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Insights into HIV uncoating from single-particle imaging techniques
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Abstract

Human immunodeficiency virus (HIV) is the most extensively researched human pathogen. Despite this massive scientific
endeavour, several fundamental viral processes remain enigmatic. One such critical process is uncoating—the event that
releases the viral genome from the proteinaceous shell of the capsid during infection. While this process is conceptually
simple, the molecular underpinnings, timing, regulation, and cellular location of uncoating remain contentious. This review
describes the hurdles that have limited our understanding in this area and presents recently deployed in vitro and in cellulo
techniques that have been developed expressly with the aim of directly visualising capsid uncoating at the single-particle
level and understanding the mechanics behind this essential aspect of HIV infection.
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Introduction

Human immunodeficiency virus (HIV) is a lentivirus that
infects the CD4 + cells of the immune system. Following
fusion of viral and host cell membranes, the viral core, con-
sisting of the genomic RNA and associated proteins sur-
rounded by a proteinaceous capsid shell, is released into
the cytoplasm (Campbell and Hope 2015). From this point,
productive infection requires the coordinated execution
of several processes: the virus must reverse transcribe its
genome while traversing the cytoplasm, interact with the
nuclear pore complex, enter the nucleus, and integrate the
newly synthesised viral DNA into a host chromosome. The
capsid mediates several of these processes and is essential
during early stages of HIV infection; however, to release
the viral DNA for integration, the capsid must open in a
process known as uncoating. Despite its central role, the tim-
ing, cellular location, mechanism, and kinetics of uncoating
remain elusive, and still less is known about its relationship
with other aspects of the virus life cycle including reverse
transcription and nuclear import.
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The capsid plays a multi-faceted role in the HIV life
cycle and has been implicated in maintenance of struc-
tural integrity, genome replication (Christensen et al.
2020; Xu et al. 2020), protection of the viral core from
immune sensing (Sauter and Kirchhoff 2016; Sumner
et al. 2020; Kumar et al. 2018), trafficking of the HIV
core through the cytoplasm and into the nucleus, and
determination of the integration site (Scoca and Di Nun-
zio 2021). Capsids have an average length of ~119 nm
and width of ~61 nm (Briggs et al. 2003). Approximately
1,200-1,500 copies of capsid proteins (CA) assemble
into roughly 200-250 hexamers and exactly 12 pentam-
ers, with five pentamers distributed at the narrow end
and seven at the wide end of the core to form the char-
acteristic fullerene cone structure (Mattei et al. 2016;
Ganser et al. 1999). CA is genetically fragile and excep-
tionally sensitive to mutation (Rihn et al. 2013), which
reflects the need for the capsid to fulfil multiple func-
tions and for its stability to be carefully balanced. The
HIV-1 capsid retains an inherent plasticity and structural
heterogeneity, which is attributed to variability in inter-
and intra-hexamer interactions (Gres et al. 2015). Alter-
ing the distribution of pentamers contributes to variation
in HIV-1 capsid morphology, as, when pentamers are
distributed with six at each end of the capsid, a tubular
capsid forms instead of the fullerene cone (Ganser et al.
1999; Briggs et al. 2003).
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At least a large part of the capsid lattice needs to remain
intact during the early post-entry stages to facilitate trans-
port on microtubules in the cytoplasm, passage through the
nuclear pore complex, and integration site targeting in the
nucleus. What remains most debated is the place and time
of when capsid uncoating is first initiated. There are three
prominent models of uncoating (Fig. 1). The first proposes
that uncoating initiates within the cytoplasm, after fusion of
the viral membrane with the host cell and during transport
of the core towards the nucleus; the second suggests that the
capsid remains intact until it reaches the nuclear pore com-
plex and that uncoating is directly linked to nuclear import;
and the third identifies uncoating as occurring in the nucleus
after passage through the nuclear pore complex.

