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Abstract: In recent years, major advances in research and experimental approaches have
significantly increased our knowledge on the role of the HIV-1 capsid in the virus life cycle, from
reverse transcription to integration and gene expression. This makes the capsid protein a good
pharmacological target to inhibit HIV-1 replication. This review covers our current understanding
of the role of the viral capsid in the HIV-1 life cycle and its interaction with different host factors
that enable reverse transcription, trafficking towards the nucleus, nuclear import and integration
into host chromosomes. It also describes different promising small molecules, some of them in
clinical trials, as potential targets for HIV-1 therapy.
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1. Introduction

Human immunodeficiency virus type 1 (HIV-1) is a lentivirus within the family of
Retroviridae, and it is the causative agent of the acquired immunodeficiency syndrome
(AIDS). HIV-1 infects CD4+ cells, whether dividing or not, and CD4+ helper T cells
represent its main target. HIV-1 replication starts by the viral fusion to the cell plasma
membrane [1,2]. At this point, the capsid core, which encases the viral RNA, is released
into the cytosol of the infected cells initiating the viral journey towards the nucleus, while
the viral RNA genome is reverse transcribed into a double-stranded DNA molecule [3].
In its mature state, the HIV-1 capsid has a fullerene conical shape and is composed of
~1300 copies of CA p24 proteins arranged in hexamers and pentamers [4,5]. It contains
the viral RNA genome and associated proteins, including nucleocapsid (NC), reverse
transcriptase (RT), and integrase (IN) [6]. It is recognised that the HIV-1 capsid core plays
crucial roles in nearly every stage of the early viral replication cycle. It promotes reverse
transcription forming the so-called reverse transcription complex or RTC [7-9], it interacts
with host cellular factors and participates in viral trafficking, uncoating, nuclear import
and integration [1,7]. The viral capsid core can be targeted by cellular restriction factors
such as TRIM5a and MX2 [10,11] and is stabilised by host factors (reviewed in [1]). The
highly ordered nature of the HIV-1 capsid core and its integrity are important for viral
fitness and infectivity. Thus, the HIV-1 capsid is also an important target for antiviral drug
development. Here, we review the role played by the HIV-1 capsid in the early steps of
the HIV-1 life cycle, from reverse transcription, to intracellular trafficking, to nuclear
import and integration. Lastly, we briefly describe drugs and small molecules that target
the capsid and perturb these events.
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2. The Capsid Structure Reveals Several Binding Pockets

The capsid protein (CA p24 in HIV-1) is generated by proteolytic cleavage of group-
specific antigen protein (Gag) and Gag-pol polyproteins, which are encoded by the gag
and gag-pol genes of the integrated provirus (reviewed in [4]).

In order for HIV-1 to build its mature capsid, two stages are required. In the first
stage, Gag is translated as a polyprotein and oligomerises into a lattice. This requires
around 2000-5000 copies of Gag polyprotein to assemble into incomplete spherical capsid
cores [12,13], thus forming the immature non-infectious virion that buds out from the cell.
In the second stage, which occurs immediately after virus budding, the viral enzyme
protease (PR) cleaves the Gag in multiple places to yield the mature proteins matrix (MA);
capsid (CA), nucleocapsid (NC) and p6 domains; and two spacer peptides, SP1 and SP2
(reviewed in [14]). This produces a dramatic rearrangement of the capsid core in a process
called viral maturation. Maturation results in the assembly of approximately 200-250
capsid hexamers and 12 pentamers from 2500 CA monomers to form the mature cone or
fullerene-shaped capsid core (Figure 1 A-D) [15]. The 12 pentamers are distributed at the
capsid ends, 5 at the narrow and 7 at the wide end, facilitating the curvature of the lattice
and its enclosure [15,16]. The hexamer and pentamer building blocks are called capsomers
and are composed of six CA monomers for the hexamer or five for the pentamer (Figure
1A-C), each one composed of two alpha-helical domains, namely, an N-terminal domain
(NTD) (helices 1-7) and a C-terminal domain (CTD) (helices 8-11), which are separated
by a short flexible linker (Figure 1A) [4]. The NTD also contains a cyclophilin A (CypA)-
binding loop (Figure 1A) [17-19].

Pentamer

Core

Hexamer

Figure 1. Structure of HIV-1 capsid. (A) The structure of the CA monomer showing the N-terminal domain (NTD), the C-
terminal domain and the CypA-binding loop (highlighted) (PDB 4XFY) [20]. (B) The structure of pentameric HIV-1 CA
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(PDB 3P05) [21]. (C) The structure of hexameric HIV-1 CA (PDB 4XFY) [20]. (D) The hexameric and pentameric subunits
assemble into a fullerene conical capsid core (PDB 3J3Y). In this model, the core is composed of 186 hexamers and 12

pentamers [22].

Immature hexamer

Recent crystallographic data using native CA demonstrated that the hexameric lattice
is more flexible than originally thought due to water-mediated hydrogen bonds at side
chains of certain conserved residues important for CA-CA interactions [20]. Near-atomic
reconstruction of the HIV-1 capsid core by cryo-EM also revealed that the NTD-CTD
linker domains are flexible, allowing some degree of asymmetry of the capsid hexamer,
which can curve at an angle of about 20°, thus contributing to the overall curvature of the
capsid core itself [16,23]. In agreement with this notion, molecular dynamics simulations
predicted that the capsid core oscillates, suggesting that structural flexibility might allow
the core potentially to adopt different conformations in response to allosteric cues, such
as co-factor binding [24] or reverse transcription [25].

At the centre of each CA hexamer is a ring of six arginine residues (residue R18). The
ring is formed by {3-hairpins of the CA NTD oriented to form a “channel” at the sixfold
axis of the capsid hexamer [26]. The centre of this ring is positively charged due to the
presence of arginine (Arg) residues and can bind both dNTPs and rNTPs [26].
Importantly, the ring also binds inositol hexa-phosphate (IPs), a small and abundant
intracellular polyanion [27] that promotes assembly of the immature capsid core during
budding and also promotes correct CA assembly in the mature core, even stabilising the
incoming capsid core during the early stages of infection (Figure 2A,B) [28,29].

Mature hexamer

Figure 2. IPs binds to CA hexamers. (A) IPs bound to the central channel of the immature capsid hexamer (PDB 6BHR)
[29]. (B) IPs bound to the Argl8 ring in the central channel of the mature CA hexamer (PDB 6ESS8) [28].

In addition to the IPs-binding channel, the capsid hexamer contains several regions
that are recognised by cellular factors. These include the exposed CypA-binding loop at
each NTD [30,31] and a cleft formed at the interface between the NTD of one CA monomer
and the CTD of another lined by the side chains of Pro34, Ile37, Pro38, Asn53, Leu56,
Asnb57, Val59, Vall42 and GIn176 [32], which binds host factors nucleoporin 153 (Nup153)
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and cleavage and polyadenylation specificity factor 6 (CPSF6) (see below). These advances
in our understanding of the HIV-1 capsid core structure have illuminated several of its
functions from reverse transcription to nuclear import, as described below.

3. CA and Reverse Transcription

Reverse transcription is an obligatory step and one of the defining characteristics of
retrovirus replication, in addition to integration [3]. Reverse transcription takes place in a
large ribonucleoprotein structure called the reverse transcription complex (RTC) that,
besides the reverse transcriptase (RT) enzyme, consists of the RNA genome coated with
nucleocapsid proteins (NC) and other components, such as CA and viral protein R (Vpr)
molecules [33,34]. The nature of the RTC has been hotly debated for many years, but more
recently, a consensus has been reached that RTCs are in fact progressively uncoating
capsid cores [35]. The first studies characterising the intracellular RTC in acutely infected
cells made use of sucrose sedimentation velocity and density gradient centrifugation.
RTCs showed a high density, consistent with that of a ribonucleoprotein complex, and
their sedimentation velocity decreased from 560S at 1 h to 220S and 80S at 16 h post-
infection, suggesting that they were becoming smaller [34,36]. After density
centrifugation, viral DNA, reverse transcriptase, integrase, the accessory protein Vpr and
histones were found to be associated with the RTC, but CA was not detected [34,36]. In
contrast, in the same gradient centrifugation assays, substantial amounts of capsid were
found to be associated with RTCs from Moloney leukaemia virus [37]. When provided
with exogenous dNTPs, the sucrose fractions containing HIV-1 RTCs could synthesise (+)
strand viral DNA (a late RT product), albeit at low efficiency[34].

Subsequent studies based on imaging detected CA associated with a significant
proportion of RTCs during reverse transcription [8,38,39] and even intact cores in
proximity of the nuclear envelope [8,39,40]. Genetic approaches showed that mutant virus
with capsid cores that were intrinsically less stable than wild-type cores synthesised viral
DNA inefficiently, indicating that integrity of the core promoted reverse transcription
[41]. However, the same genetic approaches showed that mutant viruses with intrinsically
hyper-stable capsid cores were also defective in reverse transcription, suggesting that
some degree of capsid loss was necessary [41]. Studies that employed indirect functional
readouts to measure the integrity of the capsid core shortly after infection, based on the
core-destabilising effects of the capsid-binding TRIM5a protein, or the drug cyclosporin
A, suggested that CA was progressively lost as reverse transcription progressed [42—44].
This phenotype was attributed to the increasing mechanical stress exerted on the core
itself by the conversion of compacted RNA into less compacted single stranded DNA and
then a more rigid double-stranded DNA molecule as reverse transcription proceeds. It has
been problematic to reconcile these different lines of evidence, not least because the
assumption was that the stability of the capsid core would be an “all or nothing”
phenomenon whereby even loss of small amounts of CA would trigger a catastrophic
collapse of the entire structure [45,46].

The discovery that IPs is incorporated into capsid cores and stabilises them
represented a significant step forward [28]. Biochemical experiments showed that isolated
viral cores carry out reverse transcription more efficiently in the presence of IPs and
disassemble with slower kinetics than cores in its absence [28,47]. These results suggested
that an intact capsid core facilitates reverse transcription and also explained why CA was
not found associated with HIV-1 RTCs using early biochemical assays: IPs was not present
in the buffers used for density gradient centrifugation, which therefore revealed the
intrinsic instability of the HIV-1 capsid core and the greater intrinsic stability of the
Moloney murine leukaemia virus core [34,37]. However, recent cryoEM evidence showed
that reverse transcription carried out in vitro in the presence of IPs generates different
capsid core morphologies, ranging from intact to 50% disassembled [48]. Many capsid
cores had lost patches of hexamers and presented DNA loops extruding from the core
itself, which demonstrated that core disassembly needs not happen in an “all-or-none”
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fashion but can in fact be partial and progressive [48]. Even a modest loss of CA from the
capsid core would allow the influx of ANTPs and promote reverse transcription, although
the central channel has also been suggested to facilitate the influx of dNTPs [26], and
indeed both mechanisms may be operating at different stages of reverse transcription [49].
It is therefore likely that the observed changes in sedimentation velocity of the RTCs at
different times post-infection [34] reflect the different capsid core morphologies brought
forward by the conversion of the viral genome from RNA into a double-stranded DNA.
This notion is supported by recent atomic force microscopy analysis of the capsid core in
the presence of IPs, showing step-wise, discrete core deformations that coincide with the
three steps of reverse transcription, with progressive loss of core integrity [25].

It is not clear if such RTCs containing partially disassembled cores are sufficiently
stable to proceed to nuclear import and integration [9,50]. Exposed viral nucleic acids may
be rapidly degraded by intracellular nucleases such as TREX [51], which would then
eliminate unstable capsid cores in a kind of intra-cytoplasmatic “purifying” step.
Expression levels of TREX in different cell types may therefore be critical in determining
the fate of the RTCs and explain why in cell lines, with presumably low levels of TREX,
significant amounts of “uncoated” double-stranded viral DNA can be detected in the
cytosol for hours after infection [34,52,53].

Remarkably, HIV-1 evades innate immune sensing in macrophages [54-56] and in
CD4 T-cells [57]. Instability of the capsid core during reverse transcription was shown to
trigger sensing of the viral DNA by cGAS in macrophages and monocytic-like THP-1 cells
[58]. The triphosphohydrolase SAMHD1 has also been shown to reduce the interferon
(IFN)-type 1 response triggered by the cGAS-STING pathway, presumably because fewer
viral DNA molecules are synthesised when dNTPs concentration is lowered by SAMHD1
[59]. However, capsid destabilisation did not seem to trigger cGAS sensing in CD4 T-cells
[57]. Moreover, it is worth noting that the viral DNA in purified RTCs seems quite
resistant to nuclease digestion [34,60], and fully reverse-transcribed, integration-
competent “pre-integration complexes” can be extracted from the cytoplasm of acutely
infected cells [61,62], which suggests that sensing of viral nucleic acids may be suppressed
by more than one mechanism.

Recent evidence supports the notion that there are multiple mechanisms for HIV-1
immune evasion. Vpr has been shown to block nuclear import of IRF3 and NF-kB, which
are key transcription factors that induce multiple interferon stimulated genes [63]. N6-
methyladenosine modification, which is found on the HIV-1 RNA, has been reported to
prevent its sensing by RIG-I in the cytosol of myeloid cells [64]. Furthermore, recent
evidence based on imaging showed that reverse transcription can also be completed
inside the nucleus [65,66], which agrees with the observation that significant amounts of
viral RNA can be detected in the nucleus shortly after infection [67]. The rapid transport
of the capsid core into the nucleus, before reverse transcription is completed, would
reduce the chances of the viral DNA being detected by cGAS in the cytosol [68,69].

