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Cost-effective high-speed, three-dimensional
live-cell imaging of HIV-1 transfer
at the T cell virological synapse

Alice Sandmeyer,1 Lili Wang,2 Wolfgang Hübner,1 Marcel Müller,1 Benjamin K. Chen,2,* and Thomas Huser1,3,*

SUMMARY

The availability of cost-effective, highly portable, and easy to use high-resolution
live-cell imaging systems could present a significant technological break-through
in challenging environments, such as high-level biosafety laboratories or sites
where new viral outbreaks are suspected. We describe and demonstrate a cost-
effective high-speed fluorescence microscope enabling the live tracking of virus
particles across virological synapses that form between infected and uninfected
T cells. The dynamics of HIV-1 proteins studied at the cellular level and the forma-
tion of virological synapses in living T cells reveals mechanisms by which cell-cell
interactions facilitate infection between immune cells. Dual-color 3D fluorescence
deconvolution microscopy of HIV-1 particles at frames rates of 100 frames per
second allows us to follow the transfer of HIV-1 particles across the T cell virolog-
ical synapse between living T cells.We also confirm the successful transfer of virus
by imaging T cell samples fixed at specific time points during cell-cell virus trans-
fer by super-resolution structured illumination microscopy.

INTRODUCTION

High-speed and high-resolution optical fluorescence microscopy of living, virus-infected cells is still a chal-

lenge for most infectious disease research laboratories, as this typically requires the installation of expen-

sive, bulky, andmaintenance-intensive equipment (e.g. laser-scanning microscopes) in high-level biosafety

laboratories. Imaging individual cells with high speed and high spatial (albeit diffraction-limited) resolution

currently requires the use of microscope objective lenses with high numerical aperture (NA). Yet, only high-

ly sensitive fluorescence microscopes are able to track single fluorescent viruses with a size of 120 nm or

less, and only super-resolution optical microscopes can resolve such viruses in living cells.1 The tracking

of virus movement within an infected cell and its transmission from infected to uninfected cells complicates

this even more, because in this case these highly active and nonadherent cells have to be imaged with high

sensitivity and at high speed in 3D. Up to date, spinning-disk confocal microscopes are among the most

prominent choice for rapidly imaging the full cell volume, but these microscopes are rather specialized sys-

tems; newer generations are hermetically sealed, preventing servicing or adaptations by the user or their

transfer in and out of high-level biosafety laboratories, which requires decontamination, and their opera-

tion requires additional state-of-the art equipment, e.g. high-end PC workstations for data processing and

analysis.2,3

Imaging the transfer of individual particles of the HIV at direct cell-to-cell contacts between T cells via fluo-

rescence microscopy is particularly challenging, because the virus affects and spreads between immune

cells, which are typically nonadherent and circulate in the blood at high velocity. Even when isolated

from the blood, these cells remain highly motile and can translate, roll, or rotate on the millisecond to sec-

ond timescale.4 HIV causes the acquired immune deficiency Syndrome (AIDS) and currently approximately

38 million people worldwide are infected with this deadly virus.5 The dissemination pathway of HIV through

virological synapses (VS) is still under investigation, and it remains elusive how cell-cell interactions

contribute to the infectious process.6 A key aspect is the formation of the VS, which is an adhesive structure

between an HIV-infected cell and a target cell and through which the virus transfers directly into the target

cell.7,8 In the case of T cell-to-T cell transfer, the VS is initiated through the interaction of the viral envelope

glycoprotein (Env) at the surface of the infected cell and the CD4 receptor expressed by the target cell. The

virus then assembles specifically at the VS, buds, and is endocytosed by the previously uninfected cell.2,8
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The infection, though, occurs only after maturation of the virus particles within the endocytic compart-

ments.9,10 The direct transfer by cell-to-cell contact allows for multiple infection events of a single host

cell and is therefore much more efficient at transferring viral antigen to target cells than the free particle

plasma membrane fusion mechanism.2,11

A number of commercial systems for advanced fluorescence microscopy that also incorporate sophisti-

cated contrast generating techniques, such as optical super-resolution imaging, exist. However, for a sin-

gle research group or small facilities, the cost of installing and operating just one such advanced imaging

system is often too high, not to mention the cost of several systems. Thus, various concepts were devel-

oped to democratize fluorescence microscopy and enable their installation and operation in challenging

environments. For this purpose, cost-efficiency and easy to replicate solutions12 are key to guaranteeing

that a wide range of scientists can have access to techniques such as optical super-resolution micro-

scopy13–15 or advanced wide-field microscopy16,17 in order to perform their experiments. For the last

several years, compact and inexpensive fluorescence microscopes have been reported and have also

become available from commercial sources, and they are great accessories for typical cell biology labora-

tories.18–22 These microscopes provide wide-field imaging capability with limited sensitivity and imaging

speed (typically 10 frames per second [fps] up to 24 fps) and some even permit 3D imaging. Commercial

fluorescence microscopes are, however, typically tightly integrated systems, which are difficult to take

apart and decontaminate if they are in need of repair or have to be removed from biosafety laboratories.