Historically, it has been difficult to observe the HIV
capsid during uncoating. Initial insights into capsid sta-
bility were gained using a spectrum of indirect methods,
none of which provided compelling evidence to distinguish
between these three models. Biochemically, CA lattice
formation can be determined using in vitro assembly of
capsid-like cylinders, cones, or spheres from recombinant
CA (Ganser-Pornillos et al. 2004; Ehrlich et al. 1992; Gross
et al. 1997). Release of CA from capsids can be measured by
separation of soluble dissociated CA from intact cores via
ultracentrifugation and density gradients (Shah and Aiken
2011; Forshey et al. 2002; Wacharapornin et al. 2007),
while the fate of capsid assay is a cell-based approach that
expounds on a similar separation concept (Stremlau et al.
2006; Yang et al. 2014). More recently, the development of
high-throughput assays such as Fast Assembly Inhibitor Test
for HIV (FAITH) and Disassembly Inhibitor Test for HIV
(DITH) (Hadravova et al. 2015; Dostalkova et al. 2019) have
helped elucidate the role of small molecules in lattice for-
mation and capsid stability of mature particles (Dostalkova
et al. 2020).

Alongside these bulk biochemical assays, numerous cell-
based assays provide insight into the timing and location
of capsid uncoating. Examples include the cyclosporin A
(CsA) washout assay, which measures the kinetics of the
CsA-mediated rescue of HIV infection in cells expressing
the capsid-targeting restriction factor Trim-CypA (Hulme
et al. 2011); the Entry/Uncoating assay based on core-pack-
aged RNA availability and Translation (EURT) assay, detect-
ing translation of a reporter mRNA (which only becomes
available upon uncoating) (Da Silva Santos et al. 2016);
and inducible nuclear pore complex blockade to measure
the nuclear import kinetics of capsids relative to other steps
in the virus life cycle (Dharan et al. 2020).

The results from these studies have yielded differing con-
clusions with regard to the timing and regulation of capsid
uncoating. The CsA washout assay identified the initiation
of cytoplasmic uncoating within 1 h of viral fusion, whereby
addition of reverse transcription inhibitors delayed uncoating
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Fig. 1 Current main models of HIV uncoating and fluorescent mark-
ers used to provide evidence for each model. After fusion of the engi-
neered HIV virion, the capsid is released into the cell. From left to
right: loss of capsid integrity within the cytoplasm detected by using
the iGFP system, with a portion of CA remaining associated with the
genomic material (Mamede et al. 2017); uncoating at the nuclear pore
complex detected using an indirect label for CA (Francis et al. 2016);
and uncoating within the nucleus post-nuclear import using the
iGFP system (Li et al. 2021), binding of the tagged OR3 protein to
sequence engineered into the viral genome (Blanco-Rodriguez et al.
2020; Miiller et al. 2021) and release of GFP-tagged CA from capsids
(Burdick et al. 2020)

(Ingram et al. 2020). In contrast, the EURT assay suggested
that reverse transcription had no impact on capsid open-
ing but led to a decreased sensitivity to the capsid inhibitor
PF74, interpreted as a remodelling of the capsid (Da Silva
Santos et al. 2016). Use of nuclear blockades demonstrated
a relationship between nuclear import and the intact capsid
(Dharan et al. 2020). Cores remained sensitive to PF74 for
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hours after they lost sensitivity to the nuclear pore blockade
(Dharan et al. 2020), thus suggesting that uncoating occurs
inside the nucleus.

Despite the contributions of such assays, they rely on
indirect readouts and ensemble averaging to monitor uncoat-
ing. This review will focus on recent cellular and in vitro
approaches to directly visualise uncoating at the level of
individual viral particles. It will summarise the evolution
of techniques employed to study the process of HIV-1
uncoating, the contrasting models resulting from either a
cytoplasm-based view of uncoating or a nuclear envelope
and import-based view, and the remaining knowledge gaps.

