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HIV capsids: orchestrators of innate immune evasion,
pathogenesis and pandemicity
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Abstract

Human immunodeficiency virus (HIV) is an exemplar virus, still the most studied and best understood and a model for mecha-
nisms of viral replication, immune evasion and pathogenesis. In this review, we consider the earliest stages of HIV infection
from transport of the virion contents through the cytoplasm to integration of the viral genome into host chromatin. We present
a holistic model for the virus—host interaction during this pivotal stage of infection. Central to this process is the HIV capsid. The
last 10 years have seen a transformation in the way we understand HIV capsid structure and function. We review key discover-
ies and present our latest thoughts on the capsid as a dynamic regulator of innate immune evasion and chromatin targeting.
We also consider the accessory proteins Vpr and Vpx because they are incorporated into particles where they collaborate with
capsids to manipulate defensive cellular responses to infection. We argue that effective regulation of capsid uncoating and
evasion of innate immunity define pandemic potential and viral pathogenesis, and we review how comparison of different HIV
lineages can reveal what makes pandemic lentiviruses special.

INTRODUCTION: THE HIV CAPSID - THE METASTABILITY ISSUE

Like other enveloped viruses, human immunodeficiency virus (HIV) enters cells by fusing target cell and viral membranes
through interactions between the viral envelope protein (gp160) and cellular receptors (CD4 and CXCR4 or CCR5). In vivo, HIV
productively infects T-cells with some HIV also infecting macrophages. Fusion delivers the viral capsid and associated proteins
into the hostile environment of the cytoplasm. Hostility derives from the intracellular, also called the intrinsic, innate immune
system, which is the ability of cells to detect and then react to infection, making an antiviral response that can stop a virus dead
in its tracks. A simple model for innate immunity is presented in Fig. 1.

For HIV, the general idea is that the conical capsid is a molecular machine, built of viral CA protein, that has evolved to
regulate infection whilst avoiding the activation of innate immune sensors and the ensuing antiviral responses. Capsids
contain, protect and regulate the synthesis of viral DNA by reverse transcription (RT) (Fig. 2). During this process, capsids
travel across the cytoplasm, likely regulated by interaction with microtubules, through nuclear pore complexes (NPCs) to
active chromatin where they disassemble, referred to as uncoating, and integrate viral DNA into chromatin. The challenge
for viral capsids is to evolve a mechanism of highly regulated metastability. The capsid must be stable up until the point
where it should uncoat and then it should become unstable at exactly the right time and in the right place. Early uncoating
leads to viral genome degradation, integration into genomic regions less compatible with replication or, worse, activation
of innate immune sensing, if a prematurely released genome is detected by DNA sensors such as the cyclic GMP-AMP
synthase (cGAS). We hypothesize that the HIV capsid regulates metastability through interaction with host cofactors. There
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Fig. 1. A simple model of innate immune sensing. In a simple model, pathogen-associated molecular patterns (PAMPs) including nucleic acids,
lipoproteins and glycoconjugates, for example, lipopolysaccharides (LPS), are recognized by pattern recognition receptors (PRRs) including Toll-like
receptors (TLRs), RIG-I-like receptors (RLRs) and cytoplasmic DNA receptors (CDRs) [210, 211]. TLRs are membrane bound and typically recognize
PAMPs on the cell surface or within endosomes. RLRs such as RIG-I and MDA5 sense RNA. CDRs such as the cyclic GMP-AMP synthase (cGAS)
detect DNA. Upon activation, PRRs converge on activating downstream kinases including TBK1 and IKKg, resulting in the phosphorylation of a variety
of transcription factors, particularly IFN regulatory factors (IRFs) and nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB). These
translocate to the nucleus and initiate transcription of around 500 defensive genes including type | IFN (IFN-1) and inflammatory cytokines, which
regulate adaptive immune responses [212, 213]. IFNs are secreted from the infected cell to act in a paracrine or autocrine manner by binding to IFN
receptors and activating the JAK/STAT pathway, which leads to the expression of IFN-stimulated genes (ISGs). ISG expression establishes an antiviral
state in the tissue microenvironment, in which the infection-resistant cells can suppress the spread of the virus [214]. Of course, viruses have evolved
to subvert these defensive processes including evasion mechanisms (hiding PAMPs) and direct antagonism of IFN signalling and ISG activities. But
we argue that nonetheless, all viruses will trigger IFN to some degree and all viruses are sensitive to IFN to some degree. Importantly, if these
inflammatory responses do not suppress infection, they drive disease. Thus, we argue that the frequency of successful transmission and all aspects
of viral pathogenesis relate back to this interaction with defensive processes in the infected cells. Importantly, recent evidence suggests sensing of
disturbed cell biology during infection, for example, expression of endogenous PAMPs during influenza infection, or after LPS exposure [215, 216], or
intronic sequences appearing in the cytoplasm in cancer [217]. Thus, the distinction between self and non-self becomes blurred as mechanisms of
sensing are uncovered and PAMPs associated with nucleic acid sensing may be derived from self.

are currently four well-defined capsid sites that interact with host proteins (Fig. 3, Box 1). We propose that through these
interactions, HIV reacts to its location, allowing uncoating at precisely the right time and in the right place, to maximize
infection potential and avoid innate immune activation. Importantly, host cofactors are not the only proteins that recruit
to incoming HIV capsids. Capsids are also targeted by defensive host proteins called restriction factors as reviewed in [1].
Once uncoating is triggered, the viral genome is rapidly integrated into the host chromatin to form the provirus, catalysed
by the viral integrase. HIV favours integration into transcriptionally active regions near the nuclear periphery guided by
host cofactors LEDGF/p75 and cleavage and polyadenylation specificity factor 6 (CPSF6) [2-6]. The proviral 5" HIV LTR
acts as a promoter driving viral gene transcription by host RNA polymerase II [7]. Notably, the recruitment of epigenetic
regulators including histone deacetylases and methyltransferases leads to transcriptional silencing of a subset of proviruses,
leading to a latent infected state. Latently infected T-cells are important because they are resistant to antivirals and immune
clearance because they do not make viral proteins. But if antiviral treatment is stopped, they gradually reseed the infection
as they get activated by natural processes to express the virus thereby preventing cure [8, 9]. Discovery of antagonistic
interactions between host epigenetic regulator complexes such as human silencing hub (HUSH) and lentiviral accessory
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Fig. 2. Early events in the HIV life cycle. Upon fusion with the plasma membrane, the viral capsid is released into the cell. It then travels across
the cytoplasm to the nuclear pore and into the nucleus. RT, which generates viral DNA from the RNA genome, occurs within the capsid during
this journey. The capsid maintains reverse transcriptase enzyme and RNA template in close proximity to drive RT. Once in the nucleus, likely in
contact with chromatin, capsid uncoating occurs, releasing nascent viral DNA for integration. Encapsidated DNA synthesis protects viral nucleic acids
from detection by cytosolic nucleic acid sensors including cGAS and degradation by nucleases including TREX1. Throughout its journey within the
cell, capsid interacts with host cofactors including microtubule and NPC components, which regulate trafficking and capsid stability to ensure that
uncoating occurs at the appropriate time and place. Disturbing cofactor interactions can lead to premature uncoating, DNA sensing and an innate
immune response. Created using BioRender.

proteins Vpx and Vpr suggests complex regulation of viral gene expression by virus and host relevant to latency mechanisms
and therapeutic cures [10-12], discussed later in this review.