Here, we report on the development and the application of a cost-effective wide-field fluorescence micro-

scope specifically developed for high-speed 3D imaging of living, HIV-1-infected T cells. We previously

demonstrated that HIV-1 puncta in the host cell move at speeds of up to 0.8 mm/s to the VS and that the

compartments receiving virus particles in the target cell are 1–2 mm in diameter. The 3D imaging process

for an entire virus-expressing cell takes on the order of 1–1.5 s. This explains the need for high-spatial res-

olution (<0.5 mm), high-sensitivity (a single fluorescent molecule can be imaged within 10 ms acquisition

time with the camera used in the system), and high-speed (100 fps) microscope system imaging the transfer

of HIV-1 particles.15,23 Furthermore, the system is compact, versatile, and easy to assemble, disassemble,

and service, and its components can be disinfected in an autoclaved if needed. This system was developed

as part of a cross-continental collaboration with the imaging group residing in Germany and the infectious

disease research group residing in the United States. We demonstrate that this compact and cost-effective

system is able to successfully image HIV-1 transfer across VS from living infected T cells to previously un-

infected primary T cells in 3D and for extended periods of time. Our findings are further verified by imaging

this process at various time points by super-resolution structured illumination microscopy of fixed T cells.

This work is an essential contribution toward global efforts of placing advanced optical microscopes in the

hands of biologists, in particular infectious disease researchers.

RESULTS

Development of a cost-effective, compact, high-speed and high-resolution fluorescence

microscope for 4D imaging of living T cells

We developed a compact fluorescence microscope, which was specifically designed to provide diffrac-

tion-limited optical resolution, high sensitivity, and high-speed imaging while still utilizing cost-efficient

components. The system resembles an open-frame wide-field fluorescence microscopy setup that is spe-

cifically optimized to permit fast 3D image acquisition. Such compact microscope systems can now be

realized by utilizing uncooled industry-grade cameras (IDS mEye UI-3060CP-M, IDS, Germany), which

have been demonstrated to achieve single molecule fluorescence detection sensitivity,14,15,24,25 while

substantially reducing the overall cost of the system. The microscope itself consists of two stacked

aluminum optics breadboards, which further decreases the overall footprint of the system so that it

can be easily shipped (see Figure 1A). Fast z-scanning through the sample is achieved by moving the

objective lens along the optical axis via a piezo-electric translation stage (PiFoc P-721, Physik Instru-

mente, Germany; Figures 1A–1C). The lower optics board (Figures 1D and 1E) can be defined as a laser

combiner, where an acousto-optic tunable filter (AOTF, AA Optoelectronics, France) allows for fast

switching and power control of two solid-state lasers (Figures 1D and 1E). The wavelengths of the lasers

(473 and 561 nm) were chosen such that the fluorescent proteins green fluorescent protein (GFP) and

mCherry can be selectively excited. In order to allow for prolonged live-cell imaging, a sample heating

chamber was also designed and integrated into the microscope. To demonstrate the sensitivity and

spatial resolution, the image of a 100 nm fluorescent bead was acquired and is shown as an insert in
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Figure 1C. This image of a sub-wavelength-sized fluorescent bead serves as the point spread function

(PSF) of the microscope system.

A suitable synchronization mechanism between the optics components (AOTF, PiFoc piezo-translation

stage for the microscope objective lens, and the cameras) was employed to realize fast 3D dual-color

imaging (Figures 2A and 2B). We implemented a customized solution by utilizing the driver box of the

piezoelectric translation stage to also provide trigger signals for the other components. To control the

image acquisition, the free open-source software mManager26,27 was used. A synchronization box was

built that contains all the required electronics for direct synchronization between the imaging compo-

nents (cameras, AOTF, piezo driver) by providing trigger signals. For image acquisition, two modes

can be used, either a software-synchronized mode (Figure 2A) or a wavetable mode (Figure 2B), where

synchronization is carried out by the piezo driver. In the software-synchronized mode, all devices are

controlled and synchronized by mManager, which makes operating the microscope more flexible and

user-friendly. However, latency in the software and signal transfer via the USB bus limits the speed of

this mode to 11 fps, which is well below the 100 fps, which could be achieved by the hardware. Thus,

direct communication through TTL-style (transistor-transistor logic) trigger pulses, directly sent by the

piezo controller to the cameras, are utilized for the wavetable mode, which allows us to reach the full

frame rate of 100 fps.

Imaging the transfer of virus particles at the VS between T cells

In order to allow for direct imaging of HIV transfer at the virological synapse (VS) between T cells, a repli-

cation-competent clone of HIV-1 was created, containing fusions of viral proteins with fluorescent pro-

teins.28 The structural protein of HIV-1, Gag, was labeled with mCherry, and the glycoprotein Env was fused

to super-folder green fluorescent protein (sfGFP). Jurkat T cells were chosen as the HIV-1 expressing cell

line and primary T cells as the target cells (Figure 3, Panel I). Transmitted white-light images (WL) were ac-

quired in order to visualize and identify the cells because both lasers were used to exclusively excite and

track the viral proteins.

Figure 1. Compact wide-field fluorescence microscope for live-cell imaging of virus-infected cells

(A) 3D computer-aided design (CAD) model of the full microscope system.