4. CA and Cytoplasmic Trafficking

After fusion and entry into the host cell cytoplasm, HIV-1 virus must traffic towards
the nucleus in order to integrate its genome into host chromatin. HIV-1 exploits
microtubules and microfilaments to reach the nucleus by the so called retrograde
movement [38,70], and CA has been identified as a key player in facilitating this process
(reviewed in [8]). The cytoskeleton comprises three types of networks: microtubules (MT),
intermediate filaments and actin filaments, also called microfilaments. MTs are hollow
tubes, and their structure comprises 13-15 protofilaments of a-/B-tubulin heteropolymers
with their plus ends oriented towards the cellular periphery and minus ends attached to
the centrosome or microtubule organising complex (MTOC) [71]. Two types of motor
proteins appear to mediate the HIV-1 MT transport movement, dynein and kinesin.
Dynein mediates the retrograde movement towards MT minus end and is composed of
heavy, intermediate and light chains [72-74], whereas kinesin mediates the anterograde
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movement towards MT plus end [72-74]. McDonald et al. first demonstrated that HIV-1
moves along MTs in a dynein dependent manner [38]. Since then, several studies have
identified a number of cellular proteins that interact with HIV-1 CA and promote
retrograde movement. Earlier studies showed that MT stabilisation is induced by plus-
end tracking proteins (+TIPs) that are recruited by protein EB1 [75-77], and this
stabilisation is critical for HIV-1 trafficking towards the nucleus. Implementing a yeast
two-hybrid screen, Fernandez and colleagues [77] identified two microtubule-associated
proteins, namely MAP1A and MAP1S, that interact with HIV-1 CA early in infection. This
leads to the formation of stable microtubules and to tethering the incoming viral particle
to the MT, thus promoting efficient cytoplasmic trafficking [78]. This interaction is lost
upon MAP1 depletion, resulting in impaired retrograde trafficking [78]. The Naghavi lab
investigated how +TIPs bind to the HIV-1 core, thus inducing MT stabilisation and
promoting HIV-1 infection. They found that EBl-associated +TIPs involved in MT
stabilisation do interact with the HIV-1 capsid in early HIV-1 infection. Firstly, they
reported that Kif4, an EB1 binding protein, is targeted by the HIV-1 matrix to recruit EB1
to the +TIP and induce MT stabilisation. They also showed that depletion of EB1
prevented MT stability and suppressed early infection [79]. Secondly, they identified
other +TIPs that are recruited by HIV-1 CA and stabilise MTs; the diaphanous-related
formins (DRFs) Dia 1 and Dia 2 [80] and cytoplasmic linker-associated protein 2 (CLASP2)
[81]. Dia 1 and Dia 2 were shown to induce MT stabilisation, promote HIV-1 trafficking
and coordinate capsid core uncoating [80]. Their recent study identified CLASP2, a +TIP
that enables filament stabilisation, to promote HIV-1 trafficking to the nucleus through its
C-terminal domain binding to viral capsid [81]. Two independent studies reported that
protein bicaudal D2 (BICD2), a dynein adapter protein that activates dynein-mediated
transport, is utilised by HIV-1 for cytoplasmic trafficking [82,83]. They found that BICD2,
via its CC3 domain, binds to CA and facilitates its trafficking to the nucleus. Moreover,
cell depletion of BICD2 resulted in reduced HIV-1 retrograde movement [83] and innate
immune sensing [82].

Early live cell imaging observed a bi-directional movement, retrograde and
anterograde, of HIV-1 on microtubules [38,70]. This led to the identification of
fasciculation and elongation factor zeta 1 (FEZ1), which is a kinesin-1 adaptor protein [84].
FEZ1 was shown to bind HIV-1 capsid hexamers directly and link these to kinesin motors
[84,85]. Further to this, FEZ1 was shown to compete with IPs and dNTPs for capsid
interaction [85], and its depletion impeded early HIV-1 infection and trafficking to the
nucleus [84]. The interaction between FEZ1 and HIV-1 capsid promotes net retrograde
transport.

5. CA and Nuclear Import

HIV-1 has a remarkable ability to enter the nucleus of non-dividing cells for
integration into host chromatin. This is in contrast to oncoretroviruses, such a Moloney
murine leukaemia virus (MoMLYV), which require breakdown of the nuclear envelope to
access chromatin [86]. Although initial efforts to understand HIV-1 nuclear import were
focused on the karyophilic properties of matrix, integrase, Vpr, tRNAs incorporated into
viral particles and the central DNA flap [87-89], it later became apparent that CA was a
key determinant. The importance of CA was first shown genetically when chimeric
viruses were generated by replacing the HIV-1 capsid with the capsid of MoMLV
[37,90,91]. Remarkably, a chimeric HIV-1 with MoMLYV capsid could no longer infect non-
dividing cells, which meant that CA was the determinant of this phenotype [37,90,91].
Further analyses supported the role of CA in HIV-1 nuclear import and mapped some key
residues involved in the process [91,92].

The nuclear pore complex regulates passage of molecules in and out of the nucleus,
and it is composed of a central scaffold with eightfold rotational symmetry around its
central axis, which is embedded in the nuclear membrane. Anchored to the central
scaffold are, on opposite sides, eight cytoplasmic filaments and the nuclear basket. A
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central channel occupies the middle of the nuclear pore complex and tightly regulates
passage of molecules [93]. The entire nuclear pore complex is composed of approximately
30 nucleoporins (Nups), each present in many copies and assembled in subcomplexes in
a modular fashion [94]. Genome-wide siRNA screenings revealed that several Nups that
contain phenylalanine-glycine (FG) repeats, most notably Nup358 and Nup153, facilitate
HIV-1 nuclear entry [95,96]. Nup358 (also called RanBP2) forms long filaments that
protrude from the cytoplasmic ring of the nuclear pore complex, whereas Nup153 forms
a basket at the nuclear side of the nuclear pore complex [93]. These findings were
supported by studies employing stable depletion of Nups and imaging to show that
Nup358 promoted docking of the HIV-1 RTC to the nuclear pore complex, whereas
Nup153 stimulated actual translocation through the nuclear pore [97]. Nupl24, also
forming filaments protruding from the cytoplasmic NPC ring, did not appear to take part
in HIV-1 nuclear import directly but inhibited HIV-1 infection indirectly by reducing
mRNA export [97].

The connection between Nup358, Nup153 and CA soon became apparent. Nup358
contains a C-terminus CypA homology domain, which was found to interact with CA at
low affinity and induce isomerisation of residue P90 [98,99]. This interaction was shown
to be important for mediating RTC nuclear docking to the nuclear pore [97,100], although
CA may also interact with Nup358 in a Cyp-A independent fashion [101]. Because there
are eight Nup358 molecules protruding from each NPC, the low-affinity interaction with
CA is strengthened by greater avidity, allowing enough time for the RTC further to engage
with additional NPC components. Nup153 was shown to bind to HIV-1 capsid cores in
vitro via its C-terminal FG motifs [102,103]. Notably, Nup153 binds to the cleft formed at
the interface between helices 3-5 of the NTD of one CA monomer and the CTD of another
(see above) [32,104], which explains why Nup153 binds poorly to monomeric CA but
more strongly to hexameric CA [32].

Further genome wide siRNA screening and a subsequent yeast two-hybrid screening
identified transportin 3 (TNPO3) as a host co-factor for HIV-1 infection [105,106]. TNPO3
is a p-karyopherin that, under normal physiological conditions, is involved in facilitating
the nuclear entry of SR proteins/splicing factors [107]. Because TNPO3 is a karyopherin,
it was initially assumed to have a direct role in nuclear import of the HIV-1 RTC. The
phenotype was mapped to CA [108] and integrase [106,109,110], but subsequent studies
presented a mixed picture, with some reports showing that TNPO3 indeed stimulated
viral nuclear import [107,111-113] and other reports showing that TNPO3 was more
important for HIV-1 integration [114-118]. Conclusive proof for the role of TNPO3 in HIV-
1 integration was provided by studies using peripheral blood mononuclear cells (PBMCs)
from limb girdle muscular dystrophy 1F patients [119]. These patients have a mutation in
the TNPO3 gene that makes them resistant to HIV-1 infection. In these patients, HIV-1
integration was drastically reduced, but nuclear import was not [119]. The relatively
modest inhibition of nuclear import observed in the absence of TNPO3 maps mainly to
CA and can be explained by an indirect mechanism. Indeed, TNPO3 binds to host factor
CPSF6 and transports it into the nucleus [120]. Lower TNPO3 levels result in an aberrant
accumulation of CPSF6 in the cytoplasm, which binds to the capsid core [111,120,121].
CPSF6 and Nup153 compete for binding to the same cleft in the hexameric CA [32]; hence,
the premature engagement of the capsid core with CPSF6 in the cytoplasm is likely to
inhibit Nup153 binding at the nuclear pore complex, reducing the nuclear import
efficiency of the RTC. TNPO3 binding to integrase has also been shown to promote HIV-
1 nuclear import [106,109,110].

Remarkably, it appears that the interactions between CA, Nup358 and Nup153 are
sufficient but not necessary for HIV-1 nuclear import. HIV-1 bearing capsid mutations
N74D, N77V and P90A, which do not interact with these host factors, is still able to access
the nucleus and integrate, albeit with a different integration site selection profile
[99,114,122-124]. This indicates that there is a substantial degree of flexibility in the HIV-
1 nuclear import mechanisms [123], which may be in part attributed to the heterogeneity
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of the size and perhaps even composition of nuclear pore complexes [94,125]. Currently,
it is not clear if the CA mutants must still be part of the RTC but engage with alternative
host factors, or if they are shed and nuclear import is mediated by other viral and cellular
components. Not enough attention has been dedicated to these alternative nuclear import
mechanisms, which may become clinically relevant, because mutant N74D emerges
following treatment with lenacapavir, a new and highly potent capsid-targeting
antiretroviral (Sorana Segal-Maurer, CROI 2021, abstract 128).

The nuclear pore complex is characterised by a central channel composed of
disordered and filamentous FG-rich nucleoporins, which together form the selectivity
barrier. This barrier is highly hydrophobic and filters out molecules larger than about 5
nm, which need to bind to specialised nuclear transport receptors (NTRs, also called
importins or karyopherins) to be “chaperoned” across the nuclear channel [93]. The
maximum functional size of the central channel was estimated to be about 40 nm [126].
Because the diameter of the HIV-1 capsid core at the wide end is about 60 nm, it was
assumed that the core needed to either uncoat or rearrange structurally to be
accommodated through the central channel. Loss of significant amounts of CA from the
core was indeed observed before the completion of nuclear import [100,127], and
transportin-1 (TNPO-1) has been implicated in this uncoating step by directly binding to
CA and destabilising the capsid core structure [128]. However, this assumption has been
recently questioned by several independent studies showing that intact or near-intact
cores can be observed inside nuclear pores and, in some cases, even inside the nucleus
[52,66,129]. It has also been reported that Nup153 may stabilise the capsid core or its
remnants at the nuclear basket [130]. Most intranuclear viral capsid cores detected were,
however, more spherical and smaller than the typical conical-shaped core, suggesting
some kind of structural rearrangement [52,129]. These interesting observations indicated
that the functional diameter of the central channel may be greater than 60 nm. Nuclear
pores are to some degree subject to mechanosensing. In particular, it has been proposed
that nuclear import may increase when nuclei are subjected to mechanical force, flattened
or spread out on a rigid surface, presumably because the central channel becomes more
permeable [131]. The Nup153 basket can dilate in response to cytoskeletal-induced tension
through its interactions with pore protein SUN1 and cytoskeletal components, such as
talins, LINC and nespins, although no size changes have yet been detected in the central
channel itself [132].

Even if the central channel will prove to be larger than 60 nm in diameter, the
question of how the large capsid core can traverse the tight hydrophobic transport barrier
remains unanswered. Atomic force microscopy analyses on native NPC in physiological
buffer indicated that the FG-Nups are confined in the central channel at a very high
density and form a dynamic gel through their intermolecular interactions, which may be
gradually and locally displaced to make room for very large cargos [133,134]. In this
scenario, intermolecular interactions between the FG-Nups would be weakened and
replaced by FG-Nups/viral core interactions, inducing a partial and localised collapse of
the FG-Nups towards the wall of the central channel [133,135]. This “bi-stable” behaviour
of the Nups inside the channel may explain how the viral core manages to go across the
nuclear pore.

6. CA and Integration

The link between HIV-1 integration and CA was first suspected based on the
observation that pre-integration complexes (PICs) obtained from viruses with extra-stable
capsids were incompetent for in vitro integration [136]; genetic evidence also pointed to a
role of CA at a step post nuclear import [91]. The discovery that antibiotic coumermycin-
Al targeted CA and inhibited HIV-1 integration further supported this link [137].
Remarkably, passaging HIV-1 in the presence of coumermycin-Al selected an escape
variant with the A1055 mutation in CA, which integrated at normal levels in the presence
of the drug [137]. Coumermycin-Al binds to hexameric CA, similar to another small
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molecule with antiretroviral activity developed by Pfizer called PF-74 [130,138]. These
pharmacological findings connecting CA to integration have been recently corroborated
by the development of second-generation CA inhibitors, such as G5-6207 (see also below),
which potently block HIV-1 replication[139]. Molecular analysis of the steps of the HIV-1
life cycle affected by GS-6207 revealed a modest block to nuclear import but a dramatic
block to integration [139], reminiscent of the defects observed in human cells that have
mutations in TNPO3 [119].