Imaging uncoating in cells

A variety of fluorescently tagged viral components (Fig. 2)
have enabled the monitoring of virions through the HIV
life cycle by fluorescence microscopy in live and fixed cells
(Mukherjee et al. 2021). Fusing fluorescent proteins or self-
labelling tags to viral proteins packaged into the capsid, such
as integrase (IN), nucleocapsid, and the accessory protein
Vpr, has been widely used to visualise the movement of viral
cores within the cell; common designs include the fusion of
fluorescent proteins to the N- or C-terminus of IN (Albanese
et al. 2008; Ning et al. 2018). These markers can be partially
lost from post-fusion cores before the onset of uncoating
(e.g., as observed for tagged Vpr (Desai et al. 2015)) and/or
remain associated with the viral genetic material after loss of
CA from the core, allowing continued tracking of complexes
post uncoating. Approaches to visualise capsid uncoating
rely on (1) indirectly or directly tagging CA or (2) using
fluorescent markers that are released from the capsid or gain
access to bindings sites inside the capsid when it opens. All
these methods need careful optimisation to maximise label
incorporation for efficient detection in cells while not com-
promising viral behaviour and infectivity, as fusion of tags
to viral components often leads to defects in capsid assembly
or function (Mamede et al. 2021).

Indirect labelling of CA: CypA-DsRed

CypA-DsRed, designed by Francis et al., is a fluorescently
tagged oligomeric form of the CA-binding host protein
cyclophilin A (CypA), and has high-avidity binding to
the capsids (Francis et al. 2016). HIV particles efficiently
incorporate CypA-DsRed when produced in cells express-
ing this protein. CypA-DsRed is bound sufficiently tightly
to the capsid exterior, such that a decrease of its signal can
be interpreted as loss of CA from the core as it undergoes
uncoating in the target cell. The majority of cores (contain-
ing IN-GFP as a second label) lose the CypA-DsRed signal
shortly after entry into the cytoplasm (Francis et al. 2016),

exposing the complexes to proteasomal degradation (Francis
and Melikyan 2018). Thus, premature uncoating did not lead
to productive infection, whereby these cores may correspond
to virions with improperly assembled capsids (Marquez et al.
2018). In contrast, virtually all cores docking at the nuclear
membrane presented with a CypA-DsRed signal, marking
CA as required for interaction with the nuclear envelope.
Only cores that abruptly lost CypA-DsRed upon docking
established infection, with cores that exhibited gradual
or no loss failing to import (Francis and Melikyan 2018).
Complexes inside the nucleus retained some level of CA
and accumulated in nuclear speckles (Francis et al. 2020).
Overall, infection was deemed to depend on the retention of
CA until the nuclear membrane, upon which cores would
undergo rapid uncoating prior to or during import. However,
it is possible that the signal loss at the nuclear pore complex
could be due to dissociation of CypA-DsRed from the cap-
sid, e.g., as a result of binding competition from components
of the nuclear pore complex or structural changes of the
capsid during import.

Direct labelling of CA: fusion with fluorescent
proteins or self-labelling tags

Fusion of a fluorescent protein to the N- or C-terminus of
CA is challenging, severely compromising virion production
and infectivity (Bonisch et al. 2020; Pereira et al. 2011),
presumably due to effects on capsid assembly and function.
For example, tags at the N-terminus would be expected to
prevent formation of the N-terminal B-hairpin, a structural
feature essential for capsid maturation and proposed to gate
access of polyanions to the central pore in CA hexamers
and thus regulate dNTP import (Jacques et al. 2016) and
IP6-mediated CA lattice stabilisation (Mallery et al. 2018).
While infectivity can be rescued by mixing tagged CA with
an excess of untagged CA, this approach can result in insuf-
ficient levels of fluorescence for faithfully detecting par-
ticles and measuring uncoating kinetics, as observed, for
example, with CA tagged at the C-terminus with GFP (CA-
GFP) (Bonisch et al. 2020). In a recent advance, Burdick
et al. produced HIV from a mixture of CA labelled at its
N-terminus with GFP (GFP-CA) and an excess of untagged
CA, which retained approximately 50% of their infectivity
in several cell types, including macrophages, and contained
efficiently labelled cores with normal morphology (Burdick
et al. 2020). By using spinning disk confocal microscopy,
they captured viral complexes entering the nucleus without
detecting a drop in the GFP-CA signal, suggesting that intact
or nearly intact capsids traverse the nuclear pore complex.
Uncoating was later detected as the complete and sudden
loss of the GFP signal of particles within~ 1.5 pm of their
chromosomal integration sites. Their results suggest that
nuclear import precedes the rapid disassembly of the capsid.
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Fig.2 Selection of imaging methods for visualising uncoating at
the level of individual cores. (a) Live-cell imaging of HIV iGFP/
mCherry-Vpr particles. Two independent GFP signal drops are
detected, with the first indicative of membrane fusion and the sec-
ond indicative of capsid integrity loss. mCherry-Vpr is used to track
the particles. The graph plots mean signal intensities of GFP (green)
and mCherry-Vpr (red) over time. (Reproduced from Mamede et al.
2017.) (b) Correlative light and electron microscopy. (A) Overlay of
a fluorescence image with the relevant electron micrograph, exhibit-
ing an IN-mScarlet positive and mCLING-negative foci at the nuclear
envelope. (A', A") A slice through a tomographic reconstruction of
the position captured in (A), highlighting an intact capsid (indicated

