMEM (Corning, no. 10-013-CV) supplemented with 10% FBS (Milli-
pore Sigma, no. F2442) and 1 x penicillin-streptomycin (Corning, no.
30-002-ClI). Cells were maintained at 37 °C with 5% CO, and passaged
when they reached -70% confluency.

Cell staining and microscope sample preparation

At 24 hbefore microscopy, HeLaand fibroblast cells were plated in com-
plete DMEM at 8 x 10° cells per wellina 6-well plate with an autoclaved
glass coverslip (VWR, no. CLS-1760-025) to ensure 80% confluency on
the day of the experiment. HT29-MTX cells were seeded on the under-
side of a Transwell permeable filter (Millipore Sigma, no. CLS3460) in
complete DMEM, which after attachment (4 hat 37 °Cand 5% CO,) was
reinverted and cultured for 72 hbefore microscopy®. Cells were stained
with either nucleic acid stain (SYTO61, ThermoFisher, no. S11343) or
F-actin stain (SiR-actin, Siprochrome, no.SC001). Cells were incubated
with 2 pM SYTO61 in complete DMEM for 30 min at 37 °C and 5% CO,
followed by 3x wash steps (1 x PBS). Alternatively, cells were incubated
with250-100-nm SiR-actinin complete DMEM for 6-14 hat 37 °C and
5% CO,followed by 3x wash steps (1 x PBS). Ineach case, after staining
the coverslip was transferred to HEPES pH 7.4 buffered solution (live
cell imaging solution, ThermoFisher, no. A14291D)) in a custom-built

sample holder and positioned onaheated stage (37 °C). Allexperiments
were performed using live cells.

Live cell volumetricimaging and real-time viral tracking were per-
formedon cells prepared as described above. eGFP-Vpr VLP was added
tocellsonaheated stage toinitiate the reactionto afinal concentration
0f1.9 x10° TU mI™, which approximates to multiplicity of infection -1.
The average excitation power at the focus was 180 nW and 7.5 mW for
the 488-nm and 800-nm beams, respectively.

Statistics and reproducibility

Over 3,000 single virus trajectories were collected over the course
of the study, taken from more than 21 individual experimental runs.
Numbers of independent viral trajectories for all statistical analyses
arereported in the related figure captions. Statistical significance of
differences betweendistributions were calculated using Kruskal-Wallis
or t-tests. No statistical method was used to predetermine sample sizes.
No data were excluded from the analyses. The experiments were not
randomized. The investigators were not blinded to allocation during
experiments and outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Raw data files for 3D-TrIm trajectories in all main text figures can be
found at the Duke University Research Data Repository at https://doi.
org/10.7924/r4bp07h15.

Code availability
Code to analyze single virus trajectories (MATLAB) and render them
(Amira) is available at https://github.com/welsherlab/3dtrim.
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Extended Data Fig. 1| Instrument Diagram. 3D-Trim Instrument Diagram. The photodiodes (PD). This focus is relayed using two lenses (IL). The tracking laser

3D-Trlm microscope consists of two excitation sources: one for single-particle enters the underside of the LSM410 through a dichroic mirror (DCM2) where
tracking and one for imaging. The tracking laser position is modulated using itultimately couples with the imaging laser through DCM1 toward the shared

two electro-optic deflectors (EOD) and tunable acoustic gradient (TAG) lens. objective lens and piezoelectric stage. After exciting the sample, the fluorescence
Theimaginglaser focus is modulated by an electrically tunable lens (ETL) and emission pathway is shared between tracking and imaging until separated by

the beamis sampled by beam-splitters (BS) and evaluated using a system of DCM3.
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Image-based tracking - limited to 1 localization per volume 3D-Trlm - Localization rate decoupled from imaging rate
0.5 localizations per second (at 8 FPS/16 Z planes) 1000 localization per second

9 vol2

Complete Time Series

0 ’ 0
|
Aquisition Time (sec) Aquisition Time (sec)

Extended Data Fig. 2| Comparison of image-based tracking and imaging 3D-Trlm microscope. A single virus particle was tracked continuously (1 msec
(spinning disk confocal) with active-feedback tracking and complementary sampling shown) and the surrounding area was imaged 5 pm below the particle
3Dimaging (3D-TrIlm). Fluorescently-labeled virus-like particles (eGFP-Vpr and 3 pmabove, to give an approximate 8 pm volume. The resulting trajectories
VSVG) were introduced to cultures of live HeLa cells stained with SiR650-actin over the entire acquisition period are shown and color-coded by time. Gray