We argue that the capacity of an incoming virus to evade innate sensing determines the transmission frequency, pathogenesis
and pandemic potential. That is, the contents and behaviour of the virus particles entering target cells at transmission dictate
everything that follows. We therefore discuss the role of capsid and accessory proteins Vpr/Vpx, the two components of the virion
that have explicitly evolved to evade and antagonize innate immunity to promote transmission.

CAPSIDS REMAIN INTACT IN THE CYTOPLASM TO PROTECT VIRAL DNA FROM INNATE IMMUNE
DETECTION

Early work suggested that HIV capsids break apart soon after cell entry to facilitate infection [13]. These conclusions are probably
explained in part by the loss of capsid integrity due to the loss of IP6 during purification. After the discovery of the role of IP6 in stabi-
lizing capsids, intact capsid purification with high IP6 concentrations is relatively tractable. We proposed that rather than uncoating in
the cytoplasm, capsids remain intact to protect the process of viral DNA synthesis from the hostile cytoplasmic environment [4, 14, 15].
If HIV capsids uncoat in the cytoplasm, released viral DNA is expected to activate DNA sensor cGAS. cGAS activation leads to the
production of a second messenger cGAMP, which is detected by stimulator of IFN gene (STING), triggering IFN-I production and
an antiviral response [16-19]. cGAS can be activated by HIV-1, the most common type of HIV, which has been mutated in the Gag
cleavage sites to form defective viral capsids, or by inhibitors that break capsids apart. For example, disrupting capsid formation with
protease inhibitors, gag cleavage mutations (L3631 M3671), or capsid destabilizing inhibitors PF74 or lenacapavir (LEN), leads to
premature release of viral DNA, cGAS activation and an IFN response [20-23]. Similarly, gag mutations, which prevent packaging of
IP6 (K158A), result in defective capsids, again causing cGAS-dependent innate immune sensing [24].

A ROLE FOR THREE PRIME REPAIR EXONUCLEASE 1

Despite being part of the innate immune system, the three prime repair exonuclease 1 (TREX1) plays a counterintuitive role as
a cofactor, at least for the WT pandemic HIV-1(M) lineage virus [25]. Differences with non-pandemic HIVs are discussed later.
TREX1 degrades HIV DNA that escapes from capsids that uncoat spontaneously or are uncoated by poorly understood defensive
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2 FG binding pocket Hydrophobic pocket at NTD-CTD interface Sec24C, Nup153,
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Fig. 3. HIV capsid structure and cofactor binding sites. (a) The HIV-1 capsid is formed of around 250 hexamers (grey) and exactly 12 pentamers (yellow)
of CA protein, which pack together to form a cone-shaped structure that encases the viral genome and safeguards RT in the cytoplasm and nucleus.
Monomeric CA protein is formed of two, predominantly alpha-helical domains, an N-terminal domain (NTD) (orange) and a C-terminal domain (CTD)
(purple), which are connected by a flexible hinge. The NTDs arrange in a ring at the centre of CA pentamers/hexamers, encircled by an outer ring of the
CTDs [255]. Larger lattices assemble through dimeric and trimeric interactions between CTDs of adjacent hexamers and pentamers, with pentamers
concentrated at each end of the cone to facilitate curvature. There are four well-established cofactor binding sites on capsid: the cyclophilin A (CypA)-
binding loop (red), the FG-binding pocket (green), the electrostatic pore (blue) and the threefold symmetry axis (teal). Cone structure is rendered using
cellPACK [256]. (b) A single CypA molecule (red) can simultaneously interact with multiple CA monomers, forming both canonical (purple) and non-
canonical (cyan and green) interactions [30]. PDB (6Y9W) DOI: https://doi.org/10.2210/pdbbY9W/pdb. Made using PyMOL.

processes within the cell [25]. TREX1 depletion therefore causes innate immune activation in HIV-1(M)-infected cells via cGAS
sensing of accumulated escaped viral DNA [23]. The 3’ processing of full-length reverse-transcribed viral DNA by integrase,
which is essential for integration, renders the genome resistant to the 3’ exonuclease activity of TREX-1 [26]. Thus, it seems that
the virus has evolved to use TREX1 to degrade DNA released from early uncoating capsids, whereas integrase-processed DNA
from timely nuclear uncoating escapes TREX1 activity [27]. TREX1 therefore enhances infection by limiting innate immune
activation by cGAS. We assume a threshold in which WT HIV-1(M) capsids do not release enough DNA to overwhelm TREX1
but where capsid is mutated, or PF74 inhibited, enough DNA is released to overcome TREX1 and activate cGAS. As with all
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Box 1: There are four characteriszed cofactor binding sites on HIV capsids

There are two types of HIV, both derived from multiple zoonoses: HIV-1 comes from chimpanzees and gorillas and HIV-2
is derived from sooty mangabeys. The vast majority of studies focus on HIV-1. The HIV-1 capsid is conical and built of
around 250 hexamers and exactly 12 pentamers of the CA protein. There are five pentamers at the wide end and seven at
the sharp end. Pentamers provide the required curvature for fully sealed capsid structures (Fig. 3a). We propose that this
rather complex fullerene geometry could allow maximal diversity of CA-CA interactions, providing complex curvatures
and geometries, which allow the most precise regulation of capsid metastability by host cofactor binding. This fullerene
shape may also be important for capsid import through NPCs by driving directionality.

Although each cofactor binding site can recruit different cofactors, because capsids are built from many hexamers, there
is plenty of room for all the cofactors to be recruited to the same viral capsid. Cofactor stoichiometry is poorly under-
stood but one possibility is that sequential recruitment of cofactors gradually destabilizes the capsid with either genome
synthesis or a final cofactor interaction or both, driving uncoating at precisely the right time and place. Another possi-
bility is a handover model with sequential cofactors replacing each other as the infection progresses. We expect that by
studying the impact of cofactor binding at different capsid curvatures, we will be able to explain how cofactors achieve
the necessary uncoating precision.