(B) Top view of the 3D-CAD model.

(C) Schematics of the fluorescence microscope platform. The laser beams are illuminating the sample in an Epi configuration and the objective lens can be

rapidly translated along the optical axis via a piezo stage. The same objective lens is utilized to collect the fluorescence signal, which is separated from the

laser light via dichroic mirror D2. A single-tube lens L7 focuses the fluorescence images, which are separated by dichroic mirror D3 onto the cameras Cam1

and Cam2. The inset shows the point spread function (PSF) that can be obtained with this system.

(D) Top view of the 3D-CAD model.

(E) Schematics of the optical layout of the laser combiner. The laser beams are overlaid by dichroic mirror D1 and selectively pass the AOTF. By coupling both

beams into a single mode fiber, the transfer of laser light to the microscope platform is simplified and a Gaussian beam profile is obtained.
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Contrast enhancement and 3D visualization is achieved during post-processing by applying computational

image deconvolution methods to the raw data. This results in a reduced background providing significantly

more detail than the unprocessed wide-field images although the spatial resolution is not affected

(Figures 3A, 3B, 3D, and 3E). The images collected by the CMOS cameras were processed by the open

access Fiji-Plugin29,30 DeconvolutionLab2.31 We recorded WL images at the end of each 3D fluorescence

image acquisition sequence, which allows us to map host and target cells with respect to each other based

on their fluorescence and morphology (Figures 3C and 3F). There is a delay of a few seconds between the

acquisition of the last fluorescence image and the acquisition of theWL image. Thus, merging these images

does not result in a sufficient overlap because of the high motility of the T cells. Nevertheless, the fluores-

cent cells can still readily be identified and correlated with the WL images.

Themodification of Env and Gag by inserting sfGFP andmCherry, respectively, does not affect the ability of

the virus to form VS and engage in cell-to-cell transfer of HIV-1 (see Figure 3).28,32 In cells expressing viral

proteins, Env is mainly localized to intracytoplasmic compartments, whereas Gag attaches to the plasma

membrane. Only low intensities of mCherry-Gag are observed in the cytoplasm, which can be clearly

seen by the vertical scan through the sample (Figure 3; Videos S1 and S2). Some fluorescent signal from

mCherry-Gag can be detected at the top and/or the bottom of the nucleus (Figures 3A and 3B). Neverthe-

less, the most interesting part is the formation of the VS and the subsequent transfer of virus particles

through the VS. The first row of Figure 3 shows the final image of a sequence acquired during a time lapse

image acquisition following the transfer of HIV-1 from host cell to target cell (see Figure 4). The images dis-

played in Figures 3A, 3B, 3D and 3E are maximum intensity projections of full 3D image stacks extending

20 mmalong the axial direction that were acquired at a rate of 20 ms per raw image. At a step size of 500 nm,

this required 0.8 s to image the entire stack, whereas a step size of 250 nm required 1.6 s for the full stack. In

order to best perform the 3D image deconvolution, for all the data displayed in this report, a step size of

250 nm was chosen, resulting in 80 images per 20 mm stack. Maximum intensity projections were chosen in

order to best display the data in this manuscript, whereas full 4D animated movies of select HIV-1 transfer

processes can be found as Supplementary Video (Figure 4 and Video S3, Figure 5 and Video S4). The sec-

ond row of Figure 3 displays the final image of the image sequence displayed in Figure 5. We chose to show

Figure 3 as the first figure in this manuscript, because it allows us to identify the target cells in Figures 4

and 5.

The transfer of HIV-1 particles at the VS between the host cell and a single target cell can be clearly seen in

Figure 4 and Video S3. By comparing Figures 4 with Figure 3, it is obvious that several target cells can simul-

taneously attach to the infected Jurkat T cell, whereas only a single primary T cell appears to have formed a

VS with the host cell. An increased accumulation of sfGFP-Env and mCherry-Gag can be found at the loca-

tion where the two cells connect, which we identify as the VS (Figure 4D). The subsequent budding and

endocytosis of virus particles is visible through the time-lapse recordings (Figures 3E–3G and Video S3).

Figure 2. Simplified flowcharts to document the trigger sequence between the electronic devices that control the

high-speed imaging process

A Blue box indicates direct access by the user, red boxes indicate hardware control equipment, and yellow boxes

illustrate the imaging tools for recording 3D stacks.

(A) In the software-synchronizedmode, the user starts the experiment and mManager directly controls the pifoc-controller

and the cameras through their USB interface.

(B) In the wavetable mode, mManager initiates Camera1, which sends a trigger signal to the pifoc-controller. This happens

only during initiation indicated by *. Afterward, everything is automated by the prestored wavetable on the pifoc-

controller.
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To better visualize this process, we highlighted the budding and transfer by outlining a region of interest

(ROI) with a white frame in Figure 4C. This frame is shown as a magnified view in Figure 4D, and the box

outlined there is then shown magnified in Figures 4E–4G. Moreover, please note that this is not a singular

event and that the transfer of several other sfGFP-Env and mCherry-Gag fusions were also imaged.