In contrast, capsids containing amino acid substitutions that
prevent nuclear entry disassemble while remaining stuck at
the nuclear envelope, whereby the timing of disassembly
remained unaffected, suggesting that uncoating is triggered
by virion-intrinsic processes, such as completion of reverse
transcription, rather than by cellular location.

Alternative strategies using self-labelling tags have
focused on the insertion of tetracysteine (TC) tags, either at
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by the black arrowhead) deep inside the NPC (indicated by green
arrowheads) with its narrow end pointed towards the nucleoplasm.
(Reproduced from Zila et al. 2021.) (¢) A schematic diagram of the
TIRF assay, showing both GFP contained within the capsid to track
capsid integrity and the binding of AF568-CypA to visualise capsid
behaviour after membrane permeabilisation. Also included are snap-
shots of the GFP and AF568-CypA signal of a selected single viral
particle at different time points. Example traces show leaky, opening,
and closed traces, with green and orange used to indicate the GFP
and CypA signals respectively. Capsid lifespan is indicated by loss
of GFP signal and demarcated by the dotted lines. (Reproduced from
Mirquez et al. 2018)

the N- or C-terminus or within the CA sequence (Bonisch
et al. 2020; Pereira et al. 2011). These small, six to twelve
amino acid motifs are bound with high affinity by the fluo-
rescein arsenical helix binder (FIAsH), a dye that has been
used to label TC-tagged matrix for tracking HIV production
(Turville et al. 2008) and to label TC-tagged IN for super-
resolution imaging of HIV in infected cells (Lelek et al.
2012). However, the potential for non-specific labelling and
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rapid photobleaching of these dyes represents hurdles for
imaging uncoating kinetics. As observed for GFP fusions,
insertion of the tag at either the N-terminus or the C-termi-
nus of the CA protein abolished infectivity (Pereira et al.
2011), suggesting that the small tag still compromises the
stability of the CA lattice.

Detecting capsid integrity loss: iGFP as a solution
phase marker

HIV with internal GFP (iGFP) is produced by insertion of a
GFP sequence into the Gag polyprotein (Hiibner et al. 2007).
Flanking protease cleavage sites ensure release of GFP as a
solution phase marker upon proteolysis during virion matu-
ration, with~10-20% of the released GFP being taken up
into the capsid and the remainder being retained within the
membrane but exterior to the core. This ratio of GFP inside
versus outside the capsid is expected for the relative vol-
umes of these two compartments, confirming that GFP is
a solution-phase marker. Using live-cell imaging, Mamede
et al. showed that HIV iGFP infection is characterised by
two distinct drops in the GFP signal (Fig. 2a) (Mamede et al.
2017). Most of the GFP signal is lost from the particle when
the GFP outside the capsid is released upon fusion of the
viral particle with the plasma membrane. The GFP-loaded
core can then be tracked as a dimmer diffraction-limited spot
on its journey from the cellular periphery to the nucleus,
whereby the sudden loss of the residual GFP signal pinpoints
the precise moment when the capsid loses its integrity. In
contrast to labelled CA, the iGFP system is exquisitely sen-
sitive to detecting the appearance of the first defect in the
capsid that is sufficiently large to allow passage of GFP, but
the subsequent disassembly process of capsid post-opening
cannot be monitored.

