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Abstract

A hallmark feature of lentiviruses, which separates them from other members of the retrovirus
family, is their ability to infect non-dividing cells by traversing the nuclear pore complex. The
viral determinant that mediates HIV-1 nuclear import is the viral capsid (CA) protein, which

forms the conical core protecting the HIV-1 genome in a mature virion. Recently, a series of

novel approaches developed to monitor post-fusion events in infection have challenged previous
textbook models of the viral life cycle, which envisage reverse transcription and disassembly of
the capsid core as events that complete in the cytoplasm. In this review, we summarize these recent
findings and describe their implications on our understanding of the spatiotemporal staging of
HIV-1 infection with a focus on the nuclear import and its implications in other aspects of the viral
lifecycle.

During infection, fusion of the viral and plasma membranes delivers the conical capsid core,
which contains the viral genome and replicative proteins, into the cytoplasm. To complete
infection, the HIV-1 ribonucleoprotein complex (RNP) must 1) initiate and complete the
reverse transcription of its RNA genome into double stranded DNA 2) traffic through the
cytoplasm and traverse the nuclear pore complex (NPC) 3) integrate the reverse transcribed
provirus into genomic DNA of the target cell, all while 4) avoiding detection by host
factors which are designed to sense foreign DNA and other viral determinants [1, 2]. To
appreciate the recent changes in thinking surrounding these steps of infection, it is first
necessary to consider that all of these key aspects of infection are mediated or minimally
dependent on the CA, which assembles during viral maturation to form the HIV-1 core.
CA is comprised of two domains - an amino terminal domain (CAnTp) and a carboxy
terminal domain (CAcTp), connected by a flexible linker. The CANTp between adjacent
CA monomers interacts to form hexameric or pentameric rings of CA which themselves
assemble to form the conical capsid core of HIV-1 [3-10]. For clarity in this discussion,
we will use CA to describe the capsid protein and the term “core” to describe an intact or
apparently intact capsid assembly. It is the viral core that houses the viral RNA genome
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bound by the nucleocapsid (NC) protein along with the viral enzymes reverse transcriptase
(RT), and integrase (IN). Prior to integration the core must disassemble, a process termed
uncoating, to allow the preintegration complex (PIC) the ability to access genomic DNA

in the nucleus. It is known that reverse transcription is dependent on the stability of the
viral core, and mutations in CA which destabilize the core prevent the generation of reverse
transcription products [11]. This is consistent with the idea that the discontinuous nature of
reverse transcription requires a constrained environment to allow RT and the RNA genome
to generate a complete, double stranded DNA copy of the RNA genome.

CA has also emerged as the critical mediator of HIV-1 nuclear import in cells [1].

Seminal experiments from Yamashita and Emmerman demonstrated that replacing the CA
of murine leukemia virus (MLV), a retrovirus that cannot infect non-dividing cells and
therefore requires cell division to complete infection, with the CA of HIV-1 generates

a virus capable of infecting non-dividing cells [12, 13], establishing CA as the viral
determinant that allows HIV-1 to enter the nucleus of non-dividing cells. Since these studies,
it has been demonstrated that assembled CA engages nucleoporins (Nups) and other host
proteins required for nuclear import [1]. CA also mediates an interaction with CPSF6,
which influences the intra-nuclear trafficking and ultimately the integration site during
infection [14-17]. Critically, interactions with Nups and CPSF6 require assembled CA, as
these proteins interact with a binding pocket formed by an interaction between individual
monomers in hexameric CA assemblies [18-20] .

As the appreciation for the multifaceted role CA plays during infection has increased, so to
have the number of approaches designed to monitor the fate of CA and other components
of the RNP during infection. Recently, these tools have begun to converge on ideas that
have forced a reconsideration of dogmas inherent to the fields of nuclear import and

HIV-1 infection. Below, we attempt to provide insight into the evidence and thinking that
established these dogmas and describe the findings that have placed them on unexpectedly
shaky ground.