T cells can adopt a highly polarized morphology, with a leading edge at the front and swelling at the back

end, which is called uropod. Gag can accumulate at the uropod, and thus uninfected T cells preferentially

form a VS at the HIV-1 Gag-containing uropod rather than at the leading edge.33–35 In this context, we also

imaged cells, where a high signal of mCherry-Gag was found at the uropod of a Jurkat T cell (Figures 5B and

5D), and by subsequent comparison with the white-light image (Figure 3F), a T cell was confirmed to be

present at this location. Hence, we identify this event as the formation of a VS because simultaneously a

high signal of sfGFP-Env was also recorded at the same location (Figures 5A, 5C, and Video S4). According

to the images acquired at time points 6.48, 14.58, and 21.06 s (see Figure 5), there appear to be two VS pre-

sent. Due to the lack of a counterstain, it is unclear whether two target T cells are bound to the same Jurkat

T cell or not. However, the endocytosis of the virus particles into the target cell appears to transfer different

amounts of virus particles, because according to Figure 5D, different signal intensities of the transferred

puncta were detected. On the one hand, a strong sfGFP-Env intensity in combination with mCherry-Gag

can be found at time point 6.48 s, which is quite prominent over the entire duration of the image sequence.

Smaller amounts of both fluorescent protein intensities were also detected, suggesting that only a few virus

Figure 3. Fluorescent protein labeling strategy and Jurkat-T cells expressing HIV-1 particles

Panel I: scheme of the labeling and experimental strategy for imaging the HIV-1 infection pathway. (Upper row) Single HIV

particle. The protein Env is situated at the outer membrane, whereas the structural protein Gag is prominent at the inner

membrane and outnumbers Env. (Second row) Structure of Gag with integrated mCherry and structure of Env with

integrated sfGFP. (Third row) Experimental outline to investigate the HIV transfer at the VS. First, plasmids encoding HIV

with the fusions of mCherry-Gag and sfGFP-Env are introduced in the host Jurkat-T cells by gene transfection. The host

cell expresses the HIV proteins, and Gag will attach to the plasma membrane, whereas Env is most prominent in the

cytoplasma. (Fourth row) Primary T cells are added, which attach to the Jurkat-T cell. By an interaction of Env with the

CD4+ receptors of the target cells, the VS is formed, and the virus assembles at the VS. Subsequent budding leads to a

transfer into the target cell. Panel II: fluorescence and wide-field images of the HIV-1 expressing cells: mCherry-Gag

(purple) is mostly prominently expressed at the plasma membrane, whereas sfGFP-Env (green) is located in the

cytoplasm. The computationally deconvolved images (B and E) exhibit enhanced contrast in comparison to the wide-field

images (A and D). Both datasets are maximum intensity z-projections. The corresponding transmitted white-light images

(C and F) were recorded several seconds after the acquisition of the fluorescent micrographs. First row: a few target cells

appear to have attached to the HIV-1-injected Jurkat T cell (region II), whereas only T cell I appears to have formed a VS

with the host cell, which is indicated by the highly concentrated purple signal outside the host cell’s cytoplasms, which is

likely a vesicle filled with viral protein. The previous initiation of the VS and subsequent budding is shown in the time-lapse

image sequence in Figure 3. Second row: high expression of Gag and Env in cell II, whereas cell I indicates almost no Gag.

The primary T cell III is attached to cell II via a VS at the uropod. The previous transfer of virus can be seen in the time-lapse

image series in Figure 4. Both datasets: 20 ms exposure time per raw frame, 20 mm z stack, Scale bar: 10 mm.
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particles were transferred. Therefore, to quantify and distinguish between single virus particles, high-

speed super-resolution microscopy with the ability to resolve single virus particles in 3D would be best

suited to follow this process due to the small size of the virus, which is well below the optical diffraction limit.

No currently available super-resolution optical microscopy method does, however, have the ability to

resolve and track virus particles in real time in 3D. We are working toward this goal by developing high-

speed versions of super-resolution microscopes but have to resolve to showing just images of fixed cells

at this time as detailed in the next section below.

Resolving single virus particles by super-resolution structured illumination microscopy

We are currently working toward the development of high-speed super-resolution structured illumination

microscopes (SR-SIM), which we view to be one of the few super-resolution optical methods to allow for

rapid whole-cell live imaging.36,37 We have recently made a number of developments toward speeding

up the SR-SIM imaging process, while still allowing for instant display of the super-resolved image data,

as well as toward the development of more compact and cost effective realizations of SR-SIM.25,37 In SR-

SIM, a low single to double digit number of raw images is acquired, while the sample is illuminated with

a diffraction-limited (stripe-like) interference pattern. Computational image reconstruction then results

in roughly a doubling of the spatial resolution in x, y, and z.38,39 For the 3D-SIM measurements shown

here, however, different stages of the T cell to T cell HIV-1 transfer process at the VS of fixed samples

were imaged (Figure 3, Panel I). In contrast to the recordings obtained with the compact, high-speed fluo-

rescence microscope, the plasma membrane and the nucleus were also fluorescently stained to directly

identify and image all contributing cells in the super-resolved fluorescence image.

