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Abstract

Viruses exploit key host cell factors to accomplish each individual stage of the viral replication 

cycle. To understand viral pathogenesis and speed the development of new antiviral strategies, 

high resolution visualization of virus-host interactions is needed to define where and when these 

events occur within cells. Here, we review state-of-the-art live cell imaging techniques for tracking 

individual stages of viral life cycles, focusing predominantly on retroviruses, and especially the 

human immunodeficiency virus type 1 (HIV-1) which is most extensively studied. We describe 

how “visible” viruses can be engineered for live cell imaging and how non-modified viruses can, 

in some instances, be tracked and studied indirectly using cell biosensor systems. We summarize 

the ways in which live cell imaging has been used to dissect the retroviral life cycle. Finally, we 

discuss select challenges for the future including the need for better labeling strategies, increased 

resolution, and multivariate systems that will allow for the study of full viral replication cycles.
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1. INTRODUCTION

As intracellular parasites, viruses hijack specific host cell factors to carry out each individual 

stage of the viral life cycle. For example, viruses exploit host receptors for cell entry, 

host transcription and translation machineries to drive efficient viral genome replication 

and protein production, and host transport factors to facilitate virion assembly and egress. 

Successful viruses must also circumvent myriad host intrinsic and innate cell barriers that 

would otherwise slow or abrogate infection. Understanding the mechanistic nature of these 
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key virus-host interactions is vital to informing the development of new antiviral strategies 

and can reveal important new concepts in molecular and cellular biology.

While powerful genomics-based approaches (e.g., gene knockout screens and interactome 

studies) now provide us with the means to rapidly screen for host factors (either positive 

or negative) relevant to viral replication, a limitation of these approaches is that they 

rarely provide information regarding viral replication dynamics, i.e., when and where 

key virus-host interactions are taking place inside the cell. Doing so requires “seeing 

is believing”; the capacity to directly visualize these processes as they occur and with 

sufficient spatiotemporal resolution. Unfortunately, the first challenge to visualizing viruses 

is that most virion subtypes are small (<200 nm in diameter), below the resolution limit 

of conventional light microscopes. Accordingly, for the first decades of modern virology, 

viral images were necessarily static — generated by electron microscopes and carried out 

on virion preparations or infected cells treated with fixatives and heavy metal stains (1, 2). 

Only in the 1980s did cell culture systems, techniques, and cameras suitable for single cell 

video microscopy begin to allow for real-time visualization of viral transport events as they 

occurred, initially tracking virions or viral elements labeled using lipid dyes (3), covalently 

attached synthetic fluorophores (4), or fluorescently-tagged antibodies (5, 6).

The “viral video” game changed dramatically in the 1990’s with the discovery and 

development of bright, stable versions of the green fluorescent protein (GFP) (7–9), 

followed by an explosion in the use of GFP and related fluorescent proteins (FPs) 

to study virus replication in cells (reviewed in (10–18)). Over the last two decades, 

additional technical innovations have advanced the field: automated stages, regulated stage-

top incubators, controlled focus systems, improved light sources, highly sensitive cameras, 

the development of super-resolution light microscopy techniques, and a broad expansion 

in the number of available fluorescent labels and labeling strategies. Here, we review both 

standard and emerging approaches by which viruses are being tracked in single cells using 

live cell imaging, focusing predominantly on the human immunodeficiency virus type 1 

(HIV-1) and other retroviruses, which have been most comprehensively studied.

2. SEEING IS BELIEVING: VISIBLE RETROVIRUSES AND CELL 

BIOSENSORS

In general, either of two strategies are employed to visualize the individual stages of 

retroviral replication cycles in living cells: (1) using engineered “visible” viruses wherein 

individual viral components (i.e., viral proteins, genes, genomes, lipids) are labelled directly 

with fluorescent molecules or (2) tracking viruses indirectly using host cell biosensors 

designed to respond to infection and report on specific virus activities.

2a. Engineered Visible Retroviruses.

In the first direct approach, virus genomes are modified to encode FPs or viral elements that 

are tagged with FPs or chemical probes that allow for real-time tracking of specific activities 

inside the cell. Viruses are packaged into virions on the order of 100,000-times smaller than 

cells (in eukaryotes). Thus, they must maintain small genomes and often further optimize 
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their genomic efficiency using overlapping reading frames and/or multifunctional structural 

elements. As a result of this highly dense genome, generating a tagged visible virus can be 

a challenge because even minor perturbations can be deleterious to viral replication. Despite 

this, there are myriad success stories wherein FPs have been used for live cell detection and 

analysis of viral infection events in cell culture, even for especially compact RNA viruses 

(14, 19), and sometimes even to monitor virally infected cells in vivo (20, 21).