The cyclophilin-binding loop

The peptidyl-prolyl isomerase cyclophilin A (CypA) mediates complex effects on viral capsid behaviour. CypA recruitment
regulates capsid stability [30, 218], restriction factor sensitivity [28, 219] and the impact of downstream cofactor binding,
we hypothesize, by regulating dynamic allostery [114, 122, 132]. CypA targets a flexible loop on the HIV-1 CA N-terminal
domain (NTD) surface, with CA residues G89 and P90 burying in the CypA active site [220-224]. Hexamer and lattice curva-
ture vary across the surface of the viral capsid, and CypA appears to sense specific curvatures and geometries by binding
in different modes as curvature varies [30, 123, 225]. Cryo electron microscopy (cryoEM) structures of CA tubes have
shown that CypA molecules contact three CA monomers in the lattice, one at the canonical CypA-binding loop and two at
non-canonical sites across the dimer and trimer interfaces between hexamers, providing a mechanism for viral capsid
stabilization (Fig. 3b) [30]. In addition, atomic force microscopy (AFM) on CA assemblies showed that CypA increases
capsid ‘stiffness’, meaning greater force is needed to deform the CA structure, indicating that CypA strengthens interac-
tions between CA monomers in the lattice [225]. Consistent with this, CypA delays the uncoating of isolated capsid cores in
vitro [90, 226]. In humans, CypA protects the pandemic HIV-1 group M capsid from restriction by TRIM5a [28], as discussed
later. In a simple model, CypA simply gets in the way of TRIM5a binding (Fig. 2). However, rhesus macaque TRIM5a targets
HIV more effectively in the presence of CypA, suggesting a more complex model [32, 227].

The HIV-1 CA CypA-binding loop is also bound by the C-terminal cyclophilin homology domain of nucleoporin 358 (Nup358)
in the outer nuclear pore. This may be important for orienting the cone-shaped capsid to go into the NPC sharp end
first, as is observed in cryoEM studies [61] (Fig. 2). Certainly, Nup358-CA interactions are important for efficient nuclear
transport and integration site targeting [4, 228, 229] and may be important for viral capsid trafficking in the cytoplasm
[56]. Both CypA and Nup358 catalyse CA P90 cis/trans peptide isomerization, but the importance of this for HIV infection
remains unclear because isomerization cannot be separated from CypA binding [4, 228, 229].

The FG-binding pocket

The NPC forms a selective permeability barrier comprising phenylalanine-glycine (FG) motif repeats contributed by
FG-bearing nucleoporins (nups). Viral capsids form low-affinity interactions with the FG nups via a hydrophobic FG-binding
pocket at the CA NTD-C-terminal domain (CTD) interface between two monomers in the same hexamer, with N57 being
essential for binding [82, 83]. This facilitates the phase separation of viral capsids into the permeability barrier, mediating
karyopherin-independent import into the nucleus [82, 83]. The FG-binding site also recruits cytoplasmic and nuclear
FG-bearing cofactors to regulate infection, with these cofactors acting as waypoints to guide capsid to chromatin. In the
cytoplasm, the CA FG-binding site is bound by Sec24C, at the inner nuclear pore by nucleoporin 153 (Nup153), followed
by nuclear S/R family protein, CPSF6 in the nucleus [14, 80, 84, 93, 97, 98, 141, 230] (Fig. 2). In addition to unique interac-
tions from each cofactor, the phenylalanines conserved in Sec24C, Nup153 and CPSFé all orient the main chain to form
hydrogen bonds with CA N57 [93, 141]. Notably, N57 mutations are the only CA mutations that impact nuclear transport
in cell lines, evidenced by reduced infection, particularly in cell-cycle arrested cells [82, 84, 85]. In Sec24C, Nup153 and
CPSFé6, the FG region is flanked by prion-like, disordered low complexity regions (LCRs), which are important for high
affinity binding to CA tubes [231]. There is evidence that LCR-LCR interactions facilitate CPSFé assembly in a zigzag
arrangement on capsid lattice, templated by interactions with the FG site [231]. Recent cryoEM structures of peptides

Continued
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derived from Sec24C, Nup153 and CPSFé in complex with HIV-1 capsids show that, like CypA, FG cofactors bind specific
locations on the curved lattice surface, with Nup153 preferring more curved regions [232]. The FG cofactors do not seem
to be able to bind CA pentamers due to steric clashes with the somewhat different pentamer pocket [110, 232]. The deple-
tion of Sec24C reduced capsid stability in cells, and a GST-Sec24C ,, .., fragment bearing the FG-motif stabilized isolated
capsids and assembled CA tubes in biochemical assays, suggesting that, like CypA, Sec24C also contributes to capsid
core stability [141]. In addition, Sec24C depletion reduced infectivity, particularly in non-dividing cells, suggesting a role
in viral capsid transport into the nucleus [141]. The nuclear FG cofactor CPSFé has an intriguing but poorly understood
role. It appears to pull capsids through nuclear pores by competing with FG nups for the FG-binding site from the nuclear
side of the NPC [91]. Strikingly, CPSFé is disordered and in the presence of capsid forms phase-separated puncta, which
colocalize with nuclear speckles [62, 63,99, 100, 107, 233, 234]. CPSFé6 recruitment seems to take capsids into the phase-
separated speckles and target integration into speckle-associated chromatin domains (SPADs) [88, 99, 100, 107, 140].
Disturbing CPSFé6 interactions retargets HIV integration [4, 5] and tends to cause the virus to activate innate immune
sensing [14]. Thus, recruitment into CPSFé phase-separated speckles both targets integration and contributes to innate
immune evasion. CPSFé's ability to form biomolecular condensates has been attributed to its intrinsically disordered,
C-terminal arginine-rich mixed charge domains as well as its central prion-like LCRs [101, 235, 236].

The FG-binding site is also the target of the Pfizer experimental capsid inhibitor PF74 and the Gilead first-in-class ultra-
potent capsid targeting drug lenacapavir (LEN), which contain phenyl (PF74) and difluorobenzyl (LEN) moieties that super-
impose with the FG motif in the crystal structures of the host cofactors [93, 97, 98, 116, 237, 238]. Both of these inhibitors
compete with FG cofactors for binding to HIV-1 capsids and cause premature capsid uncoating, leading to the inhibition of
RT [90, 91, 93,97, 116, 117, 238]. They also both inhibit HIV-1 particle production [116, 237].