As a first step, the previously obtained results of the live-cell dynamics need to be confirmed in order to

guarantee that no deformation is introduced by the chemical fixation process. As already demonstrated

in Figure 3, the sfGFP-Env fusion appears mainly in the cytoplasm, whereas the mCherry-Gag complex

was predominantly present as an intracellular accumulation at the plasma membrane where the virus

A B C D E F G

Figure 4. HIV-1 transfer at the VS

The deconvolved widefield fluorescence images are maximum intensity z-projections of a time-lapse movie (20 ms

exposure time per raw frame, 20 mm z stack, Video S3). In (A) the sfGFP-Env channel is displayed and in (B) the mCherry-

Gag channel can be seen. The enlarged inset (D) of the merged fluorescence images (C) shows the transfer of virus

particles through the VS. Other insets (E–G), outlined in (D), show the merged image (G) of the 2 color channels (sfGFP [E]

and mCherry [F]) and the correlation of the fluorescent signals is visible. Various transfers of HIV-1 particles can be

observed. Scale bars: 10 mm (A–D) and 1 mm (D–G).
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assembles. By additional staining of the plasma membrane, these results can be confirmed by SR-SIM, and

the association of mCherry-Gag with the plasma membrane can be even better visualized (Figure 6A).

Moreover, as expected, the occurrence of sfGFP-Env at the plasma membrane appears to be very rare,

indicating that yet no VS has formed.

After mixing the Jurkat T host cell culture with the target cells, a low fraction of cells (typically approximately

20%) that have formed cell conjugates can be observed.11,28 The virus-dependent cell-to-cell adhesion in-

creases the localization and assembly of mCherry-Gag at the contact area, where the transfer of the virus

can be recorded.2,7 This attachment, however, is only one step of the successful formation of a VS, and if the

sample were to be fixed at that very moment, then no virus particles might have been transferred to the

target cells. As seen in Figure 6B, in this example, three primary T cells formed an adhesive structure

with a single Jurkat T cell. Gag appears to strongly accumulate at the site of cell-cell adhesion, but no viral

fluorescence signal in the target cells can be found. Therefore, we assume that the cell-cell adhesion

occurred just prior to fixation or that these adhesion sites are intermittent cell-cell contacts, which do

not lead to the formation of a stable VS. The observation of such events required high-throughput and effi-

cient live imaging approaches that are not yet available with current state-of-the-art super-resolution

microscopes.1

A B C D

Figure 5. Virus transfer at the VS with clear accumulation of HIV-1 at an uropod

The deconvolved widefield fluorescence images are maximum intensity z-projections of a time-lapse movie (20 ms

exposure time per raw frame, 20 mm z stack, Video S4). The merged image (C) of the 2 color channels sfGFP-Env (A) and

mCherry-Gag (B) visualizes strong accumulation of the proteins Env and Gag at the VS and the budding of viral material

with several endocytosis events by the target cell. Enlarged view of the insets (D) highlighted by white boxes in (C). Scale

bars: 10 mm (A–C) and 1 mm (D).
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Nevertheless, we also successfully imaged transferred HIV-1 particles in target cells (Figure 6C). Here, the

VS is clearly defined by the bright fluorescence intensity of mCherry-Gag at the adhesive structure. For this

experiment, only a mCherry-Gag construct was utilized, and thus the usage of the membrane stain FastDiO

was possible. This dye exhibits improved membrane staining and efficiency in our hands Figure 6C). In

addition, according to the images obtained by live imaging (Figures 4 and 5), transfer of mCherry-Gag in-

dicates a high likelihood that sfGFP-Env was also transmitted, as these signals correlate in the early phase

of virus transfer. Even single virus particles can be identified at the plasma membrane by SR-SIM, which ex-

emplifies our strong belief that SR-SIM will be the method of choice for live cell imaging at super-resolution

in the future.

DISCUSSION

We have demonstrated the feasibility and high sensitivity of a compact wide-field deconvolution fluores-

cencemicroscope by live-cell imaging of HIV-1 transfer at the VS between T cells. Just a decade ago, similar

experiments required the use of a highly specialized, maintenance intensive and rather expensive optical

microscope using a deep-cooled electron-multiplying CCD camera,2,10 whereas the system described here

can image T cells in 2 color channels and at a rate >3x faster at a fraction of the cost (approx. 35 k$

compared with approx. 200 k$). By staining two prominent viral proteins, Env and Gag, the transmission

of virus particles at the direct cell-to-cell contact was successfully imaged. In addition, 3D-SIM image stacks

of fixed T cell conjugates were recorded for further resolution improvement at the different stages of the

infection process and to further identify the spatial correlation of viral proteins with host and target cell

Figure 6. 3D-SIM images of the different stages of the HIV-1 VS transfer process (green, sfGFP-Env; purple,

mCherry-Gag; blue, nucleus; white, plasma membrane)

(A) HIV-1 expressing Jurkat-T cell where mCherry-Gag is found to be predominantly localized at the cell’s plasma

membrane, whereas sfGFP-Env appears to accumulate in the cytoplasm.