Mamede et al. found that most capsids released GFP
approximately 30 min after fusion, while a small propor-
tion of particles retained GFP for longer than 2 h (Mamede
et al. 2017). However, only virions that lost their GFP sig-
nal early (within 45 min) led to infection. Quantification of
CA by immunofluorescence further showed that GFP loss
in the cytoplasm was associated with shedding of most CA
subunits from the capsid. Thus, the authors proposed that
infectivity depends on early uncoating in the cytoplasm. In
contrast, Li et al. used the iGFP system to show that GFP-
positive cores lost their signal inside the nucleus prior to
integration, leading to productive infection (Li et al. 2021).
The signal of a fluorescence-labelled protein binding to
CA hexamers (i.e. recognising assembled CA) disappeared
within 1-3 min after GFP release. Based on these observa-
tions, the authors suggested that the intact capsid enters the
nucleus and opens only shortly before complete uncoating
and the release of the pre-integration complex.

It is not clear what contributed to these conflicting results.
Using live-cell imaging to pinpoint where and when capsids
lose their integrity for the subset of particles that lead to
productive infection is challenging, because it represents a
short event in a process that takes several hours from entry
into the cytoplasm to integration into a chromosome. Pho-
totoxicity and photobleaching typically put constraints on
the imaging protocol with respect to temporal resolution
and observation time such that individual studies necessar-
ily focus on a particular stage or subcellular compartment.
Ideally, cellular imaging would entail unbiased tracking of
all viral particles throughout the entire life cycle from fusion
at the plasma membrane to transcription of viral RNA from
integrated proviruses, an endeavour that could capitalise on
recent advances in fluorescence microscopy such as lattice
light sheet imaging and automated particle tracking (Aguet
et al. 2016; Willy et al. 2021). It is possible that all types of
behaviours can be observed in the cell, whereby the chal-
lenge is to identify which pathways predominate and lead to
infection versus those that lead to degradation.

Detecting capsid integrity loss: ANCHOR system
for labelling viral DNA

The HIV-1 ANCHOR system, first adapted by Blanco-
Rodriguez et al., is designed to detect viral DNA that is
no longer shielded inside an intact capsid in live or fixed
cells (Blanco-Rodriguez et al. 2020). The bacterial-derived
ANCH sequence is introduced into the viral genome and,
following reverse transcription and opening of the capsid
lattice, allows for the GFP-tagged OR3 protein to access
and specifically bind to this sequence. The authors detected
viral DNA in association with CA primarily inside the
nucleus but also at the nuclear pore complex and suggested
a model whereby the capsid is remodelled during passage
through the nuclear pore complex. Miiller et al. showed
that HIV cores (labelled with an integrase fusion protein)
in the cytoplasm and the nucleus were associated with CA
(detected by immunofluorescence), whereby viral DNA
became detectable with OR3-GFP only after nuclear entry
and the OR3-GFP signal subsequently separated from the
CA signal (Miiller et al. 2021). Correlative light and elec-
tron microscopy (CLEM) in combination with tomography
revealed that nuclear particles lacking OR3-GFP represented
cone-shaped structures containing electron-dense material,
consistent with the viral nucleoprotein complex. Tomograms
at later time points revealed structures resembling broken
capsids or capsid-like remnants that lacked internal density.
Thus, uncoating and release of the viral DNA for integration
were proposed to occur within the nucleus, representing a
rupture of the capsid, but not a complete dissociation of the
lattice.
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Identifying fused virions for CLEM using mCLING