(100 nm). a-e, Data collected on Andor Dragonfly spinning disk confocal box in XZ projections shows the size of the spinning disk imaging volume for
microscope. The same area was sampled continuously. Each volume has a comparison. Experiments were performed in live-cell image solution with 2% FBS
depth of 8 pm splitinto 16 z planes. Virus particles and cells were imaged and maintained at 37 °C.

simultaneously with a camera exposure time of 40 msec. f-j, Data collected on
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Extended Data Fig. 3| High resolution tracking and 3D imaging data, related

volume 2 from 17-34s there is a noted absence of intensity due to transitin Z of the
toFig.2.a, Local Volume MIPs. b, Tracking intensity trace.Bothaand b are particle away from the cells. This can appear as striping due to unsampled voxels
associated with VSV-G/HeLa tracking and imaging render, Fig. 2c-g. ¢, Local andis afeature of local volumes, especially when displayed as MIPs. d, Tracking
Volume MIPs, local volumes from 138-162 sec have been omitted as trajectory intensity trace. Both cand d are associated VSV-G/GM701 tracking and imaging
diffuses a greater distance above the cells than the axial range of the ETL. Note in

render, Fig. 2h-j.
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Extended Data Fig. 4 | Virus-to-cell distance map calculation.aandb, The
full trajectory is shown in white. Using the top-hat-generated isosurface (gray,
see Supplementary Information 3.4) from 3D-FASTR imaging data the distance
from each trajectory point to each surface vertex s calculated as describe in
Supplementary Information Section 3.5. The minimum distance is then assigned

Distance (um)
5 10 15

Distance (um)
10 20

to each data point (purple lines, only every 50%" data point is shown for clarity and
every 10" data pointin the insert). The vectors from the vertex to the data point
corresponding to the minimum distance are also shown as spheres on the cellular
contour. ais related to trajectory shownin Fig. 2c-g, bis related to trajectory
shownin Fig. 2h-j.
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Extended Data Fig. 5| Additional example 10f VSV-G VLP freely diffusing color patched purple. Dashed purple line, 0.5 um from cell surface. Below left,
in the extracellular space. a, Top-down view of virus trajectory pincering live enlarged view of data between 14.5-25.5 sec, associated with trajectory segment
HeLacell.b, Virus-to-cell distance representation of trajectoryina.aand b displayedin circular inset of d. Below right, enlarged view of data between
share the same axes and scale bar. c,d, Different view of the trajectory shownin 43.25-56 sec, associated with trajectory segment displayed in circular inset of d.
a, b. Circular insets shows close-up views of virus in close contact with the cell g, Visual representation of virus-to-cell distance calculation. Isosurface volume
surface. cand d share the same axes and scale bar. e, Cross-section with slice render of cellimage (gray) overlayed with trajectory sampled at 3 msec (white).
along x andy axis, overlaid with trajectory color-coded by diffusion coefficient. Distance vectors are calculated from each trajectory timepoint to the isosurface
a, c,and e are color-coded by image intensity, while b and d display virus-to- (generated by top-hat transform) and displayed as color-coded spheres on the
cell distance map on surface of cell. f, Top, correlation between diffusivity and cellsurface.