The electrostatic capsid pore

HIV DNA synthesis takes place inside the capsid, with encapsidated RT fuelled by the import of nucleotides through a
dynamic pore at the centre of each CA hexamer and pentamer [144] (Fig. 3a). This pore contains six positively charged
arginine residues (CA R18), which recruit the negatively charged nucleotides. However, the R18 ring experiences destabi-
lizing electrostatic repulsion due to the concentrated positive charge, and this is greater in pentamers than in hexamers
[239]. Crucially, the negatively charged cellular metabolite IP6 is recruited to capsid pores, neutralizing R18 monomer—
monomer repulsion to stabilize CA hexamers, pentamers and capsids in general [240, 241]. Indeed, it has been suggested
that IP6 binds more tightly to pentamers than hexamers [123]. The discovery that IP6 stabilizes pentamers explains how
it facilitates in vitro capsid cone assembly because IP6 driving cone formation is consistent with it favouring pentamer
formation and thus cone closure. Flexibility at the trimeric hexamer interfaces and conformational switches within CA
monomers also contribute to pentamer incorporation and lattice curvature [232]. Specifically, a TVGG motif in CA's NTD
adopts pentamer- and hexamer-specific folds, and IP6 may allosterically trigger a conformational switch to promote
pentamer formation [110, 232]. IPé is recruited into capsids via binding to CA K158 and K227 during assembly of the
immature CA lattice. On Gag cleavage and cone formation, IP6 is recruited to R18 and K25 in the hexamers and pentamers
[110, 112, 123, 240-244]. Importantly, not all CA protein within the immature virion is used to form mature viral capsids,
ensuring an excess of both CA protein and IP6 to drive mature cone assembly. The ability to form authentic conical HIV-1
capsids using IP6 has transformed biochemical and structural studies of HIV capsids [92, 110, 123, 240, 244]. In previous
work, hexamers were typically cross-linked by cysteine mutations A14C and E45C to stabilize them. However, cross-linked
hexamers are flattened, and even uncross-linked hexamer tubes lack the physiologically relevant curvature found in
cone-shaped HIV-1 capsids. In addition, E45C mutations interfere with critical hexamer—hexamer interactions [245], and
viruses with CA A14C and E45C are non-infectious [234], making them a poor model for studying CA structure-function
relationships.

The R18 capsid pore inevitably binds negatively charged peptides due to its highly positively charged nature. For example,
kinesin-1 adaptor protein, FEZ1, has been suggested to bind the pore via negatively charged poly-glutamate motifs and
promote capsid trafficking along microtubules [52, 53] (Fig. 2). Polyglutamine-binding protein 1 (PQBP1) has also been
described to bind the R18 ring via negatively charged residues at its N-terminus [246, 247]. This has been described as
allowing cGAS to sense the genome, but the details of how PQBP1 recruitment links to genome exposure and cGAS activa-
tion are not yet clear [247, 248].

The three-fold symmetry axis

Most recently, a fourth capsid cofactor binding site has been defined. In addition to its interactions with the FG-binding
pocket, biochemical studies suggest that Nup153’'s C-terminal RRR motif can form electrostatic interactions with glutamic
acid residues (E75,E212 and E213) at CA's C-terminus in a pocket at the threefold symmetry axis at the interface between

Continued
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three CA hexamers [249]. Similar biochemical studies have suggested that restriction factor MxB also binds the tri-
hexamer interface via the triple arginine (RRR) motif at its disordered N-terminus [250]. This MxB motif is essential for
the inhibition of HIV-1 infection [2571] and nuclear transport [219, 252-254].

sensing events, activation is dose-dependent and we propose that WT HIV-1(M) infection does not typically activate cGAS
unless high infection doses are used [16].

EVIDENCE FOR COFACTOR REGULATION OF CAPSID INTEGRITY

We argue that a key role of capsid-binding host cofactors is regulating capsid integrity to avoid cGAS activation and/or genome
degradation. Capsid mutations, which prevent interactions with CPSF6 (N74D) or CypA/Nup358 (P90A), shRNA depletion of
CPSF6 or pharmacological inhibition of CypA recruitment, all lead to IFN-f production and innate immune recognition of HIV-1,
which prevents replication in primary monocyte-derived macrophages (MDMs) [14, 20]. In this work, IFN induction requires RT,
supporting the notion that viral DNA is sensed, although a role for cGAS is not well evidenced for these cofactor binding mutants
[14] and there is certainly a role for TRIM5a in detecting CypA-binding mutants, as discussed in the following section [28, 29].

TRIM5a AND CypA

How cofactors regulate capsid stability is incompletely understood. In the cytoplasm, CypA coats incoming capsids (Fig. 2), and
in vitro, recombinant CypA delays the uncoating of isolated capsids likely through bridging hexamers, as discussed in Box 1 [30,
26-28]. Recent cryo electron tomography (cryoET) studies suggest that CypA is stripped oft capsids as they enter nuclear pores,
suggesting that CypA function is strictly cytoplasmic [31]. CypA protects capsids from TRIMS5a [28, 29], a central HIV restriction
factor that inhibits retroviral replication in a species-specific way [32-36]. Target specificity is determined by the sequence of the
TRIM5a C-terminal PRY/SPRY capsid-binding domain [37-40]. TRIMS5« recognizes the curved capsid lattice, spontaneously
oligomerizing into a hexagonal ‘cage’ over the capsid surface [41-43]. ‘Caging’ activates TRIM5a RING E3 ubiquitin ligase activity.
When auto-monoubiquitinated at its N-terminus TRIM5a is turned over by the proteasome, however, once the hexagonal TRIM5a
cage is formed, triggered by the presence of capsid, the TRIM5a RING domains become activated through dynamic dimerization
at the trimeric interface of the TRIM5a CA-bound cage [44]. TRIM5a auto-polyubiquitinates with complex K63-linked ubiquitin
chains [44], which enhances TRIM5a-mediated activation of antiviral innate immune signalling and simultaneously stimulates
proteasome-dependent destruction of the associated capsid [44-49]. Given that CypA protects against TRIM5a, cell line/type
differences in CypA dependence may reflect TRIM5a levels or innate signalling functionality. Interestingly, phenylalanine-glycine
(FG)-binding site mutation N74D sensitizes HIV-1 to TRIM5a, consistent with allostery between the CypA and FG-binding sites
[50]. This is consistent with our central hypothesis that serial cofactor interactions each impact the consequence of downstream
cofactor interactions through dynamic allostery to provide directionality and precise regulation of uncoating.

CAPSID TRAFFICKING ON MICROTUBULES

There is evidence that HIV capsids traffic along microtubules towards the nucleus, reviewed in [51]. This is likely facilitated by
microtubule-associated motor proteins including kinesin-1 adaptor protein FEZ1 and dynein adaptor protein and activator
BICD2 (Fig. 2). BICD2 binds CA via a C-terminal CC3 cargo-binding domain and FEZ1 binds the CA pore [52-55]. Notably,
the depletion of BICD2 during HIV infection causes IFN-stimulated gene (ISG) induction, consistent with a role in preventing
premature capsid uncoating or protection from TRIM5a [55]. Nup358, which is classically associated with the outer NPC, may
also be associated with microtubules during HIV-1 infection and therefore may contribute to capsid transport to the nuclear pore
[56]. Microtubule association could facilitate the efficient trafficking of intact capsids through the cytoplasm to nuclear pores, as
well as contributing to capsid stability thereby preventing viral genome release and innate immune sensing.