(B) Three primary CD4+ T cells (as indicated by the blue nuclei) have attached to the HIV + Jurkat-T cell, but no HIV-1

particles appear to yet sfGFP-Env have been transferred to the target cells. An accumulation of mCherry-Gag at the sites

of the T cell nuclei indicates that virological synapses between the infected and uninfected cells have formed.

(C) HIV-1 particles transferred from the donor Jurkat T cell (large cell, to the left) to the previously uninfected primary T cell

(small cell, to the right) appear as purple spots in the primary T cell. The accumulation and assembly of virus at the VS

adhesive structure between the cells is clearly visible. All images are maximum intensity z-projections of z-stacks

with z dimensions of 2.5 mm (a), 2.75 mm (b), and 3.75 mm (c). Scale bar: 3 mm.
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constituents by additional fluorescent dyes, allowing for locating and identifying virus particles in the target

cells.

The compact fluorescence microscope was successfully shipped from Germany to New York City, un-

packed and installed within just one day to enable the high-speed and high-sensitivity recording of virus

transfer between living T cells. Hence, the system proved one of its main purposes, i.e. realizing a compact

and cost-effective design along with the robustness and ease of use enabling the shipment and subse-

quent operation between two continents. The successful installation and operation in an infectious disease

research laboratory demonstrated that the system is user friendly and enabled a biology expert post-

doctoral researcher at ISMMS to operate the system within a very short period of training (independent

operation was possible after 1 day of training; maintenance and minimal adjustments of the system require

about 1 week of training for a person with little to no optics background future). Continued operation of the

microscope over a period of several months occurred with no need for maintenance of the microscope,

which proved the optical system to be stable and reliable. To circumvent the absence of more than 2 color

detection channels, a white-light LED source was implemented in the system and was sufficient to identify

and map the cells involved in the infection process by white-light transmitted light micrographs. Image

processing by DeconvolutionLab231 with a pre-determined point spread function (PSF, see the inset in

Figure 1C) resulted in the deconvolution of the recorded 3D z-stacks and produced high-quality 3D image

reconstructions that were quite sufficient for following and identifying the transmission of HIV-1 between

T cells.

Our live cell experiments performed with the compact fluorescence microscope allowed us to follow the

transmission of virus particles at the VS in multiple cases. By employing fast 3D image stacks, such events

were recorded and after computational image deconvolution the dynamics were visualized with enhanced

clarity with comparable spatial resolution and signal-to-noise ratios as previously achieved by spinning disk

confocal microscopy.2 Staining of the viral proteins Env and Gag by fusion with fluorescent proteins was

sufficient for their visualization, because it clearly showcased the transmission of virus at the adhesive struc-

ture. As expected, Gag appeared to be a beneficial indicator for the formation of the VS, because this pro-

tein is most prominent at the cell-to-cell contact. Moreover, the accumulation of Gag at the uropod of a

Jurkat T cell was visualized, and the dynamics of virus particles possibly endocytosed by the target cell

were detected. Indeed, the live-cell imaging was agreeable but limited in terms of resolution and the

number of fluorescent color channels. Although the subsequent acquisition of WL images was helpful in

identifying the participating cells, the simultaneous recording of WL data would have been more conve-

nient. This could, however, easily be accomplished by using a color LED or filtering theWL source and add-

ing a third CMOS camera to the microscope in a future redesign.

HIV-1 samples were also imaged by 3D-SIM utilizing four color channels in order to supplement and

confirm the experimental findings and deductions made during the live cell imaging experiments. As

this is currently limited to imaging fixed samples, the different stages of T cell-to-T cell HIV-1 transfer

at the VS could be imaged by 3D-SIM with significant gain in spatial resolution, albeit at time-points pre-

determined by the time at which the cells were exposed to the fixative. SR-SIM allowed us to resolve sin-

gle HIV-1 particles with a diameter of about 120 nm. Although some other super-resolution techniques

provide even better spatial resolution, these data demonstrate that once a compact, cost-effective, and

high-speed SR-SIM will become available that it will be of significant benefit for infectious disease

research due to its ability to image conventional fluorescent stains (including fluorescent proteins) at

ease, as well as its ability to perform long-term live cell imaging due to the low photon dosage required

for the imaging process.37,40

The microscope demonstrated here could possibly be improved by further reducing the overall size and

costs. Novel concepts such as the use of mobile phones in microscopic imaging41 and super-resolution mi-

croscopy42 have already been demonstrated and showed that even cellphone cameras can be utilized as

sensitive detectors. The cost of laser sources is also ever decreasing. A 50-mW blue laser (488 nm) can now

for example be purchased for <1 k$, readily reducing the cost of our instrument by about 6 k$. On the soft-

ware side, several concepts for real-time deconvolution by parallel computing exist,43,44 which could be

implemented in the compact microscope. This would allow for directly visualizing the images without

out-of-focus blur, which would enable an even better control of the experiment already during image

acquisition.
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The work presented here demonstrates that compact, portable fluorescence microscopy systems can be

realized in a rather cost-efficient manner. The system described here has proven its usefulness in

demanding infectious disease research. Its continued development and commercialization will provide

more researchers in the life sciences to gain access to affordable implementations of advanced fluores-

cence microscopy. Its portability and ease of use would allow them to operate similar systems in chal-

lenging environments (even high-level biosafety laboratories) or remote sites where new viral outbreaks

are suspected.