The most common FP-based labeling strategy for viruses involves modifying viral genomes 

to express an FP from a viral promoter as a proxy for detecting infection and measuring 

viral gene expression (22–25). Alternatively, in many instances, virion proteins or genomes 

are directly fused to an FP marker with only minor effects on protein function or replication 

efficiency (Figure 1). For example, visible variants of HIV-1 virions (Figure 1A) have been 

engineered wherein the HIV-1 Gag and Gag-Pol proteins, which drive virion assembly, carry 

FP inserts and are expressed under conditions where they retain infectivity. These visible 

variants have been used to study Gag subcellular trafficking (26, 27), virion assembly (28–

32), virion cell-to-cell transmission (28–32); and even post-entry events (Figure 1B, strategy 

1) (33–35). Alternatively, versions of Gag have recently been engineered to carry non-

canonical amino acids that allow for tagging using “click” chemistry — covalent linkages 

to small, bright chemical probes (Figure 1B, strategy 2) (36). Non-modified versions of Gag 

have also been successfully tracked by proxy using FP-tagged versions of the Viral protein R 

(Vpr) (31, 37–39) or host protein Cyclophilin A (CypA) (40), both of which bind to regions 

of Gag with high affinity and are incorporated into assembling virions (Figure 1B, strategies 

3 and 4).

To label retroviral envelopes, the generation of functional FP-tagged Envelope (Env) 

proteins was previously demonstrated as feasible for the model oncoretrovirus murine 

leukemia virus (MLV) (41–43). However, this strategy has proven challenging for HIV-1 

(44). Instead, HIV-1 Env has been successfully monitored in living cells by proxy during 

virion assembly bound to antibodies covalently linked to bright fluorophores such as 

quantum dots (45) (Figure 1C).

Finally, HIV-1 RNA genomes and those of other retroviruses have been successfully tracked 

in several studies using RNA stem loop scaffolding systems (e.g., MS2, Bgl, PP7) (15, 

46–50), wherein short, structured RNA elements with a high affinity for recognition by 

a specific binding protein are engineered into viral RNA, and then co-expressed with 

the cognate FP-fused RNA-binding protein (Figure 1D, strategy 1). FP-tagged host RNA-

binding proteins such as APOBEC3F have also been shown to represent a viable strategy to 

label non-modified HIV-1 genomes as a proxy system to visualize viral trafficking during 

the post-entry phases (51) (Figure 1D, strategy 2). Using dual-labeling, FP scaffolding has 

been used in several instances to successfully track interactions between tagged HIV-1 

RNA genomes and Gag-FP proteins in cells using video microscopy, and resulting in the 

production of two-colored virions (example shown in Figure 1E) (47, 49, 52, 53).

2b. Viral Biosensor Cells.

For the second, “indirect” approach, biosensor cell lines have been engineered that can 

detect infection by responding to one or more specific virus activities that activate or 
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downregulate expression of fluorescent marker proteins (Figure 2). In general, a major 

benefit to using virus sensor cells lies in their capacity to detect and study native, 

non-modified viruses without the risk of impacting viral replication efficiency. For 

HIV-1, reporters that utilize the HIV-1 Long Terminal Repeat (LTR) promoter region to 

drive FP-expression have been used extensively since the 1990s (e.g., GHOST cells or 

analogous systems) (54–56). In these cases, FP expression is conditional on successful viral 

infection yielding expression of the viral transcriptional activator protein Tat (Figure 2A). 

Alternatively, stably-expressed FP-tagged versions of host proteins such as APOBEC3G 

(57, 58) that are downregulated by HIV-1 proteins, can serve as useful biosensors to detect 

infection and monitor replication dynamics (Figure 2B). For both HIV-1 or other viruses, 

native cell responses to infection, e.g., remodeling of membranes or the cytoskeleton (59), 

induction of antiviral gene expression (56, 60), or even cytopathic effects (e.g., activation 

of apoptotic markers or live cell “plaque assays”) (57, 61) have also been used to detect 

infection and provide insights into viral replication features.

In summary, tagging viral components represents a powerful and direct means of tracking 

specific phases of the viral life cycle, while cell biosensors can also be highly useful in their 

capacity to measure viral gene activities even for native, non-modified viruses.

3. THE VIRAL LIVE CELL IMAGING TOOLKIT

3a. Imaging Modalities for Virus Live Cell Imaging

In theory, any fluorescence-based microscopy modality (examples summarized in Table 1) 

can be used to study retroviral replication provided one has access to a suitably infectable 

cell culture system and stable incubation conditions. Widefield microscopes couple bright 

light sources to a broad range of excitation and emission filter sets and are thus the 

most common and versatile set-ups due to ease of use and low cost. However, low axial 

(z-axis) resolution is a limitation when the goal is to track single virions or single viral 

molecules (single particle tracking or SPT). Moreover, out-of-focus light is intrinsic to 

widefield imaging and may necessitate computational deconvolution strategies. Laser-based 

systems, such as confocal microscopes or evanescent wave configurations (e.g., total internal 

reflection fluorescence microscopy, TIR-FM) can provide superior resolution and notably 

have been used for a wide variety of successful precision retroviral SPT studies (29, 47, 

62–64).