INTACT CAPSIDS ARE TRANSPORTED THROUGH NUCLEAR PORES

The unique capacity of lentiviruses to traverse nuclear pores and thus infect both dividing and non-dividing cells has long been
associated with capsid [57, 58], but for many years, it was thought that intact HIV capsids, which are 60 nm wide, are too large to
fit through the NPC (determined to have a 40 nm diameter in cryoEM structures of isolated nuclear envelopes) [59, 60]. However,
recent cryoEM studies show intact capsids traversing NPCs and within the nucleus. In these studies, capsid uncoating (but not full
disassembly) and genome release can be seen close to integration sites [61-70]. In some studies, NPCs of infected and non-infected
T-cells and macrophages appeared dilated compared to isolated nuclear envelopes, with a diameter sufficient to accommodate
intact capsid [31, 61]. In addition, recent cryoEM and cryoET models of yeast NPCs suggest that NPCs are intrinsically flexible
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[71]. Similarly, human NPC models using artificial intelligence-based structure prediction and X-ray crystallography and single-
particle cryoEM structures also suggest that NPCs are highly dynamic with the ability to dilate and constrict the central NPC
channel [72, 73]. These observations support a model in which NPCs dilate to facilitate the transport of particularly large cargos,
such as HIV capsids. Despite this, recent super-resolution correlative microscopy and cryoET studies supported by computational
simulations suggest that capsid translocation may somehow break NPC rings, visualized through the loss of NPC symmetry in
primary MDMs [31]. The implications of HIV transport-breaking NPCs remain unclear.

How HIV capsids actually cross the NPC has been an important question. The NPC is a highly selective and regulated gateway
into the nucleus, built of multiple copies of around 30 different ‘nups. The central channel is an intrinsically disordered, phase-
separated, mesh-like permeability barrier made of repeating FG domains from FG-bearing nups [74, 75]. Nuclear transport
receptors, such as karyopherins, phase separate into the FG mesh and carry their cargos across the NPC [76]. Early data suggested
that HIV capsids uncoated in the cytoplasm to reveal a pre-integration complex (PIC) comprising integrase, viral genome and
possibly some remaining capsid protein [13]. In this model, PICs must be transported through the nuclear pore by a nuclear
transport receptor. The transporter transportin-3 (TNPO3), originally a yeast-2-hybrid hit as an integrase binder, was described
as a cofactor for HIV-1 infection because its depletion appeared to prevent HIV-1 nuclear transport [77-79]. This was reasonably
interpreted as evidence for a role for TNPO3 in HIV nuclear import [77-79]. However, later elegant work demonstrated that
TNPO3 in fact transports the HIV cofactor CPSF6 into the nucleus. In the absence of TNPO3, cytoplasmic CPSF6 meets HIV
too early, blocking capsid nuclear transport [80, 81].

Recent studies provide further functional details of HIV nuclear transport, showing that HIV capsids traverse the NPC by phase
separating into the FG permeability barrier in much the same way as karyopherins do - via FG recruitment [82, 83]. The HIV
capsid does not need a karyopherin; it is a karyopherin. The CA hydrophobic FG-binding pocket, CA N57 particularly, interacts
with Sec24C, Nup153 and CPSF6, as well as FG-containing nups in the NPC including Nup58, Pom121, Nup214, Nup62, Nup42
and Nup98 (Box 1). Nup98 is key because it contributes the most FGs to the permeability barrier. The fact that N57 is crucial for
NPC FG interactions explains why N57 mutations, but not mutations which prevent interactions with other FG cofactors (e.g.
N74D and A77V), reduce HIV infectivity of non-dividing cells [14, 80, 82, 84-86]. Over 1200 FG-binding sites in an HIV capsid
provide specific, yet relatively weak NPC interactions, facilitating NPC passage [82].

Cofactors such as Nup358, which bind capsid in the cytoplasm and outer nuclear envelope, may help ‘feed’ and orientate capsids
into the nuclear pore via competitive interactions for the CypA loop and FG-binding sites. Nuclear transport may be promoted by
the capsid’s cone shape. It is possible that subtle differences between binding affinities across the lattice could drive directionality
and orientation. Capsids appear to enter the nuclear pore narrow end first, and the number of FG-binding sites increases towards
the broad end; thus, an avidity gradient may be generated to facilitate directionality [87]. Experimentally, CA hexamers and
capsid-like particles can enter condensates formed from recombinant Nup98 protein, and treatment with a CPSF6, . ., peptide
removes them, presumably by competing for CA FG-binding sites, supporting a role for CPSF6 in ‘pulling’ capsids through
nuclear pores [82]. Indeed, CA mutations, which prevent CPSF6 binding (A77V or N74D) or CPSF6 depletion, lead to capsid
accumulation at the nuclear envelope and retargeting of integration to chromatin close to the NPC [5, 62, 67-69, 88, 89].

CPSF6 IN CAPSID UNCOATING

Though it is now broadly accepted that HIV capsid uncoating occurs in the nucleus, close to, if not in association with target
chromatin, the precise molecular uncoating trigger remains unclear. Here, we discuss the current evidence for the regulation of
uncoating and suggest a model in which cofactors collectively regulate capsid stability through dynamic allostery.

Small molecules, which bind capsid at the FG site, including experimental capsid inhibitor PF74 and first-in-class capsid targeting
drug LEN, cause capsid uncoating [90-92]. They flatten the capsid lattice, restricting its flexibility, leading to fracturing [92].
Single-molecule fluorescence experiments have shown that whilst PF74 and LEN accelerate initial capsid rupture, large sections
of hyperstable lattice remain after initial fracturing [90, 91]. Similarly, in the absence of inhibitors, capsids do not appear to
uncoat in a single disassembly event in the nucleus; rather, they lose chunks of lattice [70, 92]. These are hints that natural HIV
uncoating may follow a similar process with authentic uncoating in the nucleus regulated by cofactors. The lattice flattening effect
of PF74 and LEN has been attributed to the fact that they bridge two monomers, which is also a characteristic of FG cofactors
[91, 93]. CPSF6, as the only nuclear FG cofactor is an obvious uncoating regulator candidate. Indeed, CPSF6 peptide promotes
capsid opening by stabilizing the lattice, although with reduced kinetics compared to LEN [91]. Furthermore, CPSF6 lacking a
nuclear localization signal localizes to the cytoplasm and restricts infection, in some experiments, through causing cytoplasmic
uncoating, although inhibition by competing for Sec24C and NPC FG binding also likely has a role [80, 94]. In addition, live cell
microscopy shows that GFP-tagged CPSF6 forms higher order complexes upon HIV-1 infection which colocalize with capsid in
the perinuclear region (as well as the nucleus) and traffic on microtubules, potentially promoting nuclear import [95]. Full-length
MBP-tagged CPSF6 forms oligomers and binds and disrupts tubular capsid assemblies in vitro, also supporting a role for CPSF6 in
capsid uncoating [95]. This work also suggests, supported by a recent preprint, that CypA competitively limits CPSF6 complexes
binding to capsid in the cell periphery, which may prevent CPSF6 prematurely uncoating HIV capsids [95, 96].
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However, capsids which cannot bind CPSF6 still uncoat, but in this case at the nuclear envelope, whilst halfway through NPCs
[62, 67-69, 89]. CPSF6-derived peptide binding does not cause a significant conformational change in CA hexamers that might
explain the uncoating mechanism [97, 98]. The recent evidence for phase-separated, biomolecular condensates containing CPSF6
and capsid, discussed in Box 1, and their apparent importance in infection is intriguing and suggests HIV as an excellent model to
study nuclear phase separation and its biological functions [63, 99-101]. One possibility is that the CPSF6 condensates containing
HIV capsids fuse with similar condensates associated with chromatin to facilitate targeted integration. Thus, recruitment into
CPSF6 phase-separated speckles may both target integration [4, 5] and protect the virus from innate immune sensing [14], with
a possible additional role in uncoating.