It had been difficult to make sense of the early reports linking CA to integration,
because it was widely assumed that CA did not enter the nucleus. However, in 2011, Zhou
et al., by using cell fractionation as well as immunostaining of fixed cells, reported that
some CA could in fact enter the nucleus, where it accumulated in greater amounts over
time post-infection [118]. Zhou et al. also noted that the N74D mutant CA did not
accumulate inside the nucleus but remained bound to the nuclear envelope or the
periphery of the nucleus [118]. This study found a link between TNPO3, CA nuclear
accumulation and HIV-1 integration and proposed that efficient integration required a
“nuclear uncoating step” [118]. Initially greeted with scepticism, the observation that CA
was present in the nucleus was later confirmed and expanded to show that nuclear CA
was actually associated with the viral genome and even with a largely intact viral capsid
core [100,140-143]. The N74D capsid mutant was consistently detected at the periphery of
the nucleus using different experimental approaches [141,144,145]. Furthermore, the
concept of a nuclear uncoating step has also received support based on EM and
fluorescent imaging [52,66,129]. Taken together, the available evidence strongly suggests
that proper uncoating in the nucleus is required for efficient integration. Whether the
nuclear uncoating step is mediated by TNPO3, by host cell factors or by the completion of
reverse transcription is an issue awaiting further research.

In addition to integration per se, CA has been shown to influence HIV-1 integration
targeting. Since the publication of the landmark study by Schroeder et al. [146], it has been
known that HIV-1 preferentially integrates into gene-dense regions and within highly
expressed genes (reviewed in [88]). Integration targeting was shown to be dependent on
the interaction between viral integrase and host factor LEDGF/p75 [88]; however, it later
became apparent that depletion of host co-factors known to bind CA, such as Nup358,
also changed the integration preference [114]. Furthermore, HIV-1 bearing certain CA
mutants, including N74D, integrated in less gene-dense regions compared to the wild-
type virus [99]. Host cell factor CPSF6 was noted to be the missing link between CA and
integration targeting [147], and this link has been shown to be conserved among different
primate lentiviruses, distinguishing these from non-primate lentiviruses [148]. CPSF6 is a
nuclear protein that functions in processing mRNA for polyadenylation as a component
of the mammalian cleavage factor 1 (CFIm). Three protein domains constitute the
structure of CPSF6: an N-terminal RNA recognition motif [149]; a central proline-rich
domain, which confers binding to CA [150]; and a C-terminal arginine/serine-rich domain
that facilitates binding to TNPO3 [120]. As described above, CPSF6 and Nup153 recognise
the same cleft in the hexameric capsid lattice, and certain CA mutations, such as N74D,
abrogate this interaction [151]. By binding to capsid, CPSF6 directs intranuclear
localisation of the virus to active regions of euchromatin, proximal to nuclear speckles and
speckle-associated domains (SPADs) [69,148], which contain gene-dense and active
chromosomal compartments [152,153]. Recent studies have shown that in the absence of
this interaction, for example, by depleting CPSF6 or using mutant viruses that do not bind
CPSF6 (e.g., in the N74D mutant), pre-integration complexes (PICs) mislocalise to the
nuclear periphery ([144,145], mapping integrations to transcriptionally inactive regions of
heterochromatin known as lamina associated domains (LADs) [154] (Figure 3).

Clearly, CPSF6 contributes to HIV-1 integration targeting to gene-dense and active
chromatin regions, such as nuclear speckles; however, the functional significance of such
a targeting has been rather difficult to prove, not least because HIV-1 infection does not
seem to be greatly affected by either depletion of CPSF6 or by mutations in CA that
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abrogate binding to it [147]. The relevance of CA-directed integration targeting became
more apparent upon perturbation of cellular gene expression. By performing RNAseq in
Jurkat CD4-T cells, Zhyvoloup et al. [124] showed that the cardiac glycoside drug digoxin
inhibited a network of genes important for glucose metabolism and T-cell activation.
Digoxin was also found to repress HIV-1 gene expression. Remarkably, however, wild-
type HIV-1 was more susceptible to digoxin than the N74D capsid mutant virus was, and
this phenotype was clearly determined by the different integration site preference of the
two viruses [124]. Further integration site analysis guided by this phenotype revealed that
the wild-type virus integrated into genes important for glucose metabolism and T cell
activation (the same genes whose transcription was affected by digoxin) much more
frequently than the mutant N74D virus did [124]. This integration pattern made wild-type
HIV-1 more susceptible to changes in activity of these genes when compared to the N74D
virus, which integrated in different places. Therefore, the relevance of HIV-1 integration
targeting may become apparent when CD4 T-cells undergo physiological changes that
perturb their overall transcriptional program, for example, from quiescent to activated
and vice versa, or from naive to effector memory [155,156].

Microtubule trafficking

) RTC Cytoplasm
Dynein
\ @\, Kinesin { %‘\.
3 [ )

Microtubule
Nuclear import

2 o

Nucleus

Integration targeting
SPAD

Figure 3. A model showing HIV-1 CA-interacting host factors during microtubule trafficking, nuclear import and
integration targeting. Dynein adaptor protein BICD2 and kinesin-1 adaptor protein FEZ1 bind to HIV-1 CA and facilitate
the HIV-1 reverse transcription complex (RTC)/pre-integration complex (PIC) trafficking towards the nuclear membrane.
At the nuclear pore complex (NPC), Nup358 interacts with the CA protein and mediates the docking of RTC/PIC. Then,
Nup153 interacts with the CA protein and mediates PIC translocation through the NPC. CPSF6 then binds to and directs
CA to active regions of euchromatin, proximal to nuclear speckles and speckle-associated domains (SPADs). TNPO3 also
facilitate virus integration, possibly by promoting nuclear core uncoating.

7. CA and Antiretroviral Drugs

CA is involved in every step of the early HIV-1 replication cycle, and it has therefore
become a key target for drug development. The quest for antiretroviral drugs that target
capsid has been rewarded by the recent clinical trial results for lenacapavir, a potent and
long-acting antiretroviral that promises to be a game changer in HIV-1/AIDS therapy. In
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addition to lenacapavir, there are several other small molecules that show promise as
described below (Table 1).

7.1. BVM

Bevirimat (BVM), formerly PA-457, was identified in 1994, through a screen for anti-
HIV-1 compounds. This identified a betulinic acid derived compound, which was since
chemically modified into BVM [157]. The primary mechanism by which BVM is suggested
to act is late in the replication cycle by blocking the proteolytic cleavage of CA from its
precursor, CA-SP1. This prevents maturation and triggers a morphological defect in
virions produced by BVM-mediated replication [158-160]. Though putative, the binding
site is suggested to be inside the six-helix bundle of the CA-SP1 region, therefore
stabilising the complex and blocking PR-mediated cleavage [161-163]. This is also
indicative that BVM binds to immature HIV-1 particles, as the binding site is absent
following cleavage of CA in mature particles [164]. There is also evidence to suggest that
BVM interacts with a region of the CA known as the major homology region (MHR),
which may be involved in the mechanism of BVM inhibition. However, BVM did not
progress in clinical trials due to the presence of pre-existing resistant HIV strains with SP1
polymorphisms that reduced BVM efficacy in a number of patients [160,165].

7.2. CAP-1

CAP-1 was first described in 2003, from screening of chemical libraries for small
molecules that bound to the CA-NTD. EM analysis demonstrated that CAP-1 binding
results in increased size heterogeneity in HIV-1 particles, though there is no significant
quantitative change in viral production. This aberrant morphology causes a disruption in
the CA—CA interactions needed for capsid assembly and maturation and parallels to that
of previously studied CA mutants [166]. CAP-1 binds to the CA-NTD at the vertex of a 5-
helix bundle—helices 1,2,3,4,7—in a deep hydrophobic pocket that is formed by the
protuberance of the Phe32 side chain from a buried to exposed position [167]. Further
studies have shown that CAP-1 also causes a significant conformational change at the
binding site due to displacement of aromatic side chains, specifically F32, H62 and Y145,
which contribute to a polar network that stabilises a loop formed by helices 3 and 4.
Overall, this suggests that CAP-1 induced-fit binding and subsequent change to local
geometry also inhibit capsid assembly by disrupting the intermolecular NTD-CTD
interactions required for the formation of the CA hexamer [167,168].

7.3. Peptide Inhibitors/CA1 and NYAD-1

CA1 is a 12-mer-alpha-helical peptide that was discovered in a phage display screen
in 2005 [169]. Although it proved to be effective in HIV-inhibition in vitro, it failed in cell-
based assays due to low membrane permeability. To confer enhanced permeability,
hydrocarbon stapling of CA1 was employed to form NYAD-1[170,171]. These peptide
inhibitors disrupt capsid particle assembly and, thus, the formation of immature and
mature virus-like particles. They bind to a hydrophobic groove of the CA-CTD delimited
by helices 8,9 and 11, as an amphipathic alpha helix, triggering an allosteric change in the
dimer interface [170,172].

7.4. PF74

PF74 is a small organic compound that exhibits broad spectrum antiviral activity,
discovered by Pfizer in 2010 by screening a chemical library for inhibitors of HIV-1
replication [138]. PF74 has a bimodal mechanism of inhibition that is concentration
dependent [173]. At lower concentrations (<2 uM), it is suggested to directly compete with
host cofactors needed for nuclear entry, in particular, Nup153 and CPSF6, as they share
the same binding site [32,102]. This inference was made due to a reduction of the presence
of 2-long-terminal-repeat (2-LTR) containing circles, which are markers of viral entry into
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the nucleus. At higher concentrations, PF74 disrupts replication at both early and late
stages of the viral life cycle. It prevents reverse transcription from occurring but also
disrupts mature capsid formation. It has been suggested that the latter is due to the
premature destabilisation of the capsid core and the subsequent disruption caused to the
NTD-CTD interface upon PF74 binding [173-175]. PF74 inserts into a novel binding site,
specifically to a preformed pocket in the CA-NTD, which is delineated by the helices 3, 4,
5and 7. However, recent studies also suggests that PF74 contacts the CA-CTD (NTD-CTD
interface) of an adjacent CA subunit within the same hexamer [138,175]. Studies that
examined the interaction of Nup153 with both monomeric CA and the CA hexamer
revealed that Nup153 only has significant binding affinity to the hexamer [32]. From this,
the inference can be made that disassembly of the CA hexamers also destroys the PF74
binding site, suggesting that the capsid docks with the nuclear pore in at least a partially
intact, state.

7.5. C-Al

Coumermycin Al is a gyrase B inhibitor, developed by Roche in the 1970s, but
identified as a potential HIV-1 inhibitor targeting CA in 2010 in a focused screen of known
inhibitors, targeting ATP-dependent DNA motors. The bimodal mechanism by which C-
A1l acts confers broad-spectrum inhibition across all HIV clades, as it impairs both HIV
integration and gene expression. C-Al also inhibits infection by binding to heat shock
protein 90 (Hsp90). C-Al shares the same binding pocket as PF74 and BI-1 on the CA-
NTD, albeit an extended one. Further studies, using the Compute: Site Finder option in
MO, identified this binding groove on the capsid to include both capsid subunits and be
delimited by Asn53, Asn57, GIn63, Lys70, Thr107 and GIn112 of subunit A and Glul28§,
Argl73, GIn179, Lys182 of subunit B [130]. C-Al is reported to interfere with a post-entry
step of the replication cycle but before integration [137].

7.6. Benzimidazoles: BD and BM/C1

The benzimidazole series compounds, BD and BM, were identified in 2012 in a screen
for compounds that disrupted the in vitro assembly and association of CA-NC tubes on
immobilised oligonucleotides. They both show a similar mechanism of action—BD
compounds inhibit HIV-1 replication by blocking the assembly of immature virus
particles and its subsequent release; BM compounds block the formation of mature capsid
in released particles [176,177]. BD/BM shares the same deep, hydrophobic pocket as CAP-
1 in the CA-NTD but triggers a further expansion of this pocket to facilitate binding.
Optimisation of the BM series led to the discovery of compound-1 (C1). C1 binds in a
shallow pocket near the base of the loop to which CypA binds [178-180].

7.7. BI-1 and BI-2

BI-1 and BI-2 are pyrrolopyrazolone compounds identified in a cell-based screen for
post-entry inhibitors of single cycle HIV-1 infectivity [181]. The mechanism by which
these compounds act has been putatively suggested to interfere with early post entry
stages of viral replication following reverse transcription but prior to integration,
suggesting that it interferes with the nuclear import of the PIC. BI-2 also shares its binding
site with PF74 and C-Al, but since it is a smaller compound, it does not make contact with
the adjacent CTD. Consequently, it could be hypothesised that, just like PF74, BI-2 also
prevents the interaction of the HIV-1 core with host cofactors Nup153 and CPSF6 [32,182].