Limitations of the study

� Visualization of the target cell receiving HIV-1 particles during the experiments was limited

by the absence of either a third color channel or the simultaneous acquisition of white light

images.

� Although raw images can be viewed during the live cell experiments, they are blurred by fluores-

cence light emitted from regions out of focus, which are excited simultaneously.

� High-quality 3D images are obtained by post-processing image deconvolution, which is time-

consuming and prohibits the direct observation of important details of the virus-transfer process

already during the experiment.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

Jurkat T cells (host cells) were transfected with the plasmids encoding mCherry-Gag and sfGFP-Env and

incubated overnight at 37�C. The structural protein of HIV-1, Gag, can be labeled through internal insertion

of a sequence coding for the fluorescent protein mCherry between the section corresponding to theMatrix

and Capsid domain (Figure 3, Panel I).28 This results in an efficient way of fluorescent labeling assembly sites

and immature as well as mature viral particles without impairing much of the infectivity rates of such

constructs. Double labeling is possible with the use of other fluorescent proteins fused to other viral

components. An insertion of sequences coding for super-folding GFP (sfGFP) in the gp120 subdomain

of Env at variable loop four was used as the second fluorescent protein (Figure 3, Panel I).32 After the trans-

fection of the different full replication competent viral genomes containing the fusion of sfGFP-Env and
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Raw and analyzed image data This paper https://doi.org/10.5281/zenodo.7215750
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Human: Jurkat Clone E6.1 ATTC TIB-152

Recombinant DNA

pNL4-3 Gag-iCherry Benjamin K. Chen

pNL4-3 Env-V4.1-sfGFP Benjamin K. Chen

Software and algorithms

Micro-Manager v1.4 http://micro-manager.org https://doi.org/10.14440/jbm.2014.36

Fiji http://fiji.sc https://doi.org/10.1038/nmeth.2019

SoftWorX v7.0 GE Healthcare
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mCherry-Gag, Jurkat T cells were mixed with a double amount of primary CD4+ T cells (Figure 3, Panel I).

These cells were isolated from HIV-1 negative donors previously. While a majority has dismissed in forming

a VS, 10%–20% will show a strong adhesion between HIV + Jurkat-T cells and one or more primary CD4+

T cells.2

METHOD DETAILS

Live-cell sample preparation

Primary CD4+ T cells were obtained from human peripheral blood from deidentified HIV-negative blood

donors, through the New York Blood Center and CD4+ cells isolated by negative selection with a Miltenyi

CD4 T cell isolation kit II (Miltenyi Biotec). Next, primary T cells (target cell) and Jurkat T cells were mixed at

a ratio of approximately 2:1 and cocultured at 37�C. After 3 h, the mixture was fixed with 4% PFA (parafor-

maldehyde) in PBS (PBS).

Counterstaining of fixed HIV-1 samples

The fixed sample mixture of HIV + Jurkat T cells and primary T cells was suspended and stored in an Ep-

pendorf 1mL tube. The tube had to be flipped carefully in order to dilute the suspended cells. Next, the

tip of a pipette was cut off and used to remove 20 mL of the sample solution. The droplet was placed on

a ø12mm coverslip and incubated at room temperature in the dark for 20 min. For the membrane stain,

WGA647 (0.1 mL, 1:2000 solution) was used if sfGFP was present, otherwise FastDiO (1 mL, stock solution)

was used. In both cases, the membrane dyes were incubated for 10 min within the sample mixture at room

temperature in the dark. Next, the solution was completely removed, so that the coverslip was nearly dry. At

the location of the cells, 4 mL Vectashield including DAPI (Vector Laboratories, #H1200) was added and a

cover glass was placed on top without inducing bubbles in the mounting medium. Lastly, the sample

was sealed with nail polish.

Compact wide-field deconvolution microscope

The compact wide-field microscope was equipped with a 473 nm, 50 mW diode laser (Spectra Physics

Excelsior, USA) and a 561nm, 20 mW diode laser (Coherent Compass, Germany) for excitation. An

acousto-optic tunable filter (‘AOTF’, AA OptoElectronic AOTF, France) was used to enable fast switching

of the laser, to restrict illuminating the sample just during data acquisition, and to reduce photobleaching

effects to a minimum. After passing through the AOTF, the excitation beam is coupled into a single mode

fiber and then focused to the back focal plane of the objective lens (UPLSAPO60XO 603, 1.35 NA oil objec-

tive, Olympus), which is held on a piezo-electric stage (PiFoc, Physik Instrumente, Germany) for fast

displacement along the optical axis. The fluorescence signal was collected with the same objective lens

and the emission was separated from the excitation source by a dichroic mirror (HC Dual Line—BSR488/

561, Semrock, USA). The fluorescence signals were further separated by an additional dichroic mirror

(HC BS 560i, Semrock, USA). The fluorescence images are focused on two industry-grade CMOS cameras

(IDSmEye UI-3060CP-M-GL Rev.2) using a 180mm tube lens and after passing additional emission filters (BP

520/77 (#87-749), BP 620/60 (#33-910), BP 591.5/49 (#67-034), all Edmund Optics), resulting in an overall

projected pixel size of 97 nm.