Dogma 1: HIV-1 completes reverse transcription in the cytoplasm

Virtually every review or textbook schematic of the HIV-1 lifecycle published prior to 2020
includes a depiction of a complete PIC entering the nucleus. A PIC is defined as a replicative
intermediate of HIV-1 infection in which reverse transcription has generated a double
stranded DNA copy of the HIV-1 genome that is capable of integrating into target DNA.
Indeed, at the time of this writing, the NIAID website describing the HIV-1 lifecycle still
has such a depiction [21]. This dogma was codified based on two complementary concepts.
First, early studies of PICs and PIC activity found that PICs could be isolated in large
amounts from the cytoplasm of T cell lines [22—25]. Second, until very recently, virtually
all studies and models of the uncoating process suggested that the core disassembled, as
least partially, in the cytoplasm or at the nuclear pore complex prior to nuclear import [1].
Given the notion that viral core integrity is required to ensure the association of RT with its
RNA template, the ability to isolate PICs from the cytoplasm jibed attractively with studies
of uncoating that suggested substantial loss of CA occurring prior to nuclear import, but
presumably after the completion of reverse transcription.
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Our recent studies of HIV-1 nuclear import yielded data that was difficult, if not impossible,
to reconcile with the idea that HIV-1 completes reverse transcription in the cytoplasm [26].
In these studies, we relied on an inducible blockade of nuclear import to understand the
spatiotemporal staging of nuclear import in relation to other steps of the viral lifecycle. We
observed that most of the infectious viral inoculum entered the nucleus within 2-3 hours of
infection in T cells and macrophages [26]. This was surprising, with respect to the dogma
that reverse transcription completes in the cytoplasm, given that reverse transcription takes
much longer than 2-3 hours to complete in T cells, and in macrophages can take multiple
days to complete [27-32]. Indeed, in our study, infection remained sensitive to reverse
transcription inhibitors for hours after the inoculum had become insensitive to nuclear

pore blockade [26], leading us to conclude that reverse transcription completed in the
nucleus. This observation has now been corroborated using other experimental approaches.
Selyutina et al have used biochemical fractionation approaches to show the accumulation of
incomplete products of reverse transcription accumulating in the nuclear compartment [33].
Francis et al similarly used fluorescent imaging approaches to monitor the nuclear import of
the viral RNP and observed that reverse transcription continues to occur following nuclear
import of the RNP [34]. Collectively, these studies suggest that models envisioning the
completion of reverse transcription completing in the cytoplasm require revision. These data
are also relevant to the consideration of the state of the viral core during and after nuclear
import, as now discussed.

Models of HIV-1 uncoating and their implications on nuclear import of HIV-1

Models of HIV-1 uncoating have been changing for the last decade, as increasingly
sophisticated approaches have been developed to monitor the state of the viral core during
infection. Perhaps owing to the fact that HI\-1 cores are relatively unstable, compared

to MLV cores, the concept of HIV-1 uncoating began with the thinking that uncoating
happened relatively soon after fusion [24, 35, 36]. This thinking has gradually shifted
towards views that the capsid core, and minimally some amount of assembled CA, persist
longer during infection [26, 33], and some data suggest the viral RNP is housed in a
relatively intact core until moments before integration [37-39]. Unlike the case of reverse
transcription in the cytoplasm, however, a consensus view of HIV-1 uncoating has not yet
been achieved, and data from various studies from different groups supporting models in
which CA is lost from the core prior to arriving at the NPC [40], at the NPC during the
nuclear import process [41, 42] or once inside the nucleus [37-39, 43].

Nuclear Import Model 1: Core disassembly or remodeling prior to nuclear

import

The nature of HIV-1 infection and the uncoating process has made uncoating a relatively
difficult question to address experimentally. Measurements of uncoating have tended to rely
on both fluorescent imaging and biochemical approaches. Both approaches are limited by
the fact that only a small fraction of a viral inoculum that enters a cell may go on to
productively infect that cell. Although both approaches have been used to make observations
that have generally stood the test of time, neither is ideally suited to assess the relative
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amount of CA associated with an individual RNP. Generally, studies that stain RNPs for
capsid have detected changes in the amount of CA stain present in populations of RNPs,
and our lab and others have used this approach to characterize changes in the amount of
detectable CA stain following the depletion of knockout of various host factors [44—46].
However, such changes in CA stain are open to interpretation, as changes in the ability of
cores to associate with specific host factors, such as CPSF6 or CypA, might reasonably
alter the amount of CA accessible epitopes available for antibody staining, as recently
demonstrated [15, 16]. Similarly, while biochemical assays are able to monitor differences
in core stability following experimental perturbation, the nature of these experiments

do not allow one to determine the number of CA molecules present on a viral RNP
following infection. However, despite these limitations, such approaches have been useful in
characterizing changes in virion populations during infection, and have supported the notion
that CA is lost from the viral RNP in the cytoplasm of infection. Perhaps the strongest data
to support this model has been provided by Mamede et al. which used a labeling approach
where GFP is trapped in the viral core and loss of GFP is interpreted as loss of core integrity
[40]. Using this approach, the authors could follow the fate of individual viral particles over
time, and by titrating the number of viral particles per cell in their experiments, observe
instances where individual virion signal led to infection of the target cell. These studies
observed two distinct reductions of GFP content during infection. One reduction of signal
was observed soon after fusion, likely representing the fusion event and loss of GFP not
trapped within the core, followed by a second reduction in signal in the cytoplasm during
infection, which is interpreted to be a change in core integrity during infection. Notably,
virions exhibiting this behavior were found to go on to productively infect the cell [40]. In
the same study, the authors directly labeled CA through insertion of a tetracytsteine tag that
can be labeled with a FIAsH reagent [47] and observed a partial loss of CA signal in the
cytoplasm [40].