7.8. CK026/1-XW-053

CKO026 was designed using a hybrid structure-based screening approach, which
identified compounds that could inhibit HIV-1 replication by binding to the NTD-NTD
intrahexamer interface. However, CK026 failed to inhibit HIV-1 replication in PBMCs, so
a smaller analogue of this compound, I-XW-053, was developed, which proved to be more
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effective in PBMC-based assays [183]. I-XW-053 acts before integration, and PCR analysis
revealed that treatment with I-XW-053 inhibited reverse transcription. Mutational
analysis based on a docking model of I-XW-053 indicated that the novel binding site is
located at the NTD-NTD interface [183,184].

7.9. Ebselen

Ebselen is an organoselenium compound identified in a screen for CA dimerization
inhibitors. Ebselen binding results in impaired uncoating due to hyper stabilisation of the
capsid and covalently binds to the CA-CTD. It is also suggested that Ebselen inhibits
reverse transcription [185].

7.10. GS-CA1 and GS-6207

GS-CA1 was the predecessor to GS-6207, with the latter offering more potent
inhibition of HIV-1 replication. Similar to PE74, they have a dose-dependent, multistage
mechanism of antiviral action with broad spectrum inhibition across all HIV clades but
with much greater potency. At low concentrations (50 pM), GS-6207 inhibits integration
and, to a lesser extent, 2LTR circle formation. At a higher concentration (500 pM), GS-6207
inhibits release of viral particles. Both G5-CA1 and GS-6207 occupy the same binding site
as PF74 and BI-2 at the NTD-CTD interface within CA hexamers. Since they also directly
compete with Nup153 and CPSF6, nuclear ingress and integration are abrogated.
Alternatively, GS-6207, by increasing the strength of the CA-CA interactions, may
prevent proper disassembly of the capsid core and block integration. GS-6207 has high
synergic effects and no cross-resistance with approved ARVs. Low systemic clearance in
vivo and slow-release kinetics enable it to be administered via subcutaneous injection and
orally. G5-6207 is the first compound that targets CA to progress into phase 2-3 of clinical
trials [139].

Table 1. Binding sites of selected compounds targeting HIV-1 capsid.

Compound Binding Site Structural Data 1 Structural Data 2
CAP-1 CA-NTD: At the apex of a 5-helix bundle,
PDB:2JPR  in a deep hydrophobic cavity formed by
[167] the protuberance of the Phe32 side chain




Viruses 2021, 13, 1161 14 of 24

NYAD-1
PDB: 2L6E CA-CTD
[170]

PF74
PDB: 4XRQ NTD-CTD interface
[186]

GS-6207
PDB: 6VKV NTD-CTD interface
[187]

8. Conclusions

Our understanding of the structure and function of HIV-1 CA has markedly
advanced in the last few years. This has been made possible not only by the dedication
and intelligence of many colleagues but also by technical breakthroughs, including super-
resolution microscopy, live imaging, CryoEM, atomic force microscopy and next-
generation sequencing. Often, it was the expert combination of these approaches that
yielded the most spectacular and convincing results. Of course, there are several
interesting questions in the field that one would like to address; for example, why have
primate lentiviruses evolved to use CPSF6 for integration targeting? What is the
functional significance of integration targeting, and is it relevant for the establishment of
latency? What mechanisms are there to reduce sensing of the viral nucleic acids? How
does an intact or partially disassembled capsid core go across the NPC selective barrier?
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How are mutant viruses such as N74D imported into the nucleus, and what actually
happens if an “alternative” pathway is used? It has been an exciting time for all of us in
the field, and it is hugely satisfying to see a highly promising new antiretroviral that
targets CA reaching clinical trials. No less satisfying is seeing many junior investigators
entering the field, an auspicious sign that many more insights are about to come.

Author Contributions: N.A,, A.P. and A.F. conceived the review and wrote the paper. All
authors have read and agreed to the published version of the manuscript.

Funding: N.A. is supported by the Government of Oman.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Ian Taylor for critically reading this review and for his helpful
comments.

Conflicts of Interest: The authors declare no conflict of interests.

References

1. Yamashita, M.; Engelman, A.N. Capsid-Dependent Host Factors in HIV-1 Infection. Trends Microbiol. 2017, 25,
741-755, d0i:10.1016/j.tim.2017.04.004.

2. Stevenson, M. HIV-1 pathogenesis. Nat. Med. 2003, 9, 853-860.

3. Hu, W.-5,; Hughes, S.H. HIV-1 reverse transcription. Cold Spring Harb Perspect Med. 2012, doi:10.1007/978-1-62703-
670-2_6.

4, Sundquist, W.L; Krausslich, H.-G. HIV-1 Assembly, Budding, and Maturation. Cold Spring Harb Perspect Med. 2012,
1-24.

5. Briggs, J.A.G.; Wilk, T.; Welker, R.; Krausslich, H.G.; Fuller, S.D. Structural organization of authentic, mature HIV-
1 virions and cores. EMBO J. 2003, 22, 1707-1715, doi:10.1093/emboj/cdg143.

6. Welker, R.; Hohenberg, H.; Tessmer, U.; Huckhagel, C.; Krausslich, H.-G. Biochemical and Structural Analysis of
Isolated Mature Cores of Human Immunodeficiency Virus Type 1. ] Virol. 2000, 74, 1168-1177,
doi:10.1128/jvi.74.3.1168-1177.2000.

7. Ambrose, Z.; Aiken, C. HIV-1 uncoating: Connection to nuclear entry and regulation by host proteins. Virology
2014, 454455, 371-379, d0i:10.1016/.virol.2014.02.004.

8. Campbell, EM.; Hope, T.J. HIV-1 capsid: The multifaceted key player in HIV-1 infection. Nat. Rev. Microbiol. 2015,
13, 471-483, d0i:10.1038/nrmicro3503.

9. Hilditch, L.; Towers, G.J. A model for cofactor use during HIV-1 reverse transcription and nuclear entry. Curr.
Opin. Virol. 2014, 4, 32-36, d0i:10.1016/j.coviro.2013.11.003.

10. Liu, Z,; Pan, Q.; Ding, S.; Qian, J.; Xu, F.; Zhou, J.; Cen, S.; Guo, F.; Liang, C. The interferon-inducible MxB protein
inhibits HIV-1 infection. Cell Host Microbe 2013, 14, 398-410, d0i:10.1016/j.chom.2013.08.015.

11. Kane, M,; Yadav, S.S; Bitzegeio, ].; Kutluay, S.B.; Zang, T.; Wilson, S.J.; Schoggins, ].W.; Rice, C.M.; Yamashita,
M.; Hatziioannou, T.; et al. MX2 is an interferon-induced inhibitor of HIV-1 infection. Nature 2013, 502, 563-566,
doi:10.1038/nature12653.

12. Briggs, J.A.G.; Riches, ].D.; Glass, B.; Bartonova, V.; Zanetti, G.; Krausslich, H.G. Structure and assembly of
immature HIV. Proc. Natl. Acad. Sci. U. S. A. 2009, 106, 11090-11095, doi:10.1073/pnas.0903535106.

13. Bharata, T.A.M.; Menendez, L.R.C.; Hagena, W.].H.; Luxd, V.; Igonete, S.; Schorba, M.; Schura, F.K.M.; Kraiisslich,
H.G,; Briggsa, ].A.G. Cryo-electron microscopy of tubular arrays of HIV-1 Gag resolves structures essential for
immature virus assembly. Proc. Natl. Acad. Sci. U. S. A. 2014, 111, 8233-8238, d0i:10.1073/pnas.1401455111.

14. Freed, E.O. HIV-1 assembly, release and maturation. Nat. Rev. Microbiol. 2015, 13, 484-496,
do0i:10.1038/nrmicro3490.

15. Ganser, B.K; Li, S.; Klishko, V.Y.; Finch, J.T.; Sundquist, W.I. Assembly and analysis of conical models for the
HIV-1 core. Science (80-. ). 1999, 283, 80-83, d0i:10.1126/science.283.5398.80.

16. Mattei, S; Glass, B.; Hagen, W.J.H.; Krédusslich, H.G.; Briggs, ].A.G. The structure and flexibility of conical HIV-1

capsids determined within intact virions. Science (80-. ). 2016, 354, 1434-1437, d0i:10.1126/science.aah4972.



Viruses 2021, 13, 1161 16 of 24

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Gamble, T.R;; Yoo, S.; Vajdos, F.F.; Von Schwedler, UK., Worthylake, D.K.; Wang, H.; McCutcheon, J.P;
Sundquist, W.L; Hill, C.P. Structure of the carboxyl-terminal dimerization domain of the HIV-1 capsid protein.
Science (80-. ). 1997, 278, 849-853, d0i:10.1126/science.278.5339.849.

18.  James, L.C.; Jacques, D.A. The human immunodeficiency virus capsid is more than just a genome package.
Annu. Rev. Virol. 2018, 5, 209-225, doi:10.1146/annurev-virology-092917-043430.

Gamble, T.R.; Vajdos, F.F.; Yoo, S.; Worthylake, D.K.; Houseweart, M.; Sundquist, W.L; Hill, C.P. Crystal structure
of human cyclophilin A bound to the amino-terminal domain of HIV-1 capsid. Cell 1996, 87, 1285-1294,
doi:10.1016/S0092-8674(00)81823-1.

Gres, A.T.; Kirby, K.A.; KewalRamani, V.N.; Tanner, ].J.; Pornillos, O.; Sarafianos, S.G. X-ray crystal structures of
native HIV-1 capsid protein reveal conformational variability. Science (80-. ). 2015, 349, 99-103,
doi:10.1126/science.aaa5936.

Pornillos, O.; Ganser-Pornillos, B.K.; Yeager, M. Atomic-level modelling of the HIV capsid. Nature 2011, 469, 424—
427, d0i:10.1038/nature09640.

Zhao, G.; Perilla, ].R.; Yufenyuy, E.L.; Meng, X.; Chen, B.; Ning, J.; Ahn, J.; Gronenborn, A.M.; Schulten, K.; Aiken,
C.; et al. Mature HIV-1 capsid structure by cryo-electron microscopy and all-atom molecular dynamics. Nature
2013, 497, 643-646, doi:10.1038/nature12162.

Ni, T.; Gerard, S.; Zhao, G.; Dent, K.; Ning, J.; Zhou, J.; Shi, J.; Anderson-Daniels, J.; Li, W.; Jang, S.; et al. Intrinsic
curvature of the HIV-1 CA hexamer underlies capsid topology and interaction with cyclophilin A. Nat. Struct.
Mol. Biol. 2020, 27, 855-862, d0i:10.1038/s41594-020-0467-8.

Perilla, J.R.; Schulten, K. Physical properties of the HIV-1 capsid from all-atom molecular dynamics simulations.
Nat. Commun. 2017, 8, 1-10, d0i:10.1038/ncomms15959.

Rankovic, S.; Deshpande, A.; Harel, S.; Aiken, C.; Rousso, I. HIV-1 uncoating occurs via a series of rapid
biomechanical changes in the core related to individual stages of reverse transcription. J. Virol. 2021,
doi:10.1128/jvi.00166-21.

Jacques, D.A.; McEwan, W.A.; Hilditch, L.; Price, A.J.; Towers, G.J.; James, L.C. HIV-1 uses dynamic capsid pores
to import nucleotides and fuel encapsidated DNA synthesis. Nature 2016, 536, 349-353, doi:10.1038/nature19098.
Letcher, A.].; Schell, M.].; Irvine, R.F. Do mammals make all their own inositol hexakisphosphate? Biochem. ]. 2008,
416, 263-270, d0i:10.1042/BJ20081417.

Mallery, D.L.; Marquez, C.L.; McEwan, W.A; Dickson, C.F.; Jacques, D.A.; Anandapadamanaban, M.; Bichel, K;;
Towers, G.J.; Saiardi, A.; Bocking, T.; et al. IP6 is an HIV pocket factor that prevents capsid collapse and promotes
DNA synthesis. Elife 2018, 7, doi:10.7554/eLife.35335.

Dick, R.A.; Zadrozny, K.K.; Xu, C.; Schur, F.K.M.; Lyddon, T.D.; Ricana, C.L.; Wagner, ].M.; Perilla, ].R.; Ganser-
Pornillos, B.K.; Johnson, M.C.; et al. Inositol phosphates are assembly co-factors for HIV-1. Nature 2018, 560, 509-
512, doi:10.1038/s41586-018-0396-4.

Yoo, S.; Myszka, D.G.; Yeh, C.-Y; McMurray, M.; Hill, C.P.; Sundquist, W.. Molecular recognition in the HIV-1
Capsid/Cyclophilin A complex. |. Mol. Biol. 1997, 269, 780-795, d0i:10.1006/jmbi.1997.1051.

Franke, E.K.; Yuan, H.E.H.; Luban, J. Specific incorporation of cyclophilin a into HIV-1 virions. Nature 1994, 372,
359-362, doi:10.1038/372359a0.

Price, AJ,; Jacques, D.A.; McEwan, W.A; Fletcher, A.].; Essig, S.; Chin, ] W.; Halambage, U.D.; Aiken, C.; James,
L.C. Host Cofactors and Pharmacologic Ligands Share an Essential Interface in HIV-1 Capsid That Is Lost upon
Disassembly. PLoS Pathog. 2014, 10, doi:10.1371/journal.ppat.1004459.

Coffin JM, Hughes SH, Varmus HE, editors Retroviruses : Reverse Transcription of the Viral Genome in vivo.; Cold
Spring Harbor Laboratory Press: Cold Spring Harbor (NY), 1997;

Fassati, A.; Goff, S.P. Characterization of Intracellular Reverse Transcription Complexes of Human
Immunodeficiency Virus Type 1. . Virol. 2001, 75, 3626-3635, d0i:10.1128/jvi.75.8.3626-3635.2001.