distance from the cell surface of VSV-G VLP, close-approaches (below 0.5 um) are
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Extended Data Fig. 6 | Additional example of VSV-G VLP Binding Event. detachment occurs before re-binding for several seconds and detaching again
a,3D-TrImrender of B) Fibroblast cells stained with SiR-650 (f-Actin). b, where skimming is observed with inhibited diffusivity compared to the initial free
Distance-diffusivity trace of viral trajectory. This trajectory begins with diffusion, followed by free diffusion that has greater diffusivity than observed
rapid extracellular diffusion before binding to the surface. A small -1second while skimming, but lower than theinitial free diffusion.
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Extended Data Fig. 7| Additional example 1 of VLP-protrusioninteraction. a,
Top-down view of VSV-G VLP landing on protrusion from the surface of alive cell.
3D volume rendering of live HeLa cells (stained with SYTO61) co-registered with
highresolution virus trajectory from 4D tracking and imaging data. b, c Alternate
views of the trajectory shown in a. d, Magnified views showing cylindrical nature
oftrajectory and proximity to cell surface. e, Top-down view, with trajectory
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colored by diffusion coefficient, free portion with D>1.5 x 102 pm?/s colored
gray. f, Color-coded trajectory, showing free diffusion (D > 1.5 x 10 um?/s, gray)
and bound diffusion (green-yellow). g, Cylindrical fitting of the bound portion
ofthetrajectory ina-f(28-120 sec), fitted cylinder (magenta) has a radius of
122 + 8.4 nm after taking into consideration the tracked particle diameter. h, View
of trajectory along the cylinder axis. i, Intensity trace of tracked VLP.
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Extended Data Fig. 8 | High resolution tracking and simultaneous 3Dimaging  color-coded by diffusivity. b, Snapshots of 3D reconstruction. The sustained

localizes VSV-G VLP diffusion along fibroblast protrusion. a, Left, top-down linear motion correlates with the lateral surface of the protrusion, large changes
view of VSV-G VLP ‘surfing’ on actin-stained protrusion of B fibroblast. Trajectory  indiffusivity where detected. c, (left) XY MIP, (middle) magnified, and (right) YZ
colored by time. The lower, brighter, z-planes have been omitted to help MIP of viral diffusion on actin-rich protrusion.

visualize the protrusion the VLP is localized to. Right, same view but trajectory
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Extended Data Fig. 9 | Additional example of VSV-G VLP circumnavigating Magnified view. ¢, Cell boundary reconstruction highlighting sample density. d,
HT29-MTX cells. a, 3D reconstruction from a 4D data set covering 3 local XY MIP. e, 3D reconstruction of cellular imaging data ina with trajectory splitinto
volumes, at 16 FPV of suspended HT29-MTX cells grown on inverted matrix unique segments of diffusion behavior via change-point analysis. f, VLP intensity
stained with SiR650-actin with high resolution trajectory. Below, axial view. b, trace.
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a Hela Cells

Trajectory Number

Extended Data Fig.10 | Multi-trajectory acquisition. a, Left: 10 VSV-G VLP
trajectories collected in the same area of live HeLa cells stained with SYTO61 (see
also: Supplementary Fig. 29 and Supplementary Video 8). Right: top-down (xy)
MIP with multiple co-registered VLP trajectories. Colorbar represents trajectory
number, with each trajectory uniquely colored. b, The dwell time of 27 VSV-G VLP
trajectories (starting from free diffusion) collected in the same area as a were

Diffusivity (um’/s)| 2 pm

binned into voxels and represented as spheres, color-mapped by diffusivity. This
correlated analysis reveals commonly visited regions and highlights the slower
diffusion experienced by the VLP population nearer the cell surface. Inset:

two different VLPs land in close proximity on the same cell. ¢, Exploded views
showing multiple VLPs contact the same cell.
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A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

LT X X

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Data was collected using custom-code through Labview 2016 (32-bit) Version 16.0f2 (National Instruments).

Data analysis Data analysis was performed using customized code using MATLAB r2021a (Mathworks). 3D visualization was performed using Amira 3D
2021.1 (FEI). IMARIS 9.0 (Oxford) was used for particle tracking in spinning disk confocal data.
Code to analyze single virus trajectories (MATLAB) and render them (Amira) is available at https://github.com/welsherlab/3dtrim.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability
- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Lcoc Yy21opy

Raw data files for 3D-TrIm trajectories in all main text figures can be found at the Duke University Research Data Repository at https://doi.org/10.7924/r4bp07h15




Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender

Population characteristics

Recruitment

Ethics oversight

Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid
confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in
study design whether sex and/or gender was determined based on self-reporting or assigned and methods used. Provide in the
source data disaggregated sex and gender data where this information has been collected, and consent has been obtained for
sharing of individual-level data, provide overall numbers in this Reporting Summary. Please state if this information has not
been collected. Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based
analysis.

Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study

design questions and have nothing to add here, write "See above."

Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences D Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Over 3000 single virus trajectories were collected over the course of the study, taken from more than 21 individual experimental runs. No
sample-size calculation was performed. The sample size sizes were chosen based on microscope acquisition time and cell viability, with
100-200 trajectories collected from each cell sample. Sufficient samples were collected so that each cell type used in the study were
measured in triplicate.

Data exclusions  No data were excluded from the analyses.

Replication Experiments were repeated at least in triplicate, and all attempts at replication were successful.

Randomization  During data acquisition, regions of interest within samples were chosen at random. Within those regions, single viral particles were tracked at

random.

Blinding The investigators were not blinded to group allocation.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines X] D Flow cytometry
Palaeontology and archaeology X] D MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern
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Antibodies

Antibodies used Primary Antibody name: Anti-VSV-G [8G5F11]. Clone name: 8G5FL11 (I1). Specificity: VSV-Ind glycoprotein (G) protein. Supplier:
Kerafast. Catalog number: EBO010. Lot number: 111911. From the laboratory of Douglas S. Lyles, PhD, Wake Forest School of
Medicine.
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Primary antibody name: Anti-Human Immunodeficiency Virus (HIV-1) p24 Gag Monoclonal (#24-3). Catalog name: ARP-6458. Lot
number: 120243. Specificity: HIV-1 (HXB-3 isolate) p24 Gag protein. From the HIV Reagent Program.

Secondary antibody name: Goat Anti-Mouse IgG H&L (ab6708). Lot number: GR3300461. Specificity: Mouse IgG, whole molecule

Validation Anti-VSV-G antibody validation through manufacturer: This antibody has been successfully used for immunofluorescence of BHK cells
expressing VSV-G. Image courtesy of KeraFAST Customer Jay Warrick, Ph.D., University of Wisconsin Madison, submitted November
16, 2011. Relevant references: Gregory DA, Olinger GY, Lucas TM, Johnson MC. Diverse viral glycoproteins as well as CD4 co-package
into the same human immunodeficiency virus (HIV-1) particles. Retrovirology. 2014 Apr 3;11(1):28.

Anti HIV-1 p24 antibody validation through manufacturer: This antibody has been used successfully for western blots (HXB-3 and
YU-2 isolates) and immunofluorescence assays of paraformaldehyde fixed samples. Does not work in immunofluorescence assay
using methanol fixed samples. Not useful for immunoprecipitation. Its epitope has not been mapped. Relevant references: Simon JH,
Fouchier RA, Southerling TE, Guerra CB, Grant CK, Malim MH. The Vif and Gag proteins of human immunodeficiency virus type 1
colocalize in infected human T cells. J Virol 71:5259-5267, 1997. Fouchier RA, Meyer BE, Simon JH, Fischer U, Malim MH. HIV-1
infection of non-dividing cells: evidence that the amino-terminal basic region of the viral matrix protein is important for Gag
processing but not for post-entry nuclear import. EMBO J 16:4531-4539, 1997. Simon JH, Carpenter EA, Fouchier RA, Malim MH. Vif
and the p55(Gag) polyprotein of human immunodeficiency virus type 1 are present in colocalizing membrane-free cytoplasmic
complexes. J Virol 73:2667-2674, 1999.

Goat Anti-Mouse 1gG H&L validation through manufacturer. Suitable for: ELISA, IP, Immunodiffusion, Conjugation, ICC/IF, IHC-P, IHC-
Fr, WB. Relevant references: Stieg DC et al. The extent of cyclin C promoter occupancy directs changes in stress-dependent
transcription. J Biol Chem 295:16280-16291 (2020). Peng X et al. A Versatile Plant Rhabdovirus-Based Vector for Gene Silencing,
miRNA Expression and Depletion, and Antibody Production. Front Plant Sci 11:627880 (2020).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Hela and BJ, Duke Cell Culture Facility (original source ATCC).
GMO00701 (hypercholesterolemia, FHC): Coriell Institute.
HT29-MTX-E12, from human colon, 12040401, Millipore Sigma.
Human embryonic kidney 293T (HEK 293T) cells: ATCCCRL-3216

Authentication None of the cell lines used were authenticated.
Mycoplasma contamination All cell lines tested negative for mycoplasma contamination.

Commonly misidentified lines No commonly misidentified lines were used in this study.
(See ICLAC register)
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