Approaches to distinguish between cores that have
entered the cytoplasm following a productive fusion event
and virions that were merely endocytosed rely on detect-
ing the separation of a core marker (such as labelled Vpr
or IN) from a membrane marker. The membrane marker
can be incorporated into the viral membrane during par-
ticle assembly in producer cells as demonstrated using
the fusion protein S15-mCherry (Campbell et al. 2007).
Alternatively, the fluorescent endocytic probe mCLING
(Revelo et al. 2014) has been used to stain the plasma
membrane of target cells before entry of HIV labelled
with IN-mScarlet (Zila et al. 2021, 2019). This approach
has been used as part of a ground-breaking correlative
light and electron microscopy (CLEM) study to charac-
terise intact capsids and uncoating intermediates in cells
by cryoelectron tomography (cryoET), whereby post-
fusion complexes were identified as IN-positive foci in
the cytoplasm that lacked mCLING signal. Tomograms
of these areas revealed the presence of conical structures
in the cytosol next to nuclear pores and deep within the
nuclear pore complex, containing highly dense material
presumed to be the viral genome (Fig. 2b). In contrast,
structures identified inside the nucleus appeared to be
open and empty. These images support the same model
as above, whereby essentially intact capsids traverse the
nuclear pore complex and break open in the nucleus to
release the viral DNA for integration.

Imaging uncoating in vitro

Although the cellular context is lost, in vitro reconstitu-
tion of capsid uncoating for imaging offers greater system
control, superior imaging conditions, and, in some cases,
increased statistical power to dissect the intrinsic proper-
ties of the capsids and the effect of specific perturbation
such as co-factor binding or reverse transcription. Sample
preparation involves isolation of viral cores by stripping
the viral membrane with detergent followed by density
gradient centrifugation, or permeabilisation of virions in
situ to gain access to the capsid. Imaging modalities
include fluorescence microscopy to visualise with high
temporal resolution and single-molecule sensitivity the
kinetics of capsid uncoating utilising the same label-
ling strategies as employed for cellular imaging; atomic
force microscopy (AFM) to probe changes in mechanical
properties leading to uncoating; and cryoelectron tomog-
raphy (cryoET) to visualise the structure of uncoating
intermediates.
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Imaging uncoating kinetics by fluorescence
microscopy

In pioneering work, Francis et al. adhered HIV co-labelled
with IN-GFP and CypA-DsRed on coverslips, and permea-
bilised particles with the detergent saponin before fixing and
immunostaining for CA at different times after permeabilisa-
tion (Francis et al. 2016). While the number of IN-GFP spots
(each corresponding to an adhered viral particle) remained
constant over time, the CypA-DsRed and CA spots disap-
peared with a half-life of ~ 10 min, providing a measure for
the intrinsic uncoating kinetics of the capsid. Mutations
in CA known to affect capsid stability and the addition of
cell lysate (containing stabilising factors) resulted in the
expected corresponding changes in uncoating kinetics.

By utilising total internal reflection fluorescence (TIRF)
microscopy, Marquez et al. followed the real-time uncoat-
ing kinetics of permeabilised HIV iGFP particles (lacking
the envelope protein) captured onto glass coverslips using
surface chemistry and microfluidics (Méarquez et al. 2018,
2019). Permeabilisation was achieved using a pore-forming
protein (Fig. 2c) that assembles into large (~30—40 nm) ring-
shaped membrane pores that permit the passage of proteins
while retaining the viral core. As discussed earlier, release
of the GFP content marker in two steps allowed pinpoint-
ing the time of membrane permeabilisation followed by
capsid opening. To image the disassembly kinetics after
capsid opening (GFP release), fluorescently labelled CypA
was used to ‘paint’ the CA lattice, generating a signal pro-
portional to the number of CA proteins without interfering
with the uncoating kinetics. Analysis of hundreds of cores
revealed different degrees of capsid stability, mirroring the
structural heterogeneity of the capsid (Mattei et al. 2016).
The majority of capsids are leaky (incompletely or improp-
erly assembled) and uncoat immediately, similar to the sub-
set of non-infectious cores observed by live-cell imaging
leaky (Francis et al. 2016; Francis and Melikyan 2018).
Metastable capsids retained GFP for varying times (half-life
of ~ 10 min), whereby uncoating was a catastrophic process,
with the capsid rapidly collapsing after the initial opening
event. Some capsids remained closed throughout the obser-
vation period, possibly due to higher stability.