Novikova, M.; Zhang, Y.; Freed, E.O.; Peng, K. Multiple Roles of HIV-1 Capsid during the Virus Replication Cycle.
Virol. Sin. 2019, 34, 119-134, doi:10.1007/s12250-019-00095-3.

Karageorgos, L.; 1i, P.; Burrell, C. Characterization of HIV Replication Complexes Early after Cell-to-Cell Infection.
AIDS Res. Hum. Retroviruses 1993, 9, 817-823, d0i:10.1089/aid.1993.9.817.

Fassati, A.; Goff, S.P. Characterization of Intracellular Reverse Transcription Complexes of Moloney Murine
Leukemia Virus. J. Virol. 1999, 73, 8919-8925, d0i:10.1128/JV1.73.11.8919-8925.1999.

McDonald, D.; Vodicka, M.A.; Lucero, G.; Svitkina, T.M.; Borisy, G.G.; Emerman, M.; Hope, T.J. Visualization of
the intracellular behavior of HIV in living cells. J. Cell Biol. 2002, 159, 441-452, d0i:10.1083/jcb.200203150.



Viruses 2021, 13, 1161 17 of 24

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Francis, A.C.; Melikyan, G.B. Live-cell imaging of early steps of single HIV-1 infection. Viruses 2018, 10, 27-30,
doi:10.3390/v10050275.

Arhel, N.J.; Souquere-Besse, S.; Munier, S.; Souque, P.; Guadagnini, S.; Rutherford, S.; Prévost, M.C.; Allen, T.D.;
Charneau, P. HIV-1 DNA Flap formation promotes uncoating of the pre-integration complex at the nuclear pore.
EMBO J. 2007, 26, 3025-3037, doi:10.1038/sj.emboj.7601740.

Forshey, B.M.; von Schwedler, U.; Sundquist, W.I.; Aiken, C. Formation of a Human Immunodeficiency Virus
Type 1 Core of Optimal Stability Is Crucial for Viral Replication. J. Virol. 2002, 76, 5667-5677,
doi:10.1128/jvi.76.11.5667-5677.2002.

Arfi, V,; Lienard, J.; Nguyen, X.-N.; Berger, G.; Rigal, D.; Darlix, J.-L.; Cimarelli, A. Characterization of the Behavior
of Functional Viral Genomes during the Early Steps of Human Immunodeficiency Virus Type 1 Infection. J. Virol.
2009, 83, 7524-7535, doi:10.1128/jvi.00429-09.

Hulme, A.E.; Perez, O.; Hope, T.J. Complementary assays reveal a relationship between HIV-1 uncoating and
reverse transcription. Proc. Natl. Acad. Sci. U. S. A. 2011, 108, 9975-9980, d0i:10.1073/pnas.1014522108.
Perez-Caballero, D.; Hatziioannou, T. Zhang, F., Cowan, S.; Bieniasz, P.D. Restriction of Human
Immunodeficiency Virus Type 1 by TRIM-CypA Occurs with Rapid Kinetics and Independently of Cytoplasmic
Bodies, Ubiquitin, and Proteasome Activity. J. Virol. 2005, 79, 15567-15572, d0i:10.1128/jvi.79.24.15567-15572.2005.
Marquez, C.L.; Lau, D.; Walsh, J.; Shah, V.; McGuinness, C.; Wong, A.; Aggarwal, A_; Parker, M.W.; Jacques, D.A;
Turville, S.; et al. Kinetics of HIV-1 capsid uncoating revealed by single-molecule analysis. Elife 2018, 7, 1-23,
doi:10.7554/eLife.34772.

Dick, R.A.; Mallery, D.L.; Vogt, V.M.; James, L.C. IP6 regulation of HIV capsid assembly, stability, and uncoating.
Viruses 2018, 10, 1-11, d0i:10.3390/v10110640.

Mallery, D.L.; Faysal, KM.R.; Kleinpeter, A.; Wilson, M.S5.C.; Vaysburd, M.; Fletcher, A J.; Novikova, M.; Bocking,
T.; Freed, E.O.; Saiardi, A.; et al. Cellular IP6 Levels Limit HIV Production while Viruses that Cannot Efficiently
Package IP6 Are Attenuated for Infection and Replication. Cell Rep. 2019, 29, 3983-3996.,
doi:10.1016/j.celrep.2019.11.050.

Christensen, D.E.; Ganser-Pornillos, B.K.; Johnson, ].S.; Pornillos, O.; Sundquist, W.I. Reconstitution and
visualization of HIV-1 capsid-dependent replication and integration in vitro. Science (80-. ). 2020, 370,
d0i:10.1126/science.abc8420.

Xu, C; Fischer, D.K.; Rankovic, S.; Li, W.; Dick, R.A.; Runge, B.; Zadorozhnyi, R.; Ahn, J.; Aiken, C.; Polenova, T.;
et al. Permeability of the HIV-1 capsid to metabolites modulates viral DNA synthesis. PLoS Biol. 2020, 18, 1-27,
doi:10.1371/journal.pbio.3001015.

Da Silva Santos, C.; Tartour, K.; Cimarelli, A. A Novel Entry/Uncoating Assay Reveals the Presence of at Least
Two Species of Viral Capsids During Synchronized HIV-1 Infection. PLoS Pathog. 2016, 12, 1-28,
doi:10.1371/journal.ppat.1005897.

Yan, N.; Regalado-Magdos, A.D.; Stiggelbout, B.; Lee-Kirsch, M.A.; Lieberman, J. The cytosolic exonuclease
TREX1 inhibits the innate immune response to human immunodeficiency virus type 1. Nat. Immunol. 2010, 11,
1005-1013, d0i:10.1038/ni.1941.

Blanco-Rodriguez, G.; Gazi, A.; Monel, B.; Frabetti, S.; Scoca, V.; Mueller, F.; Schwartz, O.; Krijnse-Locker, J.;
Charneau, P.; Di Nunzio, F. Remodeling of the Core Leads HIV-1 Preintegration Complex into the Nucleus of
Human Lymphocytes. bioRxiv 2020, 94, 1-20, doi:10.1101/2020.01.24.918383.

Francis, A.C.; Marin, M.; Shi, J.; Aiken, C.; Melikyan, G.B. Time-Resolved Imaging of Single HIV-1 Uncoating In
Vitro and in Living Cells. PLoS Pathog. 2016, 12, 1-28, d0i:10.1371/journal.ppat.1005709.

Tsang, J.; Chain, B.M.; Miller, R.F.; Webb, B.L.].; Barclay, W.; Towers, G.J.; Katz, D.R.; Noursadeghi, M. HIV-1
infection of macrophages is dependent on evasion of innate immune cellular activation. Aids 2009, 23, 22552263,
do0i:10.1097/QAD.0b013e328331a4ce.

Rasaiyaah, J.; Tan, C.P.; Fletcher, A.J.; Price, A.].; Blondeau, C.; Hilditch, L.; Jacques, D.A.; Selwood, D.L.; James,
L.C.; Noursadeghi, M.; et al. HIV-1 evades innate immune recognition through specific cofactor recruitment.
Nature 2013, 503, 402405, doi:10.1038/naturel12769.

Cing6z, O.; Goff, S.P. HIV-1 is a poor inducer of innate immune responses. MBio 2019, 10, 1-7,
doi:10.1128/mBio0.02834-18.

Elsner, C.; Ponnurangam, A.; Kazmierski, J.; Zillinger, T.; Jansen, J.; Todt, D.; Dohner, K.; Xu, S.; Ducroux, A,;
Kriedemann, N.; et al. Absence of cGAS-mediated type I IFN responses in HIV-1-infected T cells. Proc. Natl. Acad.
Sci. U. S. A. 2020, 117, 19475-19486, doi:10.1073/pnas.2002481117.



Viruses 2021, 13, 1161 18 of 24

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Sumner, R.P.; Harrison, L.; Touizer, E.; Peacock, T.P.; Spencer, M.; Zuliani-Alvarez, L.; Towers, G.J. Disrupting
HIV -1 capsid formation causes cGAS sensing of viral DNA . EMBO J. 2020, 39, d0i:10.15252/embj.2019103958.
Chen, S.; Bonifati, S.; Qin, Z.; St. Gelais, C.; Wu, L. SAMHD1 Suppression of Antiviral Inmune Responses. Trends
Microbiol. 2019, 27, 254-267, d0i:10.1016/j.tim.2018.09.009.

Nermut, M. V.; Fassati, A. Structural Analyses of Purified Human Immunodeficiency Virus Type 1 Intracellular
Reverse Transcription Complexes. J. Virol. 2003, 77, 8196-8206, doi:10.1128/jvi.77.15.8196-8206.2003.

Engelman, A. Isolation and analysis of HIV-1 preintegration complexes. Methods Mol. Biol. 2009, 485, 135-149,
doi:10.1007/978-1-59745-170-3_10.

Raghavendra, N.K.; Shkriabai, N.; Graham, R.L.J.; Hess, S.; Kvaratskhelia, M.; Wu, L. Identification of host
proteins associated with HIV-1 preintegration complexes isolated from infected CD4+cells. Retrovirology 2010, 7,
1-7, doi:10.1186/1742-4690-7-66.

Khan, H.; Sumner, R.P.; Rasaiyaah, ].; Tan, C.P.; Rodriguez-Plata, M.T.; Van Tulleken, C.; Fink, D.; Zuliani-
Alvarez, L.; Thorne, L.; Stirling, D.; et al. Hiv-1 vpr antagonizes innate immune activation by targeting
karyopherin-mediated nf-«xb/irf3 nuclear transport. Elife 2020, 9, 1-29, doi:10.7554/ELIFE.60821.

Chen, S.; Kumar, S.; Espada, C.E.; Tirumuru, N.; Cahill, M.P.; Hu, L.; He, C.; Wu, L. N6-methyladenosine
modification of HIV-1 RNA suppresses type-I interferon induction in differentiated monocytic cells and primary
macrophages. PLOS Pathog. 2021, 17, €1009421, do0i:10.1371/journal.ppat.1009421.

Rensen, E.; Mueller, F.; Scoca, V.; Parmar, J.J.; Souque, P.; Zimmer, C.; Di Nunzio, F. Clustering and reverse
transcription of HIV-1 genomes in nuclear niches of macrophages. EMBO ]. 2021, 40, 1-16,
doi:10.15252/embj.2020105247.

Li, C,; Burdick, R.C.; Nagashima, K.; Hu, W.S.; Pathak, V.K. HIV-1 cores retain their integrity until minutes before
uncoating in the nucleus. Proc. Natl. Acad. Sci. U. S. A. 2021, 118, doi:10.1073/pnas.2019467118.

Zaitseva, L.; Cherepanov, P.; Leyens, L.; Wilson, S.J.; Rasaiyaah, ].; Fassati, A. HIV-1 exploits importin 7 to
maximize nuclear import of its DNA genome. Retrovirology 2009, 6, 1-18, doi:10.1186/1742-4690-6-11.

Burdick, R.C.; Li, C.; Munshi, M.H.; Rawson, ] M.O.; Nagashima, K.; Hu, W.S.; Pathak, V.K. HIV-1 uncoats in the
nucleus near sites of integration. Proc. Natl. Acad. Sci. U. S. A. 2020, 117, 5486-5493, d0i:10.1073/pnas.1920631117.
Francis, A.C.; Marin, M.; Singh, P.K.; Achuthan, V.; Prellberg, M.].; Palermino-Rowland, K.; Lan, S.; Tedbury, P.R,;
Sarafianos, S.G.; Engelman, A.N.; et al. HIV-1 replication complexes accumulate in nuclear speckles and integrate
into speckle-associated genomic domains. Nat. Commun. 2020, 11, doi:10.1038/s41467-020-17256-8.

Arhel, N.; Genovesio, A.; Kim, K.A.; Miko, S.; Perret, E.; Olivo-Marin, J.C.; Shorte, S.; Charneau, P. Quantitative
four-dimensional tracking of cytoplasmic and nuclear HIV-1 complexes. Nat. Methods 2006, 3, 817-824,
do0i:10.1038/nmeth928.

Li, R.; Gundersen, G.G. Beyond polymer polarity: How the cytoskeleton builds a polarized cell. Nat. Rev. Mol. Cell
Biol. 2008, 9, 860-873, d0i:10.1038/nrm2522.

Vale, R.D. The molecular motor toolbox for intracellular transport. Cell 2003, 112, 467-480, doi:10.1016/S0092-
8674(03)00111-9.

Reck-Peterson, S.L.; Redwine, W.B.; Vale, R.D.; Carter, A.P. The cytoplasmic dynein transport machinery and its
many cargoes. Nat. Rev. Mol. Cell Biol. 2018, 19, 382-398, d0i:10.1038/s41580-018-0004-3.

Caviston, J.P.; Holzbaur, E.L.F. Microtubule motors at the intersection of trafficking and transport. Trends Cell Biol.
2006, 16, 530-537, doi:10.1016/j.tcb.2006.08.002.

Gouveia, S.M.; Akhmanova, A. Cell and Molecular Biology of Microtubule Plus End Tracking Proteins: End
Binding Proteins and Their Partners. In International Review of Cell and Molecular Biology; Elsevier Inc.: Amsterdam,
The Netherlands, 2010; Vol. 285, pp. 1-74.