Laser systems also enable methods that have measured single cell rates of retroviral protein 

or RNA diffusion based on fluorescence correlation spectroscopy (FCS) or fluorescence 

recovery after photobleaching (FRAP) (65–69). These advances are also contributing to 

the development of live cell versions of previously static super-resolution methods based 

on stimulated emission depletion (STED) (70) or photoactivation localization microscopy 

(PALM) (71, 72).

A downside to lasers is photobleaching, slow acquisition, and cell toxicity, which limits 

imaging times. However, phototoxicity is less of an issue using multiphoton (also known 

as “2-photon” or “2P”) imaging, that utilizes only long wavelength (e.g. 800 to 1000 nm) 

laser light that can achieve deep penetration into cell layers or tissues, even allowing for 
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the visualization of retrovirus-infected cells in vivo (20, 73, 74). However, 2P has, by its 

nature, a limited range of accessible wavelengths and is less useful for rapid (millisecond 

resolution) imaging applications such as those typically needed for SPT. An alternative 

recent breakthrough is lattice light sheet microscopy (LLSM). Instead of laser scanning, 

LLSM moves a thin sheet of light through a fixed sample, thereby allowing for detailed 

three-dimensional volumetric image acquisition over a time course with relatively low 

toxicity. However, although LLSM applications for live cell imaging of virally infected 

cells are under development (75, 76), there are tradeoffs in the context of SPT due to the 

limited spatial and temporal resolution of LLSM.

3b. Virus Labeling Techniques

A predominant mode of retrovirus labeling involves FP fusions. There are now hundreds 

of useful FPs available that vary in properties including excitation/emission wavelengths, 

stability, convertibility, brightness, size, and tendency to multimerize. Moreover, select 

combinations of FPs allow for real-time studies of HIV-1 protein-protein interactions 

using techniques including Förster resonance energy transfer (FRET) and fluorescence 

lifetime imaging (FLIM) (e.g., (77)). Another major boon has been convertible FPs such as 

photoactivatable versions (PA-GFP) (78) that not only allows for the development of PALM 

but can also be used for real-time applications including FRAP-based measurements of 

HIV-1 protein mobility in membranes (79). pH-responsive versions of GFP (e.g., pHlourins) 

have also been of value to the study of retroviral entry, allowing researchers to track virion 

association with acidic endosomes (80).

Despite their considerable utility in live imaging of viruses, a drawback to FP fusions 

for viruses is the large size of the FP relative to the viral protein is tagging. The size 

issue can be mitigated to an extent using split versions of the FP. One popular system is 

“GFP1–10” wherein only a small portion of GFP is fused to the protein of interest, and the 

rest of the GFP protein is co-expressed from a host cell promoter with fluorescence only 

occuring if there is complementation (81). GFP1–10 systems have been used to detect HIV-1 

envelope-mediated membrane fusion (82) and also to generate HIV-1 reporter cells wherein 

GFP complementation is conditional on infection and delivery of an active viral protease 

(83). Alternatively, two halves of select FPs can be split with each half used to tag either 

of two viral proteins that are expected to multimerize — a technique termed biomolecular 

fluorescence (BiFC) (84). BiFC is conditional on the formation of an intact, fluorescent 

conjugate that will only occur when the viral proteins are in close proximity (~7nm apart). 

However, important caveats related to BiFC are that the interaction is irreversible and that 

BiFC binding may affect protein multimerization kinetics. Nevertheless, this technique has 

been used successfully to study HIV-1 subcellular trafficking in multiple studies (85–87).

Another FP proxy method for detecting HIV-1 nucleic acids or proteins at the single 

molecule level is FP scaffolding. By analogy to RNA scaffolding systems such as MS2 

(introduced in Figure 1D, strategy 1), a new DNA-based targeting system (ANCHOR) 

is allowing researchers to detect and track HIV-1 proviral DNA in newly infected cells 

soon after reverse transcription (88). There are also scaffolding techniques for protein 

detection, exemplified by the popular SUN-tag system that is based on co-expressing 
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proteins engineered to encode iterative sequences of an protein epitope that can, during 

or after translation, be bound tightly by co-expressed FP-fused single-chain antibodies 

(nanobodies) (48);

An additional emerging technique for tagging viral proteins is “click” chemistry. In this 

approach, viral proteins are engineered (e.g., using an amber suppression system, see Figure 

1B, strategy 2) to carry one or more synthetic (“clickable”) codons in a well-defined region 

of the protein where a synthetic ligand such as a bright, stable chemical fluorophore can be 

attached covalently. Because the binding reaction between the target protein and fluorophore 

is irreversible, fluorescence can persist for long periods of time, and the small tags are 

often much better tolerated by the virus compared to FP fusions. Both cell-permeable 

and impermeable dyes have recently allowed for tracking HIV-1 capsid cores and viral 

glycoprotein subcellular transport dynamics using this technology (36, 89).