Communication scheme between devices

In the software-synchronized mode, the user starts the experiment by setting parameters for the data

acquisition with mManager (Figure 2A). The program sends a USB signal to the connected pifoc-controller

which is the amplifier and control loop for the z-piezo. This z-piezo thus moves the objective to the required

location along the optical axis and an image can be recorded. A capacitance distance measurement con-

trols a feedback loop in the pifoc-controller, which thus can check if a position has been reached and

actively maintain it. The controller also sends a confirmation of the completed movement to Micro-

Manager, which in turn acquired images on the cameras. The cameras automatically generate a hardware

trigger signal for the AOTF controller, which generates the required frequencies, so that the lasers can illu-

minate the sample and the cameras can collect the fluorescent signal. Since each z-step and image acqui-

sition requires multiple passes through USB bus communication, latencies inherent to this communication

accumulate and limit the maximum frame rate to about 11 fps.

In the wavetable mode, the achieved frame can be increased to the hardware limit of 100 fps by a direct

communication between the pifoc-controller and the cameras (Figure 2B). Here, the z-piezo is controlled
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directly by firmware running on its controller, and a so-called wavetable, which holds all the position and

trigger signals, is stored on and run by the pifoc-controller. Therefore, no high latency synchronization

through the USB bus is required (image data of course is still send via USB, but this does not impact la-

tency). In detail, when the user initiates a loop, mManager only generates a single trigger signal, which is

send by Camera1 to the pifoc-controller. This starts the prestored wavetable, which in turn generates hard-

ware trigger signals for each camera at each z step. Although high frame rates are achieved, the usage of

this mode currently requires an experienced user, as the wavetables require a somewhat involved setup,

which as of yet it not directly accessible through Micro-Manager. Additionally, some frames might be

lost during the acquisition. Thus, experiments that are not time-critical are done by only using mManager

to control all devices.

For the direct communication between the pifoc-controller, cameras and AOTF a synchronization box was

designed, mainly containing voltage shifters so that all trigger signals are send to their corresponding tar-

gets at the correct level (TTL, LVTTL, 5V/10V AOTF). The signal of the pifoc-controller has to be level-shifted

by an additional power supply and level shifter in order to reliably trigger the optocouplers of the cameras

that start the exposure. On exposure, signal is sent from the cameras to the AOTF to let the lasers pass and

illuminate the sample. A stabilized 5 V or 10V voltage is passed to the output optocouplers provided by the

cameras. Two switches allow to toggle between the voltages for both cameras, so when set to 10 V, the full

voltage reaches the AOTF and the whole laser power passes. Otherwise, if 5V is applied, only half of the

laser power reaches the sample. This provides an easy mean to attenuate the laser.

Live-cell data acquisition

The data acquisition of 3D fluorescence image stacks with subsequent image deconvolution starts by

turning on the heating stage if live-cell experiments are carried out. After approximately 10 min, the

desired temperature of 37�C is reached, and immersion oil (Zeiss, n = 1.518) and the sample are placed

on the objective lens and heating stage. The heating stage itself is mounted on a xy-stage with manual

micrometer-screws, so that the user can maneuver the sample in the lateral direction. Another micro-

meter-screw is mounted at the PiFoc piezo stage to initially focus the sample. Imaging parameters for

the cameras (exposure time and frame rate) and the z-piezo (z-stepsize and total scan volume) can be

set from within the mManager software package.26,27 Furthermore, the z-piezo can be used to find the per-

fect focus since smaller steps in axial direction are available. To adjust the laser power, 10% ND-filters can

be placed in front of the lasers. Additionally, the power can be reduced by 50% by an attenuation switch on

the synchronization box, switching between two voltage levels send to the AOTF. A combination of the

ND-filters and the electric attenuation is also possible.

SIM data acquisition

The fixed samples were imaged with a commercial SR-SIM microscope (DeltaVision|OMX v4, GE Health-

care, USA). 3D-SIM stacks were recorded with the z-range indicated in Figure 6.

QUANTIFICATION AND STATISTICAL ANALYSIS

Live-cell image processing

For post-processing image deconvolution, ImageJ/Fiji29,30 and additional plugins were used. First, an ideal

PSF according to the Born-Wolf model was generated by using the plugin PSF Generator.45 The recorded

image stack needs to be split in the individual color channels for the deconvolution step, which was accom-

plished by utilizing the plugin DeconvolutionLab2.31 The Richardson-Lucy algorithm was chosen as the

image reconstruction method and 20 iterations were chosen as sufficient. In order to register the color

channels, a TetraSpeck (TS) 200nm bead slide was recorded as calibration sample.

SIM image processing

3D-SIM stacks were reconstructed with the manufacturer supplied software (SoftWorX, GE Healthcare,

USA) to obtain super-resolved fluorescence images. Further image processing, such as maximum intensity

z-projection were also carried out with the manufacturer supplied software.
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