Other data supporting uncoating occurring prior to nuclear import suggests that CA loss
occurs following arrival at the NPC. Electron microscopy has observed apparently intact
cores at the NPC [39]. Francis et a/used live cell imaging to indirectly monitor CA
disassembly by labeling viral cores with DsRed-labeled CypA, which binds with high
affinity to assembled and unassembled CA [41, 42]. The authors observed that viral particles
docked at the nuclear envelope lost their CypA- DsRed signal, and this loss was interpreted
as loss of CA. However, it remains unclear whether the loss of CypADsRed represents

loss of viral CA, as the displacement of CypA by TNPO1 may occur, as suggested in the
study by Fernandez et al [48]. Collectively, these studies support a mechanism for RNP
translocation through the NPC that involves partial loss of viral CA either in the cytoplasm
or at the NPC (Fig 1A).

Other studies of HIV-1 nuclear import have pointed to a core remodeling event as preceding
nuclear import of the RNP. The Di Nunzio group combined TEM and immunogold labeling
for CA to examine RNPs inside and outside of the nucleus in human lymphocytes [49]. The
authors observed CA present in both complexes. However, the authors observed a different
pattern of immunogold staining and core morphologies in nuclear RNPs. Viral DNA
decorated with multiple CA proteins resembling a pearl necklace-like shape was observed
during and following nuclear entry of HIV-1. A recent study from the Bishop lab also
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supports the concept of core remodeling. This study used cores which were hyperstabilized
by cysteine crosslinking to determine that core hyperstabilization trapped the RNP at the
NPC, unable to enter the nucleus [50]. Such remodeling events are reported to mediate
nuclear import of host protein complexes as in the case of messenger ribonucleoprotein
particles (mRNP) which has an overall dimension of ~50nm. Using electron microscope
tomography, it has been shown that these mMRNP particles traverse the NPC by rearranging
into rod like structures thereby decreasing the diameter to approximately half of the original
dimension [51, 52].

Taken together, these studies suggest that uncoating or remodeling of the viral core

occurs before nuclear import. However, a primary challenge in integrating these studies to
something approaching consensus is in understanding the degree of connection between core
remodeling and uncoating, as well as any differences between the two. Generally, studies
and approaches examining uncoating, which attempt to measure a loss of CA from the

RNP, are generally not capable of measuring core remodeling, and vice versa, although it is
possible studies examining core remodeling or uncoating are measuring similar phenomena.
In point of this fact, biophysical and biochemical studies have observed that the process

of reverse transcription can induce both CA remodeling and uncoating. Rankovic and
colleagues have used atomic force microscopy to demonstrate that the initiation of RT
induces pressure inside the core that progressively remodels the core architecture [53, 54].
Similarly, a recent study from Christiansen and colleagues used purified HIV-1 virions and
an impressive cell free system to observe viral cDNA loops to projecting out from partially
uncoated cores, which led them to suggest the rupture of the viral capsid can occur due

to the increased pressure induced by the nascent dsDNA genome generated inside the core
[55]. These observations generally align with cell biology experiments which have observed
that reverse transcription promotes uncoating, as measured by CA staining [56] or sensitivity
to a CA targeting restriction factor TRIM-Cyp [57]. The emergence of approaches that allow
biophysical interrogation of cores by AFM [53, 54] and recapitulation of HIV-1 replication
in cell free systems [55], as well as approaches that can facilitate correlative light electron
microscopy (CLEM) to interrogate viral RNPs in cells during infection [49], will hopefully
allow an integrated view of how core uncoating and remodeling are connected and how
cellular and host factors drive these phenomena.