Taken together, there is a wealth of imaging modalities and labeling techniques now 

available to virus researchers, with certain imaging methods and fluorescent labels more 

useful than others for specific applications.

4. USE OF LIVE IMAGING TO BREAK DOWN THE RETROVIRUS LIFE 

CYCLE

To put these live cell imaging techniques into context, below we summarize how several 

have been used to study each major phase of the retroviral replication cycle.

4a. Retrovirus Entry

The first barrier viruses face to entry is the cell’s plasma membrane. Viruses are adapted 

to enter cells either at the plasma membrane or after uptake into the endosomes (Figure 

3, Stages 1–3) (16). Live cell imaging has demonstrated that HIV-1 entry is a multistep 

process that requires cell attachment, receptor engagement, and activation of virion-cell 

membrane fusion for enveloped virions or membrane penetration by non-enveloped viruses 

(90, 91). FP-labelled retroviral virions have been shown to first associate with cell surface 

factors including glycosyl-aminoglycans (92) (Figure 3, Stage 1) prior to the initiation of 

receptor-dependent, actin-driven “surfing” to preferred sites of entry (Figure 3, Stage 2) 

(28, 41) and delivery of the capsid core into the cytoplasm (Figure 3, Stage 3a). FP-tagged 

receptors have been shown to cluster to virion entry sites (41, 93). Furthermore, real-time 

tracking of single fusion events using virions labeled with lipid dyes and/or FP-tagged 

virion components demonstrate that viral entry is a cholesterol-dependent process involving 

a series of stepwise transitions: starting with pore formation, then proceeding to hemifusion, 

and culminating in full fusion and release of capsid cores into the cell (94, 95). While these 

studies indicated that HIV-1 virions can fuse at the plasma membrane, live cell single virion 

tracking has also provided evidence that, in the context of native infection, fusion may occur 

predominately in endosomes (Figure 3, Stage 3b) (80, 96, 97).
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4b. Post Entry Trafficking

Once inside a cell, viruses face the challenge of navigating the dense cytosol to deliver 

genomes to sites where viral gene expression can proceed safely from intracellular immune 

detection. For (+) sense RNA viruses, this process typically entails viral remodeling of 

cytosolic membranes to form replication compartments (98, 99) whereas (−) sense RNA 

viruses form inclusion granules wherein viral RNA synthesis is compartmentalized through 

phase separation (100, 101). For DNA viruses and retroviruses that carry out genome 

replication stages in the nucleus, capsids can provide protection in the cytoplasm, delivering 

genomes to the nucleus either through the nuclear pore complex or in conjunction with 

nuclear membrane breakdown in cells that are actively dividing (102–105).

During the early stages of retroviral infection, the retrovirus capsid undergoes an uncoating 

process wherein the virus sheds the capsid (CA) lattice that encapsidates and protects 

the viral RNA genome. This is a critical step in the viral lifecycle that allows for 

successful reverse transcription to generate the DNA provirus (formation of the “pre-

integration complex”, PIC) prior to proviral integration into the host cell’s genome. This 

delicate process was originally studied using biochemical assays, which provided only 

indirect measurements of uncoating. To overcome these obstacles, FP-tagging of HIV-1 

capsids and/or reverse transcription complexes has been used extensively to achieve direct 

visualization of the movements of HIV-1 capsids and uncoating dynamics (Figure 1A), with 

several live imaging studies supporting an early role for the microtubule (MT) cytoskeleton 

and MT motors in regulating these processes (Figure 3, Stages 4 and 5) (106–111).