The TIRF uncoating assay has been instrumental in
resolving the differential effects of capsid-binding host
molecules and drugs on capsid uncoating (Mérquez et al.
2018; Mallery et al. 2018). The cellular polyanion IP6 is
selectively packaged into virions and promotes assembly of
the conical capsid by neutralising the positive charge of the
arginine-lined pore in the centre of CA hexamers (Mallery
et al. 2018; Dick et al. 2018). IP6 prevents capsid open-
ing (increase in half-life from minutes to hours) as required
for transport of a closed capsid to the nucleus but does not
prevent CA lattice disassembly once the capsid has become
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defective (Mallery et al. 2018). Interfering with IP6 packag-
ing or binding by mutation results in improper capsid assem-
bly and premature uncoating (Renner et al. 2021; Mallery
et al. 2021, 2019). In contrast, the capsid-binding drug PF74
induces rapid rupture of the capsid but prevents disassembly
of the lattice thereafter (Marquez et al. 2018). It is tempting
to speculate that binding of host cofactors to the same pocket
as occupied by PF74 could induce uncoating by rupturing
the capsid, possibly leading to the broken but stable capsid
remnants observed by cryoET in the nucleus (see above).

Imaging mechanical properties of capsids by atomic
force microscopy

Atomic force microscopy studies of isolated HIV-1 cores
adhered to solid substrates have expanded our understand-
ing of the mechanisms that initiate uncoating by measuring
the mechanical properties and morphology of the capsid
(Mallery et al. 2018; Ramalho et al. 2016; Rankovic et al.
2021, 2017). After addition of ANTPs to initiate reverse tran-
scription in IP6-stabilised cores, Rankovic et al. recently
observed characteristic spikes in capsid stiffness that cor-
responded to transient morphological changes (apparent as a
conversion from a conical to a spherical structure) (Rankovic
et al. 2021). While the underlying molecular processes for
these transient states remain to be identified, the authors
speculated that stiffness spikes correspond to specific stages
of reverse transcription. Interestingly, loss of part of the
capsid (predominantly at the narrow end of the cone) was
observed after the third stiffness spike, ultimately leading
to disappearance of the capsid. All of these transformations
depended on reverse transcription as shown by inhibiting
reverse transcriptase activity using drugs or mutation. These
AFM measurements are difficult to perform, limiting the
temporal resolution and number of cores that can be ana-
lysed, but provide unique insight into the interplay between
reverse transcription and capsid mechanics at the level of
individual particles, providing evidence that uncoating is
triggered by mechanical stresses resulting from conversion
of the viral RNA into stiffer double-stranded viral DNA.

In vitro reconstitution of reverse transcription
and cryoET of uncoating intermediates

The encapsidated reverse transcription (ERT) assay pro-
vides PCR-based quantification of the level of early or late
reverse transcription products formed in isolated cores and
thus provides a complementary ensemble method to study
the link between reverse transcription and uncoating in vitro,
for example by showing the role of IP6-mediated capsid sta-
bilisation for enhancing ERT (Jennings et al. 2020; Sowd
et al. 2021). Christensen et al. optimised reconstitution of
reverse transcription in viral particles permeabilised with the

detergent mellitin and in the presence of IP6 and cell lysate,
allowing the authors to capture disassembly intermediates
via cryoET (Christensen et al. 2020). While most capsids
remained largely intact, some were seen with defects rang-
ing from small ruptures to loss of large patches of hexamers,
indicating that uncoating is not an all-or-none process but
that the capsid is instead lost in a more piecewise fashion.
The authors observed nucleic acids looping out of these
rupture points, suggesting that increasing pressure from the
double-stranded DNA can trigger capsid breakage and sub-
sequent uncoating. These DNA loops were detected primar-
ily at late time points, but it remains unclear how far reverse
transcription had progressed in these examples.