DNA SYNTHESIS IN CAPSID UNCOATING

There is mounting evidence that the completion of DNA synthesis inside the capsid also contributes to uncoating [68,70,92,102-106].
Whilst it was initially thought that viral DNA synthesis completes in the cytoplasm, recent work suggests that it can complete
in the nucleus, consistent with the completion of RT driving nuclear uncoating [63, 65, 68, 107]. Nuclear uncoating occurs
roughly 10h after RT initiation and 3 h after RT completion, and importantly, uncoating is delayed by the inhibition of RT with
nevirapine [68, 102, 103, 108]. Uncoating appears to occur in a two-step process; initial integrity loss is followed by complete
lattice disassembly, and DNA synthesis only promotes the former step [103]. It has been proposed that uncoating is driven by
dsDNA formation because it takes up more space than the ssRNA genome and therefore exerts mechanical force on the capsid
to drive uncoating [109]. Indeed, AFM experiments on isolated HIV-1 capsids show that dSDNA formation increases pressure
inside the capsid, increasing its ‘stiffness’ or ‘brittleness’ [104]. Capsids appeared to swell and rupture at the narrow end of the
cone before full disassembly, whilst capsids remained intact in the absence of RT [104]. Subsequent work showed that different
RT steps correlate with ‘stiffness’ spikes and changes in capsid morphology [106]. This model is also supported by the observa-
tion that uncoating efficiency correlates with genome size, with longer genomes driving more efficient uncoating than shorter
genomes [102]. In addition, in vitro endogenous RT experiments using capsids isolated from virions showed that newly formed
DNA can protrude out from capsid openings at RT completion, potentially explaining the trigger for uncoating [92]. Together,
these data suggest an optimal genome size for uncoating. This model may be important for lentivector gene therapy, in which
genome size and sequence are altered by vector design and transgene incorporation, potentially influencing uncoating and
therefore lentivector infection efficiency. Understanding how uncoating is regulated by genome synthesis thus has the potential
to improve lentivector design.

IP6 IN CAPSID UNCOATING

IP6 is expected to have a role in the regulation of capsid stability and uncoating. The IP6 concentration in cells is ~40 uM [92],
yet much higher concentrations (0.2-4mM) are needed for in vitro capsid formation [110, 111]. Thus, IP6 is concentrated in
the virion through interactions with Gag to drive mature CA assembly [111-113]. However, IP6 may be lost from capsids on
entering the lower cytoplasmic IP6 concentration, which would likely have a destabilizing effect. Perhaps as IP6 is lost, cofactor
regulation of capsid stability becomes increasingly important. For example, the binding of FEZ1, which also interacts with the
R18 pore, may displace IP6 and stabilize capsid [52].

A MODEL FOR COFACTOR REGULATION OF CAPSID STABILITY BY DYNAMIC ALLOSTERY

We hypothesize a model in which capsid stability is regulated by multiple, sequential cofactor interactions. We envisage cofactor-
driven changes in dynamic allostery with each interaction determining the impact of the next in a stepwise directional regulation
of capsid stability. Whilst the structures of capsid cofactor complexes evidence little conformational change on cofactor recruit-
ment, evidence for dynamic allostery comes from magic angle spinning nuclear magnetic resonance. In these experiments, the
assembled capsid is highly dynamic, particularly at its loops as expected. Of course, CypA-binding loop dynamics are reduced
by CypA recruitment, but intriguingly, CypA binding alters dynamics across the CA protein. Critically, this included changes in
dynamics at N57, the key residue in the FG-binding site [114]. Similarly, molecular dynamic simulations highlight an allosteric
network of residues linking the CypA-binding loop with the CA hinge region that connects the NTD and CTD, which is influenced
by activity at the FG-binding site. Specifically, the CypA loop is dynamically coupled to the CTD via a-helix 7 [115]. Furthermore,
in the presence of inhibitor PF74, the dynamic connection occurs via an alternative pathway involving a-helix 4, resulting in
a stronger coupling and of course reduced infection [115]. This suggests that the FG-binding site and the CypA-binding loop
are allosterically connected and that the inhibitory mechanism of PF74 may involve breaking this dynamic allostery. These data
may also explain how CypA promotes PF74 antiviral activity and suggest why CypA loop mutants such as H87P can contribute
to PF74 resistance by re-establishing the allostery without preventing PF74 binding [115-117]. CypA loop mutations H87P and
P90A also decreased the potency of FG site targeting capsid inhibitor GSK878, consistent with this model [118].

Molecular frustration theory considers how energy is distributed in protein structures and can be used to infer dynamics [119-121].
Regions that can adopt multiple conformations, or tolerate mutation without destabilizing the protein, are described as frustrated
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and are likely to be dynamic. These residues are typically on the protein surface or loops and represent binding or allosteric sites.
Regions that are minimally frustrated are likely to be more stable and unlikely to move or mutate. We recently suggested that
CypA allosterically alters CA molecular frustration distantly from its binding site, adding to the evidence for a dynamic allostery
mechanism in which each cofactor recruitment prepares the capsid state for the next interaction to allow sequential regulation of
stability and provide directionality [122]. This model is supported by the observation that preventing CypA binding by mutation
or inhibition makes HIV less sensitive to depletion of later cofactors, for example, Nup153 and Nup358, and alters later events
such as integration site selection [4, 80]. Regulating capsid state by dynamic allostery across cofactor binding sites could regulate
uncoating to ensure it occurs at exactly the right time and location, that is, once RT has completed, in the nucleus, and next to
chromatin of the preferred nature. Interactions between capsid and viral DNA upon completion of RT may be a final signal for
uncoating, opening the viral capsid just prior to integration, thereby avoiding cGAS detection. In this model, correct integration
targeting is dictated by the whole series of cofactors recruiting in the right locations and order, and this is consistent with the
data [4, 5, 80]. Thus, these cofactors cooperatively help to maximize infection and minimize innate immune sensing. Further
investigation of the effect of full-length cofactors and DNA on capsid dynamics, necessarily in authentic viral capsids, will be
required to test this model [123]. Cofactors that bind capsid and their currently known functions are summarized in Table 1.

DO CAPSID ADAPTATIONS INFLUENCE INNATE IMMUNE ACTIVATION, TRANSMISSION RATES
AND PATHOGENESIS?