It is important to note that even models which suggest CA disassembly occurs in the
cytoplasm or prior to nuclear import must also accommodate some amount of assembled CA
traversing the NPC with the RNP. Numerous structural and functional studies demonstrate
that both Nup153 and CPSF6 bind to the binding pocket created by adjacent CA monomers
in assembled CA hexamers [18-20]. As Nup153 forms the nucleoplasmic basket of the

NPC and CPSF6 has been shown to influence intra-nuclear trafficking and integration site
selection during infection [14-16], it stands to reason that not all assembled CA is lost from
the RNP during nuclear import, even if some fraction of the original core is uncoated or
remodeled during this step of infection.
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Nuclear Import Model 2: Nuclear import of intact cores

Recently, a provocative and potentially dogma disrupting alternative to the above models,
has emerged in studies by two different groups, both of which suggest that intact cores

enter the nucleus during infection [37-39]. In addition to forcing the reconsideration of
models suggesting these events occur prior to nuclear import, such a model is dogma
defying because of the dimensions of the HIV-1 core, which is 60 nm wide. This is around
50% larger than the size limitations for nuclear import established in previous, oft-cited
studies [58-61]. However, strong data from two sets of studies suggests that this may indeed
be the case. Burdick et a/first reported the possibility that intact HIV-1 cores enter the
nucleus during infection [37]. To monitor core integrity, the authors used GFP labeled CA
to monitor the fate of viral cores, thereby overcoming the limitations of antibody staining
mentioned above. Using live cell imaging, they observed loss of GFP signal only inside

the nucleus and close to integration sites, thus arriving at the conclusion that viral core
remains largely intact following nuclear import and uncoating occurs before viral integration
[37]. The same group also used a labeling approach similar to Mamede et al [40] using

free GFP as a marker for core integrity, but reported results discordant with the Mamede
study, observing the loss of GFP signal only inside the nucleus and shortly before integration
[43]. Other studies by the Krausslich group used correlative light and electron microscopy
(CLEM) to observe intact or nearly intact CA inside the nucleus [38, 39]. Zila et al., using
the A77V, a CPSF6 deficient CA mutant, visualized intact cores inside the NPC, with the
narrow end pointing towards the central channel [39]. A more recent study from the same
group using wildtype (WT) virus reports similar findings as before but additionally observed
conical and elongated structures resembling open cores inside the nucleus [38]. Thus, these
reports suggest that disassembly occurs following nuclear import, with the Muller et al study
[38] suggesting disassembly of CA lattice through localized physical disruption rather than
cooperative disassembly.

Dogma 2: NPCs do not allow the transport of cargoes larger than 40 nm

Although “core remodeling” may also explain the discord between the dimensions of

the viral core and size limitations of nuclear import [58-61], date from other studies

also suggest that nuclear import of an intact core might be possible in the absence of a
remodeling event. One possibility is that the core temporarily changes dimensions while
traversing the nuclear pore. However, given the EM tomograms of nuclear cores with intact,
conical morphology observed in the Krausslich papers [38, 39] , the core would need to
revert back to its original shape following such an event. It is also possible that NPCs

can conditionally accommodate cargo exceeding the established size limitation, either by
remodeling of the NPC, or by a population of pores capable of accommodating cargo of the
dimensions of the core (Fig 1B). With respect to the possibility of NPC remodeling, we have
observed relocalization of Nup358, a cytoplasmic FG Nup to the cytoplasm during infection
[62]. In our more recent study, we also observed cytoplasmic relocalization of Nup62, the
central FG Nup following WT infection [26]. Interestingly the localization of Nup153, a
nucleoplasmic Nup did not change following infection [62] suggesting this infection induced
relocalization remodels the NPC structure rather than a complete breakdown of the complex.
This pattern of Nup relocalization we observed was strikingly similar to another study
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that looked at the nuclear entry of adenovirus [63]. In this study, the authors observed
relocalization of Nups to the cytoplasm following adenovirus infection and the permeability
of the NPC was increased following infection. The proposed model involves adenovirus
docking to the cytoplasmic side of the NPC, which then triggers relocalization of NPC
components and requires the plus end microtubule motor kinesin-1 during this process. In
this study, this relocalization of NPC constituents induced by adenovirus infection increased
the permeability barrier allowing the movement of large cargoes, consistent with the notion
that NPC remodeling allows for the trafficking of larger cargo. This model suggested for
adenovirus nuclear entry matched our findings, where apart from the Nup relocalization

we observed following HIV-1 infection, this phenotype was also dependent on KIF5B, the
kinesin-1 motor. To our knowledge, this type of Nup relocalization has not been reported
outside of the study of viruses. However, it is tempting to speculate that these viruses,

and perhaps others, are exploiting an uncharacterized cellular response to NPCs that have
become clogged with cargos that exceed the size limitation of nucleocytoplasmic transport.