Honnappa, S.; Gouveia, S.M.; Weisbrich, A.; Damberger, F.F.; Bhavesh, N.S.; Jawhari, H.; Grigoriev, I.; van Rijssel,
FJ.A.; Buey, RM,; Lawera, A; et al. An EB1-Binding Motif Acts as a Microtubule Tip Localization Signal. Cell
2009, 138, 366-376, doi:10.1016/j.cell.2009.04.065.

Galjart, N. Plus-end-tracking proteins and their interactions at microtubule ends. Curr. Biol. 2010, 20, R528-R537,
doi:10.1016/j.cub.2010.05.022.

Fernandez, J.; Portilho, D.M.; Danckaert, A.; Munier, S.; Becker, A.; Roux, P.; Zambo, A.; Shorte, S.; Jacob, Y.;
Vidalain, P.O.; et al. Microtubule-associated proteins 1 (MAP1) promote human immunodeficiency virus type I
(HIV-1) intracytoplasmic routing to the nucleus. J. Biol. Chem. 2015, 290, 4631-4646, d0i:10.1074/jbc.M114.613133.
Sabo, Y.; Walsh, D.; Barry, D.S.; Tinaztepe, S.; De Los Santos, K.; Goff, 5.P.; Gundersen, G.G.; Naghavi, M.H. HIV-
1 induces the formation of stable microtubules to enhance early infection. Cell Host Microbe 2013, 14, 535-546,
do0i:10.1016/j.chom.2013.10.012.



Viruses 2021, 13, 1161 19 of 24

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Delaney, M.K.; Malikov, V.; Chai, Q.; Zhao, G.; Naghavi, M.H. Distinct functions of diaphanous-related formins
regulate HIV-1 uncoating and transport. Proc. Natl. Acad. Sci. U. S. A. 2017, 114, E6932-E6941,
doi:10.1073/pnas.1700247114.

Mitra, S.; Shanmugapriya, S.; Naghavi, H. HIV-1 Exploits CLASP2 To Induce Microtubule Stabilization and
Facilitate Virus Trafficking to the Nucleus. J. Virol. 2020, 94, 1-12.

Dharan, A.; Opp, S.; Abdel-Rahim, O.; Keceli, S.K.; Imam, S.; Diaz-Griffero, F.; Campbell, E.M. Bicaudal D2
facilitates the cytoplasmic trafficking and nuclear import of HIV-1 genomes during infection. Proc. Natl. Acad. Sci.
U. S. A. 2017, 114, E10707-E10716, d0i:10.1073/pnas.1712033114.

Carnes, S.K.; Zhou, ].; Aiken, C. HIV-1 Engages a Dynein-Dynactin-BICD2 Complex for Infection and Transport
to the Nucleus. J. Virol. 2018, 92, doi:10.1128/jvi.00358-18.

Malikov, V.; Santos, E.; Jovasevic, V.; Bennett, G.; de Souza Aranha Vieira, D.A.; Schulte, B.; Diaz-Griffero, F.;
Walsh, D.; Naghavi, M.H. HIV-1 capsids bind and exploit the kinesin-1 adaptor FEZ1 for inward movement to
the nucleus. Nat. Commun. 2015, 6, 1-13, d0i:10.1038/ncomms7660.HIV-1.

Huang, P.T.; Summers, B.J.; Xu, C.; Perilla, ]J.R.; Malikov, V.; Naghavi, M.H.; Xiong, Y. FEZ1 Is Recruited to a
Conserved Cofactor Site on Capsid to Promote HIV-1 Trafficking. Cell Rep. 2019, 28, 2373-2385.,
doi:10.1016/j.celrep.2019.07.079.

Elis, E.; Ehrlich, M.; Prizan-Ravid, A.; Laham-Karam, N.; Bacharach, E. p12 Tethers the Murine Leukemia Virus
Pre-integration Complex to Mitotic Chromosomes. PLoS Pathog. 2012, 8, doi:10.1371/journal.ppat.1003103.
Fassati, A. Multiple roles of the capsid protein in the early steps of HIV-1 infection. Virus Res. 2012, 170, 15-24,
doi:10.1016/j.virusres.2012.09.012.

Bedwell, G.J.; Engelman, A.N. Factors that mold the nuclear landscape of HIV-1 integration. Nucleic Acids Res.
2020, 1-15, doi:10.1093/nar/gkaal207.

Zaitseva, L.; Myers, R.; Fassati, A. tRNAs promote nuclear import of HIV-1 intracellular reverse transcription
complexes. PLoS Biol. 2006, 4, 1689-1706, d0i:10.1371/journal.pbio.0040332.

Yamashita, M.; Emerman, M. Capsid Is a Dominant Determinant of Retrovirus Infectivity in Nondividing Cells.
J. Virol. 2004, 78, 5670-5678, d0i:10.1128/jvi.78.11.5670-5678.2004.

Yamashita, M.; Perez, O.; Hope, T.J.; Emerman, M. Evidence for direct involvement of the capsid protein in HIV
infection of nondividing cells. PLoS Pathog. 2007, 3, 1502-1510, doi:10.1371/journal.ppat.0030156.

Qi, M.; Yang, R,; Aiken, C. Cyclophilin A-Dependent Restriction of Human Immunodeficiency Virus Type 1
Capsid Mutants for Infection of Nondividing Cells. J. Virol. 2008, 82, 12001-12008, doi:10.1128/jvi.01518-08.
Stanley, G.J.; Fassati, A.; Hoogenboom, B.W. Biomechanics of the transport barrier in the nuclear pore complex.
Semin. Cell Dev. Biol. 2017, 68, 42-51, doi:10.1016/j.semcdb.2017.05.007.

Fernandez-Martinez, J.; Rout, M.P. One Ring to Rule them All? Structural and Functional Diversity in the Nuclear
Pore Complex. Trends Biochem. Sci. 2021, 1-13, doi:10.1016/j.tibs.2021.01.003.

Konig, R.; Zhou, Y.; Elleder, D.; Diamond, T.L.; Bonamy, G.M.C,; Irelan, ].T.; Chiang, C.-Y; Tu, B.P.; De Jesus, P.D;
Lilley, C.E.. et al Global Analysis of Host-Pathogen Interactions that Regulate Early-Stage HIV-1 Replication. Cell
2008, 135, 49-60, doi:10.1016/j.cell.2008.07.032.

Zhou, H; Xu, M.; Huang, Q.; Gates, A.T.; Zhang, X.D.; Castle, ].C,; Stec, E.; Ferrer, M.; Strulovici, B.; Hazuda, D ] ;
et al. Genome-Scale RNAi Screen for Host Factors Required for HIV Replication. Cell Host Microbe 2008, 4, 495—
504, doi:10.1016/j.chom.2008.10.004.

Di Nunzio, F.; Danckaert, A.; Fricke, T.; Perez, P.; Fernandez, ].; Perret, E.; Roux, P.; Shorte, S.; Charneau, P.; Diaz-
Griffero, F.; et al. Human Nucleoporins Promote HIV-1 Docking at the Nuclear Pore, Nuclear Import and
Integration. PLoS One 2012, 7, doi:10.1371/journal.pone.0046037.

Bichel, K.; Price, A.]J.; Schaller, T.; Towers, G.J.; Freund, S.M.V.; James, L.C. HIV-1 capsid undergoes coupled
binding and isomerization by the nuclear pore protein NUP358. Retrovirology 2013, 10, 1, doi:10.1186/1742-4690-
10-81.

Schaller, T.; Ocwieja, K.E.; Rasaiyaah, J.; Price, A.].; Brady, T.L.; Roth, S.L.; Hué, S.; Fletcher, A.].; Lee, K.E,;
KewalRamani, V.N.; et al. HIV-1 capsid-cyclophilin interactions determine nuclear import pathway, integration
targeting and replication efficiency. PLoS Pathog. 2011, 7, doi:10.1371/journal.ppat.1002439.

Burdick, R.C.; Delviks-Frankenberry, K.A.; Chen, J.; Janaka, S.K; Sastri, J.; Hu, W.S.; Pathak, V.K. Dynamics and
regulation of nuclear import and nuclear movements of HIV-1 complexes. PLoS Pathog. 2017, 13, 1-38,
doi:10.1371/journal.ppat.1006570.



Viruses 2021, 13, 1161 20 of 24

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Meehan, A.M.; Saenz, D.T.; Guevera, R.; Morrison, J.H.; Peretz, M.; Fadel, H.].; Hamada, M.; van Deursen, J.;
Poeschla, E.M. A Cyclophilin Homology Domain-Independent Role for Nup358 in HIV-1 Infection. PLoS Pathog.
2014, 10, 1-17, doi:10.1371/journal.ppat.1003969.

Matreyek, K.A,; Yiicel, S.S.; Li, X,; Engelman, A. Nucleoporin NUP153 Phenylalanine-Glycine Motifs Engage a
Common Binding Pocket within the HIV-1 Capsid Protein to Mediate Lentiviral Infectivity. PLoS Pathog. 2013, 9,
doi:10.1371/journal.ppat.1003693.

Di Nunzio, F.; Fricke, T.; Miccio, A.; Valle-Casuso, ].C.; Perez, P.; Souque, P.; Rizzi, E.; Severgnini, M.; Mavilio, F.;
Charneau, P.; et al. Nup153 and Nup98 bind the HIV-1 core and contribute to the early steps of HIV-1 replication.
Virology 2013, 440, 8-18, d0i:10.1016/j.virol.2013.02.008.

Buffone, C.; Martinez-lopez, A.; Fricke, T.; Opp, S.; Severgnini, M.; Cifola, I.; Petiti, L.; Frabetti, S.; Skorupka, K,;
Zadrozny, KK.; et al. Nup153 Unlocks the Nuclear Pore Complex for HIV-1 Nuclear Translocation in
Nondividing Cells. J. Virol. 2018, 92, 1-29.

Abraham L Brass 1, Derek M Dykxhoorn, Yair Benita, Nan Yan, Alan Engelman, Ramnik ] Xavier, Judy
Lieberman, S.J.E. Identification of host proteins required for HIV infection through a functional genomic screen.
Science (80-. ). 2008, 319, 921-926, d0i:10.1126/science.1152725.

Rain, J.C; Cribier, A.; Gérard, A.; Emiliani, S.; Benarous, R. Yeast two-hybrid detection of integrase-host factor
interactions. Methods 2009, 47, 291-297, d0i:10.1016/j.ymeth.2009.02.002.

Christ, F.; Thys, W.; De Rijck, J.; Gijsbers, R.; Albanese, A.; Arosio, D.; Emiliani, S.; Rain, ]J.C.; Benarous, R,;
Cereseto, A.; et al. Transportin-SR2 Imports HIV into the Nucleus. Curr. Biol. 2008, 18, 1192-1202,
doi:10.1016/j.cub.2008.07.079.

Krishnan, L.; Matreyek, K.A.; Oztop, L; Lee, K.; Tipper, C.H.; Li, X.; Dar, M.J.; KewalRamani, V.N.; Engelman, A.
The Requirement for Cellular Transportin 3 (TNPO3 or TRN-SR2) during Infection Maps to Human
Immunodeficiency Virus Type 1 Capsid and Not Integrase. J. Virol. 2010, 84, d0i:10.1128/jvi.01899-09.

Tsirkone, V.G.; Blokken, ].; De Wit, F.; Breemans, J.; De Houwer, S.; Debyser, Z.; Christ, F.; Strelkov, S. V. N-
terminal half of transportin SR2 interacts with HIV integrase. ]. Biol. Chem. 2017, 292, 9699-9710,
do0i:10.1074/jbc.M117.777029.

Larue, R.; Gupta, K.; Wuensch, C.; Shkriabai, N.; Kessl, ].].; Danhart, E.; Feng, L.; Taltynov, O.; Christ, F.; Van
Duyne, G.D.; et al. Interaction of the HIV-1 intasome with transportin 3 protein (TNPO3 or TRN-SR2). |. Biol.
Chem. 2012, 287, 34044-34058, do0i:10.1074/jbc.M112.384669.

Iaco, A. De; Santoni, F.; Vannier, A.; Guipponi, M.; Antonarakis, S.; Luban, J. TNPO3 protects HIV-1 replication
from CPSF6-mediated capsid stabilization in the host cell cytoplasm. Retrovirology 2013, 10, doi:10.1186/1742-4690-
10-20.

Demeulemeester, J.; Blokken, J.; Houwer, S.; Dirix, L.; Klaassen, H.; Marchand, A.; Chaltin, P.; Christ, F.; Debyser,
Z. Inhibitors of the integrase-transportin-SR2 interaction block HIV nuclear import. Retrovirology 2018, 15, 1-13,
doi:10.1186/s12977-018-0389-2.

Logue, E.C.; Taylor, K.T.; Goff, P.H.; Landau, N.R. The Cargo-Binding Domain of Transportin 3 Is Required for
Lentivirus Nuclear Import. J. Virol. 2011, 85, 12950-12961, doi:10.1128/jvi.05384-11.

Ocwieja, K.E.; Brady, T.L.; Ronen, K.; Huegel, A.; Roth, S.L.; Schaller, T.; James, L.C.; Towers, G.J.; Young, ].A.T,;
Chanda, S.K; et al. HIV integration targeting: A pathway involving transportin-3 and the nuclear pore protein
RanBP2. PLoS Pathog. 2011, 7, 19-21, d0i:10.1371/journal.ppat.1001313.