The zoonotic origin of HIV is well understood, with 13 HIV zoonoses in humans detected to date: HIV-1(M) and HIV-1(N)
from chimpanzees, HIV-1(O) and HIV-1(P) from gorillas and nine distinct HIV-2(A-I) from sooty mangabeys. However,
they are not equal in their human transmission. Most are very rare; for example, HIV-1(N) and (P) and HIV-2(C-I) have only
been detected once, twice or a handful of times [124]. Only HIV-1(M) is pandemic, accounting for over 95% of 86 million
infections, and HIV-2(A) is the majority of the remainder at around 1.5 million cases [125]. This puts HIV-1(M) into a
pandemic class of its own. Without this single zoonotic event, HIV infection would be very rare and largely restricted to
West Africa, and given that HIV-2 infection is less frequently associated with immune deficiency [126-128], HIV would
rarely be associated with AIDS. What determines different HIV transmission rates and pathogenesis? Studies in macaques
experimentally infected with sooty mangabey-derived SIVmac and treated with IFN-I inhibitors, or IFN-I itself, demonstrate
that timing is everything. Early IFN-I reduced the success of experimental challenge and improved viral control and thus
symptoms [129]. Late IFN-I, however, worsened the disease. Here, we make the case that, because it is a central influencer
of innate immune activation [20-22, 130, 131], and this distinguishes pandemic HIV-1(M) from non-pandemic HIV-1(O)
and HIV-2 [132], capsid is a central determinant of transmission, pathogenesis and pandemic potential.

Whilst both HIV-1 and HIV-2 use the same receptors for cell entry (CD4 and CXCR4 or CCR5, although HIV-2 use of
coreceptors is more promiscuous), only HIV-1 replicates efficiently in macrophages [132-137]. Although HIV-2 is less well
characterized than HIV-1, evidence suggests that they use a similar set of cofactors. The FG-binding site is conserved [98], and
both viruses can infect non-dividing cells [138], suggesting conserved functional interactions with FG nups. Indeed, HIV-2
appears to also be dependent on Nup153 and Nup358 for infection [139] and is sensitive to restriction by TRIM-Nup153_
(CTD) [84]. As with HIV-1, CPSF6, . .. peptide binds HIV-2 NTD [98], and HIV-2 is restricted by cytoplasmic truncated
CPSF6, which has lost its nuclear localization signal (CPSF6-358) [80]. Indeed, CPSF6 and LEDGF/p75 are also important
for targeting HIV-2 integration, as they are for HIV-1, with HIV-2 also favouring integration into transcriptionally active
SPADs and disfavouring heterochromatic lamina associated domains [2, 88, 100, 140]. The Sec24C interaction also appears
to be conserved across primate lentiviruses, as TRIM-Sec24C restricts SIVmac239, SIVstm and SIVsmE041 and Sec24C
KO reduced infectivity of these viruses [141].

196-314

HIV-2 isolates tend not to depend on CypA but can be restricted by certain TRIM5-CypA alleles, suggesting CypA recruit-
ment to capsid [142, 143]. HIV-1 is not typically sensed by cGAS/STING as described in previous sections, but HIV-2 viral
cDNA can be sensed in the cytoplasm [130, 132]. CypA seems to have a greater role in regulating the viral capsid stability of
HIV-1 than HIV-2. In one study, transferring the CypA-binding loop from HIV-1 to HIV-2 increased cGAS-mediated HIV-2
sensing [132]. This was interpreted as CypA recruitment contributing to sensing, but we interpret this result as showing that
mutating the CypA-binding loop, in either virus, disturbs the protection of viral DNA by capsid, leading to the detection
by cGAS. For example, the HIV-1 cyclophilin-binding mutant P90A triggers IFN production in macrophages in a DNA
synthesis-dependent manner although TRIMS5 also has an important role in this process [14, 28].

Phylogenetic and structural comparisons of HIV-1(M) with HIV-1(O) and HIV-2 have suggested specific capsid adaptations,
made by the chimpanzee parent of HIV-1(M), that are uniquely associated with the pandemic lineage. Firstly, pandemic and
non-pandemic HIV-1 CA hexamer structures are quite different from each other. Pandemic HIV-1(M) hexamers can be solved
by X-ray crystallography in two conformations with the beta hairpin (BHP) open or closed over the central electrostatic pore
[132, 144]. However, non-pandemic HIV-1(O) can only be solved in an open position. Critically, phylogenetic comparisons
suggest why. The pandemic HIV-1(M) lineage has gained glutamine in place of the ancestral tyrosine at position CA 50.
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Table 1. Capsid-binding host factors which regulate HIV-1 infectivity

Cofactor

Cellular role

Cellular location

Key residues for
binding

Function in HIV
infection

Reference

Sec24C

CypA

TRIM5a

1P6

FEZ1

BICD2

Mx2/MxB

Nup358 (RanBP2)

Nup58, Pom121,

Nup214, Nup62,
Nup42 and Nup98

Nupl153

CPSF6

Component of COPII coat
complex

Peptidyl-prolyl isomerase
enzyme

IFN-induced viral restriction

factor

Small molecule metabolite

Kinesin-1 adaptor protein

Dynein adaptor protein and

activator

IFN-induced GTPase

Nups

Nup

Component of CFIm complex

involved in pre-mRNA
processing

Cytoplasm

Cytoplasm and possibly
nucleus

Cytoplasm

Throughout cells

Cytoplasm (microtubules)

Cytoplasm (microtubules)

Outer nuclear membrane,

near nuclear pores

Outer nuclear pore/
microtubules

NPC

Inner nuclear pore

Nucleus

N57

G89, P90, P123, 1124,
P125

Capsid lattice and
curvature

R18, K25

R18

Unknown

E75,E212, E213

G89, P90

N57

N57, Q63, E75, R143,
R173, Q176, A177,
E212, E213

N53, L56, N57, M66,
Q67,K70,173, N74,
S109, T107, A105,
Y130, Q179, K182

Unclear, likely promotes
capsid function including
nuclear import

Stabilizes capsid and
protects from TRIM5a

Restricts infection by
caging viral capsids
and preventing nuclear
transport as well as
stimulating innate
immune activation and
pulling viral capsids
apart in association with
proteasomes

Promotes assembly and
stability of capsid lattices
and therefore promotes
DNA synthesis

Capsid trafficking through
cytoplasm to nuclear pore
along microtubules

Capsid trafficking through
cytoplasm to nuclear pore
along microtubules

Restricts infection by
interfering with nuclear
entry

Capsid nuclear entry and
integration site targeting

Import of capsid through
the nuclear pore as a
karyopherin

Nuclear import of capsid

Extraction of capsids
from the nuclear pore,
trafficking of capsid
to integration sites in
chromatin, likely through
phase separation, maybe
uncoating

[141]

(28, 30, 220-225]

[41, 42, 44-47]

[112, 123, 240-243]

[52, 53]

[54, 55]

[250]

[4, 56, 228, 229]

(82, 83]

[80, 84, 93, 249]

[4, 80, 93, 98]

Q50 in pandemic HIV-1(M) allows the coordination of a water molecule that pushes the BHP into a closed position. With a
tyrosine at this position, HIV-1(O) cannot form the closed pore position. HIV-2 CA also bears tyrosine at this position, and
although an HIV-2 CA hexamer structure is lacking, HIV-2 hexamers are expected to form an open conformation. In addi-
tion, pandemic HIV-1(M) has lost an arginine at position CA 120 (R120). In HIV-1(O), this residue forms a salt bridge with
E98 at the base of the CypA-binding loop, whilst in HIV-2, the equivalent residue (R118) forms a salt bridge with E96 [132].
These observations suggest that the CypA-binding loop and BHP have evolved to be more dynamic in pandemic HIV-1(M).