Indirect labeling of HIV-1 capsids and PICs was first achieved using FP-tagged Vpr, a 

viral accessory protein incorporated into virions that retain association with capsids and 

preintegration complexes (37, 38, 110). More recently, insertion of an FP between the 

cleavage sites of Gag matrix (MA) and CA has proven valuable (see Figure 1A) because 

it allows for conditional release of the FP inside the virion after budding and protease 

maturation, with the fluorophore loaded in the core until uncoating (112, 113). Variations 

on this fluid-phase approach were recently used in combination with Vpr-FP to show that 

HIV-1 viral cores may, at least under some conditions, remain intact in the nucleus with 

reverse transcription occurring in the nucleus and just prior to integration (Figure 3, Stages 

6 and 7) (113, 114). These new findings are consistent with data tracking click-labeled cores 

(see Figure 1A, strategy 2) in live cells (36), as well as high resolution imaging from whole 

cell cryo-electron tomography, which provided evidence for largely intact conical capsid 

structures entering the nucleus through the nuclear pore (115, 116). However, it should be 

noted that these studies’ findings conflicted with earlier live cell imaging studies that used 

either FP-tagged CA (34) or a modified indirect strategy wherein the capsid is labelled using 

an FP-tagged version of the host cell protein CypA. These previous studies showed loss of 

capsid signal in the cytoplasm, which would be more consistent with uncoating occurring 

prior to nuclear entry (40).

In addition to capsid core subcellular tracking, significant progress has been made in 

tracking the viral RNA or DNA forms of the genome during the post-entry phases. As 

discussed earlier, a useful FP-scaffolding DNA tagging strategy dubbed “ANCHOR” was 

recently developed to serve as a means to detect and track newly reverse transcribed proviral 
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DNA in the nucleus (88). To track viral RNA, an FP-tagged version of host restriction factor 

APOBEC3F (A3F), which binds to the HIV-1 RNA genome during virion assembly, was 

used to track incoming virus particles. This study showed that A3F is trafficked all the way 

to the nucleus, demonstrating that reverse transcription in the cytoplasm is not required for 

nuclear import (51).

4c. Transcription and Gene Expression (HIV)

Integration of the HIV-1 provirus and subsequent transcription activated by the viral Tat 

protein and mediated by host RNA polymerase II (RNAP2) yields three groups of viral 

transcripts: unspliced (US), partially spliced (PS), and completely spliced (CS). The US 

RNA can serve either as the mRNA template for Gag/Gag-Pol protein synthesis or as the 

complete viral RNA genome that is packaged into assembling particles (Figure 4). The PS 

and CS transcripts are translated and produce the other HIV-1 proteins required for efficient 

viral replication and circumvention of host defenses. The US and PS pools, which retain 

introns, require specialized nuclear export regulated by the viral Rev protein and the Rev 

response element RNA structure.

RNA FP-scaffolding has been used extensively to study retroviral RNA dynamics during or 

after transcription, frequently using methods adapted from a technique first developed by 

Singer and colleagues. In this method, the MS2 phage capsid protein fused to a fluorophore 

(e.g., GFP) is co-expressed with RNA molecules engineered to carry multiple copies of 

an RNA stem loop that bind with high affinity to the MS2-FP tracker protein, thereby 

generating bright puncta that can yield single mRNA detection (117). To study viral 

transcription dynamics (Figure 4, Stage 1), methods including FRAP and time-resolved 

continuous imaging of FP-labelled RNA have been used, at times tracking MS2-FP 

recruitment co-incident with recruitment and residence of labelled visible RNAP2 at sites 

of viral integration (68, 118–120). Combined, these techniques have allowed for tracking of 

HIV-1 Tat-driven viral transcription all the way from pre-initiation to termination.

After transcription, MS2 or analogous systems have also been used to study viral RNA 

nuclear export and cytoplasmic events that culminate in virion assembly at the plasma 

membrane (Figure 4, Stage 2) (46, 49, 50, 64, 121–123). Moreover, direct visualization of 

HIV-1 mRNA translation in the cytosol (Figure 4, Stage 3) has been achieved by combining 

gag-pol mRNA detection (e.g., using MS2-FP) with detection of Gag or Gag-Pol protein 

synthesis using SUN-tag (48). Combined, these novel multi-color approaches to study 

retroviral transcription and gene expression in living cells now establish powerful platforms 

with which to study complex RNA regulatory elements and host factors that regulate with 

these processes.

4d. Assembly

As noted above, retroviral US RNA is subjected to dual fates in the cytoplasm, acting as 

either the mRNA template for Gag/Gag-Pol protein synthesis or the genome that is packaged 

into assembling virus particles (Figure 4, Stages 3 through 5). Assembly of the HIV-1 virion 

involves incorporation of two dimerized US RNA genomes into enveloped virions made up 

of ~2000 Gag and Gag-Pol proteins, with the membrane studded with Envelope proteins, 
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and carrying varying amounts of the accessory proteins Vif, Nef, and Vpr (124). This 

process starts with Gag proteins interacting with RNA genomes during their trafficking to 

the plasma membrane. The assembly of Gag into multimers around the viral genomes then 

occurs at lipid raft sites on the plasma membrane where envelope glycoproteins accumulate. 

This is followed by recruitment of host endosomal sorting machinery for receptor transport 

(ESCRT), which mediates viral budding (Figure 4, Stage 6). Virion egress from the cell 

membrane triggers cleavage of the Gag precursor by the viral protease into its components 

Capsid (CA), Nucleocapsid (NC), Matrix (MA), and p6 during the maturation process 

(Figure 4, Stage 7).