De Iaco, A.; Luban, J. Inhibition of HIV-1 infection by TNPO3 depletion is determined by capsid and detectable
after viral cDNA enters the nucleus. Retrovirology 2011, 8, 98, doi:10.1186/1742-4690-8-98.

Fricke, T.; Valle-Casuso, J.C.; White, T.E.; Brandariz-Nunez, A.; Bosche, W.].; Reszka, N.; Gorelick, R.; Diaz-
Griffero, F. The ability of TNPO3-depleted cells to inhibit HIV-1 infection requires CPSF6. Retrovirology 2013, 10,
doi:10.1186/1742-4690-10-46.

Valle-Casuso, J.C.; Nunzio, F. Di; Yang, Y.; Reszka, N.; Lienlaf, M.; Arhel, N.; Perez, P.; Brass, A.L.; Diaz-Griffero,
F. TNPO3 Is Required for HIV-1 Replication after Nuclear Import but prior to Integration and Binds the HIV-1
Core. J. Virol. 2012, 86, doi:10.1128/jvi.00451-12.

Zhou, L.; Sokolskaja, E.; Jolly, C.; James, W.; Cowley, S.A.; Fassati, A. Transportin 3 promotes a nuclear maturation
step required for efficient HIV-1 integration. PLoS Pathog. 2011, 7, doi:10.1371/journal.ppat.1002194.
Rodriguez-Mora, S.; De Wit, F.; Garcia-Perez, J.; Bermejo, M.; Lopez-Huertas, M.R.; Mateos, E.; Marti, P.; Rocha,
S.; Vigon, L.; Christ, F.; et al. The mutation of Transportin 3 gene that causes limb girdle muscular dystrophy 1F
induces protection against HIV-1 infection. PLoS Pathog. 2019, 15, 1-22, d0i:10.1371/journal.ppat.1007958.



Viruses 2021, 13, 1161 21 of 24

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Maertens, G.N.; Cook, N.J.; Wang, W.; Hare, S.; Gupta, S.S.; Oztop, I; Lee, K.E.; Pye, V.E.; Cosnefroy, O.; Snijders,
A.P; et al. Structural basis for nuclear import of splicing factors by human Transportin 3. Proc. Natl. Acad. Sci. U.
S. A. 2014, 111, doi:10.1073/pnas.1320755111.

Peng, K.; Muranyi, W.; Glass, B.; Laketa, V.; Yant, S.R.; Tsai, L.; Cihlar, T.; Miiller, B.; Krdusslich, H.G. Quantitative
microscopy of functional HIV post-entry complexes reveals association of replication with the viral capsid. Elife
2014, 3, e04114, doi:10.7554/eLife.04114.

Saito, A.; Henning, M.S.; Serrao, E.; Dubose, B.N.; Teng, S.; Huang, J.; Li, X,; Saito, N.; Roy, S.P.; Siddiqui, M.A.; et
al. Capsid-CPSF6 Interaction Is Dispensable for HIV-1 Replication in Primary Cells but Is Selected during Virus
Passage In Vivo . J. Virol. 2016, 90, 6918-6935, doi:10.1128/jvi.00019-16.

Lee, K.E.; Ambrose, Z.; Martin, T.D.; Oztop, I.; Mulky, A; Julias, ].G.; Vandegraaff, N.; Baumann, ].G.; Wang, R,;
Yuen, W.; et al. Flexible Use of Nuclear Import Pathways by HIV-1. Cell Host Microbe 2010, 7, 221-233,
do0i:10.1016/j.chom.2010.02.007.

Zhyvoloup, A.; Melamed, A.; Anderson, L; Planas, D.; Lee, C.H.; Kriston-Vizi, ].; Ketteler, R.; Merritt, A.; Routy,
J.P.; Ancuta, P.; et al. Digoxin reveals a functional connection between HIV-1 integration preference and T-cell
activation. PLoS Pathog. 2017, 13, 1-28, doi:10.1371/journal.ppat.1006460.

Stanley, G.J.; Fassati, A.; Hoogenboom, B.W. Atomic force microscopy reveals structural variability amongst
nuclear pore complexes. Life Sci. Alliance 2018, 1, 1-13, d0i:10.26508/1sa.201800142.

Gallucci, L.; Kann, M. Nuclear import of hepatitis B virus capsids and genome. Viruses 2017, 9,
doi:10.3390/v9010021.

Zila, V.; Miiller, T.G.; Laketa, V.; Miiller, B.; Krédusslich, H.G. Analysis of CA content and CPSF6 dependence of
early HIV-1 replication complexes in SupT1-R5 cells. MBio 2019, 10, 1-20, d0i:10.1128/mBio.02501-19.

Fernandez, J.; Machado, A K,; Lyonnais, S.; Chamontin, C.; Gartner, K.; Léger, T.; Henriquet, C.; Garcia, C.;
Portilho, D.M.; Pugniere, M.; et al. Transportin-1 binds to the HIV-1 capsid via a nuclear localization signal and
triggers uncoating. Nat. Microbiol. 2019, 4, 1840-1850, d0i:10.1038/s41564-019-0575-6.

Zila, V.; Margiotta, E.; Turonova, B.; Miiller, T.G.; Zimmerli, C.E.; Mattei, S.; Allegretti, M.; Borner, K.; Rada, J.;
Miiller, B.; et al. Cone-shaped HIV-1 capsids are transported through intact nuclear pores. bioRxiv 2020, 1-55,
doi:10.1101/2020.07.30.193524.

Chen, N.Y.; Zhou, L.; Gane, P.J.; Opp, S.; Ball, N.J.; Nicastro, G.; Zufferey, M.; Buffone, C.; Luban, ].; Selwood, D.;
et al. HIV-1 capsid is involved in post-nuclear entry steps. Retrovirology 2016, 13, 1-16, doi:10.1186/s12977-016-
0262-0.

Elosegui-Artola, A.; Andreu, I.; Beedle, A.E.M.; Lezamiz, A.; Uroz, M.; Kosmalska, A.J.; Oria, R.; Kechagia, ].Z,;
Rico-Lastres, P.; Le Roux, A.L.; et al. Force Triggers YAP Nuclear Entry by Regulating Transport across Nuclear
Pores. Cell 2017, 171, 1397-1410.e14, doi:10.1016/j.cell.2017.10.008.

Donnaloja, F.; Jacchetti, E.; Soncini, M.; Raimondi, M.T. Mechanosensing at the nuclear envelope by nuclear pore
complex stretch activation and its effect in physiology and pathology. Front. Physiol. 2019, 10,
doi:10.3389/fphys.2019.00896.

Bestembayeva, A.; Kramer, A.; Labokha, A.A.; Osmanovi¢, D.; Liashkovich, L; Orlova, E. V.; Ford, 1].; Charras,
G.; Fassati, A.; Hoogenboom, B.W. Nanoscale stiffness topography reveals structure and mechanics of the
transport barrier in intact nuclear pore complexes. Nat. Nanotechnol. 2015, 10, 60-64, doi:10.1038/nnano.2014.262.
Frey, S.; Gorlich, D. A Saturated FG-Repeat Hydrogel Can Reproduce the Permeability Properties of Nuclear Pore
Complexes. Cell 2007, 130, 512-523, doi:10.1016/j.cell.2007.06.024.

Osmanovic, D.; Bailey, J.; Harker, A.H.; Fassati, A.; Hoogenboom, B.W.; Ford, 1.]. Bistable collective behavior of
polymers tethered in a nanopore. Phys. Rev. E - Stat. Nonlinear, Soft Matter Phys. 2012, 85,
doi:10.1103/PhysRevE.85.061917.

Dismuke, D.J.; Aiken, C. Evidence for a Functional Link between Uncoating of the Human Immunodeficiency
Virus Type 1 Core and Nuclear Import of the Viral Preintegration Complex. J. Virol. 2006, 80, 3712-3720,
doi:10.1128/jvi.80.8.3712-3720.2006.

Vozzolo, L.; Loh, B.; Gane, P.]J.; Tribak, M.; Zhou, L.; Anderson, I.; Nyakatura, E.; Jenner, R.G.; Selwood, D.; Fassati,
A. Gyrase B inhibitor impairs HIV-1 replication by targeting Hsp90 and the capsid protein. J. Biol. Chem. 2010, 285,
39314-39328, doi:10.1074/jbc.M110.155275.

Blair, W.S.; Pickford, C.; Irving, S.L.; Brown, D.G.; Anderson, M.; Bazin, R.; Cao, J.; Ciaramella, G.; Isaacson, J.;
Jackson, L.; et al. HIV capsid is a tractable target for small molecule therapeutic intervention. PLoS Pathog. 2010, 6,
doi:10.1371/journal.ppat.1001220.



Viruses 2021, 13, 1161 22 of 24

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Link, J.O.; Rhee, M.S.; Tse, W.C.; Zheng, ].; Somoza, ].R.; Rowe, W.; Begley, R.; Chiu, A.; Mulato, A.; Hansen, D.;
et al. Clinical targeting of HIV capsid protein with a long-acting small molecule. Nature 2020, 584, 614618,
doi:10.1038/s41586-020-2443-1.

Hulme, A.E; Kelley, Z.; Foley, D.; Hope, T.]. Complementary Assays Reveal a Low Level of CA Associated with
Viral Complexes in the Nuclei of HIV-1-Infected Cells. J. Virol. 2015, 89, 5350-5361, doi:10.1128/jvi.00476-15.
Chin, C.R.; Perreira, ].M.; Savidis, G.; Portmann, ].M.; Aker, A.M.; Feeley, EM.; Smith, M.C.; Brass, A.L. Direct
Visualization of HIV-1 Replication Intermediates Shows that Capsid and CPSF6 Modulate HIV-1 Intra-nuclear
Invasion and Integration. Cell Rep. 2015, 13, 1717-1731, doi:10.1016/j.celrep.2015.10.036.

Bejarano, D.A.; Peng, K.; Laketa, V.; Borner, K.; Jost, K.L.; Lucic, B.; Glass, B.; Lusic, M.; Miiller, B.; Krédusslich,
H.G. HIV-1 nuclear import in macrophages is regulated by CPSF6-capsid interactions at the nuclear pore complex.
Elife 2019, 8, doi:10.7554/eLife.41800.

Selyutina, A.; Persaud, M.; Lee, K.; KewalRamani, V.; Diaz-Griffero, F. Nuclear Import of the HIV-1 Core Precedes
Reverse Transcription and Uncoating. Cell Rep. 2020, 32, 108201, doi:10.1016/j.celrep.2020.108201.

Francis, A.C.; Melikyan, G.B. Single HIV-1 Imaging Reveals Progression of Infection through CA-Dependent Steps
of Docking at the Nuclear Pore, Uncoating, and Nuclear Transport. Cell Host Microbe 2018, 23, 536-548.,
do0i:10.1016/j.chom.2018.03.009.

Achuthan, V; Perreira, ].M.; Sowd, G.A.; Puray-Chavez, M.; McDougall, W.M.; Paulucci-Holthauzen, A.; Wu, X,;
Fadel, H].; Poeschla, E.M.; Multani, A.S.; et al. Capsid-CPSF6 Interaction Licenses Nuclear HIV-1 Trafficking to
Sites of Viral DNA Integration. Cell Host Microbe 2018, 24, d0i:10.1016/j.chom.2018.08.002.

Schroder, A.R.W.; Shinn, P.; Chen, H.; Berry, C.; Ecker, ].R.; Bushman, F. HIV-1 integration in the human genome
favors active genes and local hotspots. Cell 2002, 110, 521-529, d0i:10.1016/S0092-8674(02)00864-4.

Sowd, G.A.; Serrao, E.; Wang, H.; Wang, W.; Fadel, H.J.; Poeschla, E.M.; Engelman, A.N. A critical role for
alternative polyadenylation factor CPSF6 in targeting HIV-1 integration to transcriptionally active chromatin.
Proc. Natl. Acad. Sci. 2016, 113, E1054-E1063, doi:10.1073/pnas.1524213113.

Li, W.; Singh, P.K.; Sowd, G.A.; Bedwell, G.J.; Jang, S.; Achuthan, V.; Oleru, A. V.; Wong, D.; Fadel, H].; Lee, K,;
et al. CPSF6-dependent targeting of speckle-associated domains distinguishes primate from nonprimate lentiviral
integration. MBio 2020, 11, 1-20, doi:10.1128/mBio.02254-20.

Dettwiler, S.; Aringhieri, C.; Cardinale, S.; Keller, W.; Barabino, S.M.L. Distinct sequence motifs within the 68-kDa
subunit of cleavage factor Im mediate RNA binding, protein-protein interactions, and subcellular localization. J.
Biol. Chem. 2004, 279, doi:10.1074/jbc.M403927200.

Lee, K.; Mulky, A.; Yuen, W.; Martin, T.D.; Meyerson, N.R.; Choi, L.; Yu, H.; Sawyer, S.L.; KewalRamani, V.N.
HIV-1 Capsid-Targeting Domain of Cleavage and Polyadenylation Specificity Factor 6. J. Virol. 2012, 86,
doi:10.1128/jvi.06607-11.

Price, A.J.; Fletcher, A.].; Schaller, T.; Elliott, T.; Lee, K.E.; KewalRamani, V.N.; Chin, J.W.; Towers, G.J.; James, L.C.
CPSF6 Defines a Conserved Capsid Interface that Modulates HIV-1 Replication. PLoS Pathog. 2012, §,
doi:10.1371/journal.ppat.1002896.