Taken together, the different imaging approaches dis-
cussed above helped establish the pivotal role of IP6 for
promoting capsid stability and reverse transcription.
While TIRF analysis suggests that removal of the first CA
protein(s) from the lattice leads to a rapid collapse of the
entire lattice, AFM and cryoET show broken capsids with
missing lattice pieces, consistent with uncoating occurring
via capsid rupture and gradual release of lattice pieces. The
reason for such contradictory results is not clear but may
be related to differences in experimental conditions; for
example, TIRF measurements have so far been conducted
only in the absence of reverse transcription. It is tempting
to speculate that the mode of uncoating differs before and
after reverse transcription, switching from a catastrophic
process that propagates from a lattice void due to spontane-
ous CA dissociation to a rupture of the capsid due to build-
up of pressure, whereby the broken capsid may be stabilised
by compressive strain in the lattice (Yu et al. 2021). It is
also worth noting the technical differences between these
techniques. The TIRF uncoating assay enables simultane-
ous imaging of many single-particle uncoating reactions at
high temporal resolution from the moment of membrane
permeabilisation, allowing the identification of capsids with
different intrinsic stability levels (including defective cap-
sids), whereby it remains unclear which stability type can
support infection. Short-lived uncoating intermediates are
presumably not detectable by the lower temporal resolution
in AFM (which also requires a core isolation protocol that
enriches for stable capsids) or by cryoET, which captures a
single snapshot in time.

Conclusion

The continued evolution of imaging techniques to follow
the state of capsids at the level of single virions has pro-
vided the most detailed direct visualisation of uncoating to
date and how it coordinates with the other elements of the
HIV life cycle. In vitro reconstitution can define the intrin-
sic properties of the capsid, resolve the dynamic interplay
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with (host) molecules affecting uncoating kinetics, and
thus identify the minimal components to control capsid-
associated processes. Complementary observations from
cellular systems place these observations into the physi-
ologically relevant context, identify engagement with dif-
ferent cellular components and processes, and map events
to subcellular compartments. The recent evidence suggests
that capsids can traverse the nuclear pore complex and that
the formation of double-stranded DNA, a process associ-
ated with the capsid itself, may trigger uncoating. Thus,
the timing and location of uncoating may depend on the
kinetics of transport processes relative to the kinetics of
reverse transcription. Control of these processes may in
turn be specific for different cell types, e.g., by availabil-
ity of host cofactors. A scenario whereby a capsid enters
the nucleus before it uncoats might be particularly rel-
evant in cell types that trigger an innate immune response
upon exposure of viral DNA in the cytoplasm (Towers and
Noursadeghi 2014; Sumner et al. 2020).

This review highlights the recent progress that has been
made towards understanding the process of uncoating.
However, several questions remain unaddressed: (1) Does
reverse transcription require the closed capsid and what
controls its kinetics? For example, reverse transcription
kinetics could be controlled by the opening and closing
of the import channels for ANTPs (Jacques et al. 2016).
(2) How does the capsid traverse the nuclear pore com-
plex? Capsids may function as a karyopherin that can dif-
fuse into the selective barrier formed by components of
the nuclear pore complex. (3) What are the mechanisms
and triggers of uncoating? While reverse transcription is
a likely trigger, how the capsid breaks and whether other
components are involved remain unclear. Recent evidence
suggests that capsids associate with distinct cellular pro-
teins in different compartments (cytoplasm-nuclear pore
complex-nucleus) (Rebensburg et al. 2021) that utilise
the same binding sites on the capsid but may have differ-
ential effects on capsid-associated processes. It has also
been observed that capsids partition into phase-separated
compartments in the nucleus (Rensen et al. 2021; Francis
et al. 2020), which may further alter the intrinsic uncoat-
ing behaviour. Further advances in imaging methods and
uncoating markers, such as minimally invasive labelling
of CA using non-natural amino acids and click chemistry
(Schifferdecker et al. 2021), have the potential to resolve
the seemingly contradictory observations outlined in this
review and further refine our understanding of the multiple
roles of the HIV capsid in infection.
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