Substantial work has been done to study the complex HIV-1 lifecycle using live cell 

imaging, to the point that we currently have a solid understanding of the general timing 

of the assembly process. Much of this insight has been gleaned from the use of TIR-FM 

methods that allowed for the detection of FP-tagged Gag puncta forming at the plasma 

membrane with high spatial and temporal resolution (125, 126). Co-expression of FP-

tagged Gag and viral genomes was used to demonstrate that Gag-dependent transport of 

HIV-1 RNA genomes to the plasma membrane is an initiating event for assembly, with 

genome tethering to the membrane preceding the formation of higher-order Gag multimers 

and full virion assembly (47). Tracking two differentially tagged US RNA genomes 

later demonstrated that dimerization can occur at the plasma membrane in conjunction 

with the onset of assembly, contrasting with prior views that genomes first dimerize in 

the cytoplasm (127). A follow-up study combining the SunTag system with US RNA 

imaging demonstrated that US RNA is unlikely to be undergoing active translation at sites 

of virion assembly (48). TIRFM has also proved a powerful technique for monitoring 

Gag’s recruitment of individual FP-tagged components of the host ESCRT machinery 

that facilitates membrane cleavage during virus particle release from the cell surface 

(e.g., TSG101, ALIX, CHMPs, VPS4A) (62, 128–130). Moreover, single particle tracking 

using TIRFM was recently successfully employed to study Envelope incorporation into 

assembling virions, using quantum dots conjugated to Env-specific nanobodies (45) (Figure 

1C). However, it is important to note that other modalities can provide complementary 

insights into HIV-1 assembly kinetics. For example 2-photon-based FCS (66) was recently 

employed to demonstrate that HIV-1 Gag bound to RNA is excluded from the cytoplasmic 

region directly adjacent to the plasma membrane, exposing a physical barrier to assembly 

regulated by the peripheral actin cytoskeleton (65).

After assembly and maturation, HIV-1 virions are transmitted to uninfected cells and tissues 

to spread infection (Figure 4, Stage 8). Transfer of virions occurs through direct cell-cell 

contacts formed between infected and uninfected cells (referred to as “virological synapses”, 

VSs). VS-mediated transmission is proposed to be more than 10,000 times more efficient 

than cell-free virion infection (131). Live-cell viral spread at the VS was first tracked for 

retroviruses using FP-tagged murine leukemia virus as a model system (28). Subsequent 

imaging demonstrated that assembly is polarized to the VS (63). Further evidence for 

VS-mediated MLV spread was obtained using live cell multiphoton imaging in living mice 

(20). Similar mechanisms have been shown using live cell imaging to enhance the efficiency 

of spread for HIV-1 (29, 30, 32, 132, 133).
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5. SUMMARY AND FUTURE PERSPECTIVES

As summarized above, the retroviral field is rich in techniques and tools for studying 

virus-host interactions using live cell imaging. HIV-1, now extensively studied, also serves 

as a useful model system for developing and validating new technologies that can be of 

broad applicability to the study of diverse viruses and viral families.

Live cell studies of HIV-1 have exposed key stepwise transitions in entry and egress 

pathways that are only partially characterized. Researchers are now invested in developing 

approaches to visualize these stages in the context of emerging host antiviral factors such 

as SERINC5 (134, 135). Similarly, live imaging is playing a crucial role in elucidating 

the key remaining cytoplasmic and subnuclear trafficking steps that govern HIV-1 genomes 

subcellular transit to integration sites in the nucleus, illustrated by recent studies of viral 

capsid interactions with host factors including CPSF6 and nuclear granules (136, 137).

For the post-integration stages, several questions remain related to retroviral RNA regulatory 

control that are now accessible using imaging tools. For example, efforts are ongoing to 

more broadly define HIV-1 Tat activity and transcriptional control in the context of viral 

latency (119, 120), and to define features of the unique nuclear export pathways exploited by 

retroviruses to mediate nuclear export of RNA genomes (64, 121, 138, 139). As described 

above, TIRFM studies have exposed many key details related to HIV-1 Gag behaviors at 

the plasma membrane during virion assembly. However, additional high resolution live cell 

work, including coupling live cell imaging to super-resolution and electron microscopy 

techniques (69, 71, 140), will be needed to more fully understand budding and virion 

maturation steps in molecular detail. Moreover, outside the cell there is a need to continue 

to apply imaging to identify and understand the host factors that regulate extracellular virion 

spread among cells and dissemination among tissues (141, 142).