Chen, Y.; Zhang, Y.; Wang, Y.; Zhang, L.; Brinkman, E.K.; Adam, S.A.; Goldman, R.; Van Steensel, B.; Ma, J.;
Belmont, A.S. Mapping 3D genome organization relative to nuclear compartments using TSA-Seq as a cytological
ruler. J. Cell Biol. 2018, 217, 4025-4048, d0i:10.1083/jcb.201807108.

Chen, Y.; Belmont, A.S. Genome organization around nuclear speckles. Curr. Opin. Genet. Dev. 2019, 55, 91-99,
doi:10.1016/j.gde.2019.06.008.

Briand, N.; Collas, P. Lamina-associated domains: Peripheral matters and internal affairs. Genome Biol. 2020, 21,
1-25.

Frauwirth, K.A.; Thompson, C.B. Regulation of T Lymphocyte Metabolism. |. Immunol. 2004, 172, 46614665,
doi:10.4049/jimmunol.172.8.4661.

van der Windt, G.J.W.; Pearce, E.L. Metabolic switching and fuel choice during T-cell differentiation and memory
development. Immunol. Rev. 2012, 249, 27-42, d0i:10.1111/j.1600-065X.2012.01150.x.

Fujioka, T.; Kashiwada, Y.; Kilkuskie, R.E.; Cosentino, L.M.; Bailas, L.M.; Jiang, ].B.; Janzen, W.P.; Chen, LS.; Lee,
K.H. Anti-aids agents, 11. betulinic acid and platanic acid as anti-HIV principles from syzigium claviflorum, and
the anti-HIV activity of structurally related triterpenoids. J. Nat. Prod. 1994, 57, d0i:10.1021/np50104a008.

Li, F.; Goila-Gaur, R.; Salzwedel, K,; Kilgore, N.R.; Reddick, M.; Matallana, C.; Castillo, A.; Zoumplis, D.; Martin,
D.E.; Orenstein, ].M.; et al. PA-457: A potent HIV inhibitor that disrupts core condensation by targeting a late step
in Gag processing. Proc. Natl. Acad. Sci. U. S. A. 2003, 100, doi:10.1073/pnas.2234683100.



Viruses 2021, 13, 1161 23 of 24

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

Zhou, J.; Chen, C.H.; Aiken, C. The sequence of the CA-SP1 junction accounts for the differential sensitivity of
HIV-1 and SIV to the small molecule maturation inhibitor 3-O-\{3’, 3'-dimethylsuccinyl\}-betulinic acid.
Retrovirology 2004, 1, doi:10.1186/1742-4690-1-15.

Urano, E.; Ablan, 5.D.; Mandt, R.; Pauly, G.T.; Sigano, D.M.; Schneider, J.P.; Martin, D.E.; Nitz, T.J.; Wild, C.T,;
Freed, E.O. Alkyl amine bevirimat derivatives are potent and broadly active HIV-1 maturation inhibitors.
Antimicrob. Agents Chemother. 2016, 60, doi:10.1128/AAC.02121-15.

Schur, F.K.M.; Obr, M.; Hagen, W.].H.; Wan, W.; Jakobi, A.].; Kirkpatrick, ].M.; Sachse, C.; Krausslich, H.G.; Briggs,
J.A.G. An atomic model of HIV-1 capsid-SP1 reveals structures regulating assembly and maturation. Science (80-.
). 2016, 353, d0i:10.1126/science.aaf9620.

Wagner, ].M.; Zadrozny, K K.; Chrustowicz, J.; Purdy, M.D.; Yeager, M.; Ganser-Pornillos, B.K.; Pornillos, O.
Crystal structure of an HIV assembly and maturation switch. Elife 2016, 5, doi:10.7554/eLife.17063.

Purdy, M.D.; Shi, D.; Chrustowicz, ].; Hattne, J.; Gonen, T.; Yeager, M. MicroED structures of HIV-1 Gag CTD-SP1
reveal binding interactions with the maturation inhibitor bevirimat. Proc. Natl. Acad. Sci. U. S. A. 2018, 115,
doi:10.1073/pnas.1806806115.

Zhou, J.; Huang, L.; Hachey, D.L.; Chen, C.H.; Aiken, C. Inhibition of HIV-1 maturation via drug association with
the viral Gag protein in immature HIV-1 particles. J. Biol. Chem. 2005, 280, doi:10.1074/jbc.M508951200.
Adamson, C.S.; Waki, K.; Ablan, S.D.; Salzwedel, K.; Freed, E.O. Impact of Human Immunodeficiency Virus Type
1 Resistance to Protease Inhibitors on Evolution of Resistance to the Maturation Inhibitor Bevirimat (PA-457). J.
Virol. 2009, 83, doi:10.1128/jvi.02659-08.

Tang, C.; Loeliger, E.; Kinde, I.; Kyere, S.; Mayo, K.; Barklis, E.; Sun, Y.; Huang, M.; Summers, M.F. Antiviral
Inhibition of the HIV-1 capsid protein. J. Mol. Biol. 2003, 327, doi:10.1016/50022-2836(03)00289-4.

Kelly, B.N.; Kyere, S.; Kinde, I.; Tang, C.; Howard, B.R.; Robinson, H.; Sundquist, W.I.; Summers, M.F.; Hill, C.P.
Structure of the Antiviral Assembly Inhibitor CAP-1 Complex with the HIV-1 CA Protein. J. Mol. Biol. 2007, 373,
doi:10.1016/j.jmb.2007.07.070.

Pornillos, O.; Ganser-Pornillos, B.K; Kelly, B.N.; Hua, Y.; Whitby, F.G.; Stout, C.D.; Sundquist, W.L; Hill, C.P.;
Yeager, M. X-Ray Structures of the Hexameric Building Block of the HIV Capsid. Cell 2009, 137,
doi:10.1016/j.cell.2009.04.063.

Sticht, J.; Humbert, M.; Findlow, S.; Bodern, J.; Miiller, B.; Dietrich, U.; Werner, J.; Krdusslich, H.G. A peptide
inhibitor of HIV-1 assembly in vitro. Nat. Struct. Mol. Biol. 2005, 12, doi:10.1038/nsmb964.

Bhattacharya, S.; Zhang, H.; Debnath, A.K.; Cowburn, D. Solution structure of a hydrocarbon stapled peptide
inhibitor in complex with monomeric C-terminal domain of HIV-1 capsid. J. Biol. Chem. 2008, 283, 16274-16278,
doi:10.1074/jbc.C800048200.

Zhang, H.; Zhao, Q.; Bhattacharya, S.; Waheed, A.A.; Tong, X.; Hong, A.; Heck, S.; Curreli, F.; Goger, M.; Cowburn,
D.; et al. A Cell-penetrating Helical Peptide as a Potential HIV-1 Inhibitor. J. Mol. Biol. 2008, 378, 565-580,
doi:10.1016/j.jmb.2008.02.066.

Ternois, F.; Sticht, ].; Duquerroy, S.; Krausslich, H.G.; Rey, F.A. The HIV-1 capsid protein C-terminal domain in
complex with a virus assembly inhibitor. Nat. Struct. Mol. Biol. 2005, 12, doi:10.1038/nsmb967.

Saito, A.; Ferhadian, D.; Sowd, G.A.; Serrao, E.; Shi, J.; Halambage, U.D.; Teng, S.; Soto, J.; Siddiqui, M.A,;
Engelman, A.N; et al. Roles of Capsid-Interacting Host Factors in Multimodal Inhibition of HIV-1 by PF74. ]. Virol.
2016, 90, 5808-5823, d0i:10.1128/jvi.03116-15.

Shi, J.; Zhou, J.; Shah, V.B.; Aiken, C.; Whitby, K. Small-Molecule Inhibition of Human Immunodeficiency Virus
Type 1 Infection by Virus Capsid Destabilization. . Virol. 2011, 85, doi:10.1128/jvi.01406-10.

Bhattacharya, A.; Alam, S.L.; Fricke, T.; Zadrozny, K.; Sedzicki, J.; Taylor, A.B.; Demeler, B.; Pornillos, O.; Ganser-
Pornillos, B.K.; Diaz-Griffero, F.; et al. Structural basis of HIV-1 capsid recognition by PF74 and CPSF6. Proc. Natl.
Acad. Sci. U. S. A. 2014, 111, 18625-18630, d0i:10.1073/pnas.1419945112.

Fader, L.D.; Bethell, R.; Bonneau, P.; Bos, M.; Bousquet, Y.; Cordingley, M.G.; Coulombe, R.; Deroy, P.; Faucher,
A.M.; Gagnon, A; et al. Discovery of a 1,5-dihydrobenzo[b][1,4]diazepine-2,4-dione series of inhibitors of HIV-1
capsid assembly. Bioorganic Med. Chem. Lett. 2011, 21, doi:10.1016/j.bmcl.2010.10.131.

Lemke, C.T.; Titolo, S.; von Schwedler, U.; Goudreau, N.; Mercier, J.-F.; Wardrop, E.; Faucher, A.-M.; Coulombe,
R.; Banik, S.S.R.; Fader, L.; et al. Distinct Effects of Two HIV-1 Capsid Assembly Inhibitor Families That Bind the
Same Site within the N-Terminal Domain of the Viral CA Protein. J. Virol. 2012, 86, doi:10.1128/jvi.00493-12.
Wang, W.; Zhou, J.; Halambage, U.D.; Jurado, K.A.; Jamin, A. V; Wang, Y.; Engelman, A.N.; Aiken, C. Inhibition
of HIV-1 Maturation via Small-Molecule Targeting of the Amino-Terminal Domain in the Viral Capsid Protein. J.
Virol. 2017, 91, d0i:10.1128/jvi.02155-16.



Viruses 2021, 13, 1161 24 of 24

179.

180.

181.

182.

183.

184.

185.

186.

187.

Goudreau, N.; Lemke, C.T.; Faucher, A.M.; Grand-Maiitre, C.; Goulet, S.; Lacoste, J.E.; Rancourt, J.; Malenfant, E.;
Mercier, J.F.; Titolo, S.; et al. Novel inhibitor binding site discovery on HIV-1 capsid N-terminal domain by NMR
and X-ray crystallography. ACS Chem. Biol. 2013, 8, doi:10.1021/cb400075f.

Lemke, C.T.; Titolo, S.; Goudreau, N.; Faucher, A.M.; Mason, S.W.; Bonneau, P. A novel inhibitor-binding site on
the HIV-1 capsid N-terminal domain leads to improved crystallization via compound-mediated dimerization.
Acta Crystallogr. Sect. D Biol. Crystallogr. 2013, 69, doi:10.1107/S0907444913006409.

Lamorte, L.; Titolo, S.; Lemke, C.T.; Goudreau, N.; Mercier, J.F.; Wardrop, E.; Shah, V.B.; Von Schwedler, UK,
Langelier, C.; Banik, S.S.R.. et al Discovery of novel small-molecule HIV-1 replication inhibitors that stabilize
capsid complexes. Antimicrob. Agents Chemother. 2013, 57, doi:10.1128/A AC.00985-13.

Fricke, T.; Buffone, C.; Opp, S.; Valle-Casuso, ].; Diaz-Griffero, F. BI-2 destabilizes HIV-1 cores during infection
and Prevents Binding of CPSF6 to the HIV-1 Capsid. Retrovirology 2014, 11, doi:10.1186/s12977-014-0120-x.
Kortagere, S.; Madani, N.; Mankowski, M.K.; Schon, A.; Zentner, I.; Swaminathan, G.; Princiotto, A.; Anthony, K,;
Oza, A,; Sierra, L.-].; et al. Inhibiting Early-Stage Events in HIV-1 Replication by Small-Molecule Targeting of the
HIV-1 Capsid. |. Virol. 2012, 86, d0i:10.1128/jvi.05006-11.

Kortagere, S.; Xu, J.P.; Mankowski, M.K.,; Ptak, R.G.; Cocklin, S. Structure-activity relationships of a novel capsid
targeted inhibitor of HIV-1 replication. J. Chem. Inf. Model. 2014, 54, doi:10.1021/ci500437r.

Thenin-Houssier, S.; Vera, LM.S. De; Pedro-Rosa, L.; Brady, A.; Richard, A.; Konnick, B.; Opp, S.; Buffone, C,;
Fuhrmann, J.; Kota, S.; et al. Ebselen, a small-molecule capsid inhibitor of HIV-1 replication. Antimicrob. Agents
Chemother. 2016, 60, doi:10.1128/AAC.02574-15.

Zhou, J.; Price, A.J.; Halambage, U.D.; James, L.C.; Aiken, C. HIV-1 Resistance to the Capsid-Targeting Inhibitor
PF74 Results in Altered Dependence on Host Factors Required for Virus Nuclear Entry. J. Virol. 2015, 89, 9068
9079, doi:10.1128/jvi.00340-15.

Bester, S.M.; Wei, G.; Zhao, H.; Adu-Ampratwum, D.; Igbal, N.; Courouble, V. V.; Francis, A.C.; Annamalai, A.S.;
Singh, P.K,; Shkriabai, N.; et al. Structural and mechanistic bases for a potent HIV-1 capsid inhibitor. Science 2020,
370, 360-364, doi:10.1126/science.abb4808.