Dogma 3: NPCs are homogenous

Another possibility is that the cells might contain NPCs that can accommodate an intact
core (Fig 1B). A number of studies support the notion that HIV-1 can utilize distinct nuclear
import pathways for entry, which may actually be different types of NPCs. The first line

of evidence came from the KewalRamani lab which showed that virus with capsid bearing
the N74D mutation, which disrupts binding to CPSF6, exhibited a differential requirement
of Nups during infection compared to WT CA [64]. A similar observation was also shown
for the CypA deficient mutant P90A [65]. Kane et al explored the functional interaction
between HIV-1 CA, Nups, MX2, and CypA and observed variability in NPC composition
among different cell types, and suggested the existence of several Nup-dependent pathways
for HIV-1 nuclear entry [66]. In support, we observe the CA mutants N74D and P90A

were comparatively insensitive to a Nup62 mediated nuclear pore blockade in cells that
potently block infection by wild type CA [26]. This suggests the presence of NPCs that

do not harbor Nup62, and therefore the existence of a heterogeneous population of NPC in
cells. NPCs have been long considered homogeneous in their composition and size. Now
with improved techniques that can resolve NPCs with greater resolution and in their native
environment, the concept of homogeneous pores is slowly fading and studies supporting
heterogeneity in the composition and size of NPCs are reported in the literature. A study that
utilized atomic force microscopy to evaluate the structure of isolated Xenopus laevis oocyte
nuclear envelopes describes variability among nuclear pore sizes [67]. A more recent study
that used cryo-focused —ion-beam milling technique in DLD-1, a colorectal adenocarcinoma
cell line to obtain structural model of human NPCs in their native environment observed
NPCs with central channel dimensions of 57nm [68] which is substantially wider than the
previously reported dimensions [69-72]. The authors suggest that the cellular environment
plays a considerable influence on NPC dimensions and architecture. Although this study
provides strong evidence refuting the concept of homogeneous NPCs, this observation does
not completely align with the previous observations from independent groups that showed
fluorescently labeled dextran or gold particles exceeding 40kDa are unable to bypass the
central NPC channel [58, 73-75]. However, the increased central channel dimension fits
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with the study from Zila et al where the authors observed the width of the central channel
that contain docked viral cores has a diameter of ~64nm [39] that suggest the presence of
NPC with central pore channel that is wide enough to fit an intact core. However, with cells
reported to harbor more than 1000 NPCs [76, 77], it remains to be elucidated how HIV-1 can
find the preferred type of NPC for import into the nucleus. One possibility, based on a study
that looked at the nuclear entry of adenovirus [78] is a motor protein assisted cytoplasmic
exploration. During HIV-1 infection, both the microtubule motors through their respective
adaptor proteins, which is BICD2 for dynein, and FEZ1 for kinesin-1 is shown to mediate
HIV-1 trafficking to the nuclear import sites [79-81]. Thus, a cytoplasmic exploration of
incoming capsids through a coordinated effort with the motor proteins would possibly allow
docking at the proper NPC for import.

Concluding remarks

Over the last year, significant progress has been made to understand many of the post entry
stages of the HIV-1 life cycle. Better techniques that allows these post entry events to be
monitored with greater accuracy, and these have fundamentally altered the ways in which
we think about HIV-1 infection and nuclear import. Understanding this stage of the viral
life cycle remains a priority as it represents an excellent target for therapeutic intervention.
Several antiviral compounds that can bind HIV-1CA and abrogate infection have been
identified and a few of these compounds that include PF74, GS-CA1 and GS-6207 bind CA
to the same binding pocket as Nup153/CPSF6 (reviewed in [82]). Also, antiviral sensors
myxovirus resistance protein 2 (MxB) [83-85] and SUN proteins [86, 87] that are present
at the nuclear envelope have been shown to recognize viral CA as the pathogen-associated
molecular pattern (PAMP). Therefore, more direct approaches such as the inducible NPC
blockade assay and super-resolution imaging to monitor HIV-1 nuclear import soon will
improve our understanding of the spatiotemporal staging of HIV-1 nuclear entry.
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Figure 1: Models of HIV-1 Nuclear import:
Following envelope-mediated fusion, the viral capsid core is released into the cytoplasm.

(A) Model 1: Viral core undergoes disassembly enroute to the NPC (a) or at the NPC (b)
allowing nuclear import. (B) Model 2: Nuclear import of intact HIV-1 cores through the
NPC through (c) NPC remodeling whereby Nups are displaced from the NPC increasing the
diameter of the central pore channel allowing nuclear import of intact cores. (d) Presence of
heterogeneous NPCs in infected cells of varying sizes that can accommaodate different sized
cargos. Nuclear import mediated through docking at an NPC with central channel diameter
that exceeds the diameter of an intact core.
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