In terms of emerging trajectories, there is enthusiasm for efforts to “put the pieces together” 

by prioritizing the development of multivariate systems capable of visualizing multiple 

stages of viral replication cycles simultaneously (144). Ideally, these strategies will access 

the most “native” contexts possible in order address infection comprehensively and in 

the setting of combined intrinsic, innate, and cell-based immune defenses, i.e., in vivo 

using intravital imaging (141, 144) or through the development of biomimetic 3-D cell 

culture systems (74, 145, 146). To facilitate these efforts, multicolor imaging of viruses 

engineered to carry multiple minimally obtrusive labels will be ideal (36, 147), potentially in 

conjunction with multivariate cell sensor systems or, alternatively, computationally adaptive 

label-free techniques that learn to track infection through cell morphological changes or by 

measuring metabolic fluctuations (148, 149).
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Figure 1. 
Examples of engineered visible HIV-1 virions. A. HIV-1 virion structure. B. HIV-1 capsid 

modifications using direct or indirect labeling of Gag. Direct labeling of HIV-1 Gag using 

(1) fluorescent protein (FP) fusions or (2) click labeling, or indirect labeling using (3) 

Vpr-FP or (4) CypA-FP. C. HIV-1 Envelope has been successfully tracked using antibodies 

covalently linked to bright fluorescent dyes such as BG18-QD625 quantum dots. D. (1) 

HIV-1 RNA genomes modified with RNA stem loops for tracking using stem loop-binding 

proteins, or (2) direct interaction of nonmodified viral genomes with an FP fused to host 

RNA-binding protein APOBEC3F. E. Example of two-color HIV-1 virions generated after 

co-expression of MS2-mCherry-tagged viral RNA genomes and Gag-YFP (i) assembling at 

the plasma membrane of a HeLa cell or (ii.) visualized after harvesting single virus particles 

from cell supernatants; cell scale bar = 5 μm, virion scale bar =2.5 μm, inset = 0.5 μm.
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Figure 2. 
Summary of select cell-based FP-based HIV-1 biosensor strategies. A. Direct detection of 

HIV- 1 infection using GHOST (HIV-1 LTR-responsive GFP expression), with single cell 

changes to mean fluorescence intensity shown for a 20h time course (bold line is average 

for n=10). B. Indirect detection of HIV-1 using YFP-APOBEC3G downregulated by HIV-1 

Vif. Graphs show single cell changes to relative mean fluorescence intensity shown for a 20h 

time course (bold line is average for n=10). The t1/2 measure represents time to 50% single 

cell signal decay. Size bars = 20μm.

Guerrero et al. Page 20

Annu Rev Virol. Author manuscript; available in PMC 2025 January 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Tracking HIV-1 during entry and the pre-integration stages. HIV-1 first binds to cell surface 

moieties (Stage 1) and then receptor proteins CD4 and a chemokine co-receptor (Stage 2) 

prior to undergoing fusion at the plasma membrane or in endosomes (Stage 3). Various 

labeling methods including lipid dyes and FP-labelled Envelope glycoproteins have been 

used to study these stages using live cell imaging. Released capsids are trafficked to the 

nucleus in association with the cytoskeleton (Stage 4), enter the nucleus (Stage 5) during 

or after reverse transcription (Stage 6) to form the viral pre-integration complex (PIC) 

and integration of the DNA provirus into the cell’s genome (Stage 7). Established and 

emerging techniques for tracking HIV-1’s post-entry stages include direct capsid labeling 

using Gag-FP fusions or chemical probes, indirect capsid labeling using FP-tagged proxies 

(e.g., based on Vpr or Cyclophilin A), or detecting viral nucleic acids using FP-labeled host 

proteins or FP-scaffolding.
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Figure 4. 
Tracking HIV-1 during the post-integration stages. HIV-1 transcription is driven by host 

RNAP2 in the nucleus (Stage 1) with viral RNAs (spliced, partially spliced, and unspliced) 

exported from the nucleus to the cytoplasm through nuclear pores. In the cytoplasm, viral 

unspliced (US) RNA is either translated to generate Gag and Gag-Pol proteins (Stage 3) 

or transported by Gag to the plasma membrane for genome packaging (Stage 4). Gag 

and Gag-Pol multimerization at the plasma membrane driving virion assembly (Stage 5), 

recruiting Envelope glycoproteins that stud the viral membrane and host ESCRT proteins 

that mediate membrane scission at the end of the budding stage (Stage 6). After or during 

budding, the viral protease is activated and cleaves Gag and Gag-Pol into protein subunits 

including Capsid (CA) that forms the infectious, conical core; a process called maturation 

(Stage 7). Virions can then be transmitted among cells and tissues to spread infection (Stage 

8).
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Table 1.

Imaging modalities for studies of viral replication

Imaging 
modality

Light 
Source

Best Lateral (XY) 
& Axial (Z) 
Resolution

Advantages Disadvantages Applications

Widefield Mercury 
bulb or 
LED

~230 nm XY
~1000 nm Z

-Fast acquisition speeds
-Ease of use
-Low cost
-Very broad range of 
wavelengths

-Low axial resolution
-Out of focus light

-Broad applications

Confocal 
(scanning or 
spinning disk)

Laser ~180nm XY
~500 nm Z

-High lateral and axial 
resolution
-Pinhole prevents out of 
focus light

-Scanning speeds can 
limit acquisition time
-Laser
photobleaching

-Flexible applications 
including fRaP, 
photoconversion, FCS

Evanescent 
Wave (TIRFM)

Laser ~230 nm XY
~100 nm Z

-Tight axial (Z) resolution
-Low signal to noise 
ratios

-Limited
penetration depth
-Sample must be attached 
to glass

-Focus on events at 
the plasma membrane 
facilitates studies of entry/
egress

Multiphoton 
(2P)

Laser ~200 nm XY
~400 nm Z

-Deep penetration
-Reduced photodamage 
(low energy)

-Limit number of useful
fluorophores
-Relatively low temporal 
resolution

-Allows for intravital 
imaging & visualization 
of viruses in 3-D culture 
systems

STED Laser ~20nm XY
~50 nm Z

-High lateral and axial 
resolution
-Compatible with a range 
of fluorophores

-Photobleaching
-Complex optics

Methods for live viral 
systems in development

PALM Laser ~20nm XY
~60 nm Z

-High lateral and axial 
resolution
-Best method for single 
molecule resolution

-Prone to artifacts 
(complex sample 
preparation)
-Phototoxicicity
-Large datasets generated

Methods for live viral 
systems in development

Lattice Light 
Sheet

Laser ~300 nm XY
~300 nm Z

-High speed 3-D volume 
image acquisition
-Relatively low 
phototoxicity

~Limited penetration 
depth
-Large datasets generated

Methods for live viral 
systems in development
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Table 2.

Fluorescence-based labeling strategies for tracking viruses

Labels Examples Advantages Disadvantages Live Cell Applications for 
Studying Viruses

Intact
Fluorescent
Proteins

GFP, RFP, CFP, YFP, 
mCherry, tdTomato, 
etc.

-Expressed in cells
-Non-toxic
-Flexible experimental 
design
-Allow for multicolor 
imaging

-Large size (20–40 kDa) 
can perturb viral functions
-Brightness, sensitivity, and 
stability can vary broadly
-Maturation times can 
confound temporal 
measurement

-Fluid phase reporters
-Protein fusions
-Tags for single molecule 
detection using FP 
scaffolding strategies (RNA; 
MS2, DNA; ANCHOR, 
Protein; SunTag)
-FRET/FLIM combinations

Split
Fluorescent
Proteins

BiFC, GFP1– 10/11, 
tripartite GFP

-Smaller tag than intact FP
-Can be used to study 
molecular interactions

-Requires balanced levels of 
co-expression
-Irreversible 
complementation can affect 
dissociation of protein-
protein interactions.

-Useful for studying of 
viral multimerization events 
(BiFC) -Has been used to 
detect viral protease activity

Photoswitchable
Fluorescent
Proteins

pHlourin, 
pHlameleons 
Photoactivatible GFP 
(PA-GFP, mEos, 
Kaede)

-Allows for tight control of 
FPs activated
-Can reduce signal to noise
-Some reactions are 
reversible

-Photobleaching during 
switching can influence 
strength of signal and 
observation time

-Imaging-based pulse-chase 
type experiments
-Tracking in low pH 
endosomes
-PALM superresolution 
imaging

Quantum dots and 
other dyes

Fluorophore ligands 
for HALO and SNAP 
tags, amber-stop 
labels, tetracysteine 
tags (e.g., flASH/
reASH)

-Can be very bright and 
stable and thus allow for 
single molecule detection 
-For amber-stop systems, 
potential to tag a viral 
element with less impact on 
structure

-Not all ligands are 
membrane permeable
-Assays must be time 
dependent and require 
incubation and wash steps

-Click chemistry to generate 
bright virions
-Conjugation to antibodies 
specific for viral proteins
-Very useful for pulse-chase 
type experiments to study 
viral protein stability and 
trafficking over time

RNA- and DNA- 
based probes

Fluorescent RNAs 
(Spinach, Corn, 
RNA-Mango etc.), 
molecular beacons

-Nucleic acid probes can
be rendered cell-
permeable and are often
non-toxic
-Can be titrated to
achieve good signal to
noise
-For fluorescent RNA 
structures, can be utilized in 
cis or in trans

-Nucleic acids can be 
susceptible to degradation

-Methods for live viral 
systems in development
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