We argue that increased dynamics could make the capsid more regulatable, particularly through dynamic allostery driven
by cofactor binding. This model is supported by the pandemic virus, with its particularly mobile CypA-binding loop, being
most dependent on CypA binding for the regulation of capsid stability and infectivity. Importantly, non-pandemic HIV-
1(O) and HIV-2 are less dependent on CypA and more effectively trigger innate immune signalling by TRIM5a and ¢cGAS,
dependent on capsid. Mutating pandemic HIV-1(M) to reverse capsid adaptations (Q50Y+R120) produced a virus with an

11



Morling et al., Journal of General Virology 2025;106:002057

open central hexamer pore, which activated cGAS and TRIM5a innate immune sensing to a similar level as the non-pandemic
viruses [132]. Interestingly, non-pandemic HIV-1(N) and HIV-1(P) are also more sensitive to human TRIM5a, and CypA
does not seem to protect any of the non-pandemic viruses from TRIM5a in the same way as it does for pandemic HIV-1(M)
(28, 132, 145] (Fig. 4). Over-expression of TREX1 abolished the activation of cGAS, but not TRIM5¢, by non-pandemic
capsids, consistent with non-pandemic HIV exposing viral cDNA inappropriately. These pandemic-associated adaptations
enable HIV-1(M) to replicate efficiently in myeloid cell models, whereas HIV-1(O) and HIV-2 activated IFN production,
which suppressed the replication. Although comparison of innate immune activation by HIV is typically performed in
myeloid cells, because they most effectively respond to HIV infection, it is certainly possible that the transmission advantage
from enhanced innate immune evasion derives from more efficient replication in T-cells in vivo through minimal induction
of the IFN-I responses that have been shown to suppress lentiviral transmission [129]. Thus, capsid adaptations contribute
to effective innate immune evasion, enabling more elective transmission and contributing to pandemicity.

VPR AND VPX DICTATE AN INFECTION NICHE FOR IMMUNODEFICIENCY VIRUSES

In addition to avoiding innate immune sensing of viral nucleic acids by hiding genome within capsids, lentiviruses encode Vpr
and Vpx proteins that manipulate innate immunity and infected cell biology. Both HIV-1 and HIV-2 capsids encapsidate accessory
protein Vpr, but HIV-2 and its sooty mangabey-derived parental lineage additionally encode and encapsidate a Vpx protein. Vpr
and Vpx are related to 12-16 KDa proteins of around 100 aas. They fold into three-helix bundles with long disordered N- and
C-termini [146-148].

During viral assembly, Vpr and Vpx are recruited through interaction with the p6 region of Gag making them the only accessory
proteins packaged in abundance into virions [149], highlighting their importance in the early stages of HIV infection. Given that
not all the CA protein is used to form the capsid, some Vpr/Vpx will inevitably lie between the capsid and the viral membrane
and be released directly into the cytoplasm on fusion. Whether this protein has a role in infection is unclear but we certainly
expect it to. Localization studies indicate that Vpr and Vpx quickly traverse from the cytoplasm to the nucleus during infection
and when overexpressed [150, 151].

Vpr/Vpx similarity suggests that they are derived from one or more gene duplication events followed by divergence [152, 153], but
divergence and functional overlap prevent a clear view of ancestry. Typically, if a virus carries two, the second one is called Vpx,
and if there is only one, it is called Vpr. Functionally, both proteins share a conserved association with the DDB1-cullin-RING E3
ubiquitin ligase, via the DCAF-1 adaptor protein, which allows them to target host proteins for ubiquitination and proteasomal
degradation [154]. In this section, we focus on the role of Vpr and Vpx in defining viral tropism through regulating infected cell
biology and innate immune sensing.

Despite a degree of functional overlap, Vpr and Vpx diverge in their targets in a lineage-dependent manner [155-157]. For
example, HIV-2 Vpx, but not Vpr of most immunodeficiency virus lineages, targets SAMHDI for degradation via the E3
ubiquitin ligase [158, 159]. SAMHDI acts as a restriction factor by regulating the production of nucleotides essential for
viral genome synthesis [160, 161]. SAMHDI is regulated during cell division. In macrophages or dendritic cells, which
differentiate out of cell cycle into GO, cyclin A2/cyclin dependent kinase 1 (CDK1) phosphorylates SAMHD1 at T592 acti-
vating it, reducing nt levels and limiting viral genome synthesis [162-165]. Dephosphorylation at T592 switches SAMHD1
oft, allowing nucleoside triphosphate production [165] and promoting virus replication. One might therefore expect that
encoding a SAMHDI antagonist in Vpx would allow HIV-2 uninterrupted replication in macrophages and dendritic cells.
Indeed, HIV-2 is more infectious than HIV-1 in single-round infections on these cells, and this is dependent on Vpx [166].
Furthermore, mutating HIV-1 p6 so that it can incorporate Vpx expressed in trans [167] and treating cells with virus-like
particles (VLPs) bearing Vpx both enhance HIV-1 single-round infection in myeloid cells [131, 166, 168, 169]. In these
experiments, VLPs are typically made by transfecting VSV-G envelope and Gag-Pol bearing packaging construct, but no
genome plasmid. These observations are consistent with Vpx degradation of SAMHD1, providing an infection advantage for
Vpx-bearing viruses such as HIV-2 in myeloid cells. However, Vpx-bearing viruses do not replicate in myeloid cells in vitro
[132, 133,170, 171], and whilst HIV-2 infects dendritic cells (DC) and macrophages, it tends to trigger innate immune sensing
via cGAS, leading to the suppression of replication [130-132, 170, 171]. Thus, enhancing RT by Vpx-mediated SAMHDI1
degradation is a double-edged sword and is not associated with efficient replication in myeloid cells. How does HIV-1 infect
myeloid cells without suppressing SAMHD1? By studying HIV-1 replication in MDM, Mlcochova et al. discovered that
MDM cycle in and out of a G1-like state that is marked by elevated MCM (minichromosome maintenance protein) and
CDKI1, which phosphorylates and deactivates SAMHD1, allowing for HIV-1 replication without Vpx [162]. We propose that
lacking Vpx, and bearing a capsid adapted to precisely uncoat just before integration [132], defines a niche in which HIV-1
can replicate in CD4+ T-cells and macrophages, whereas HIV-2 is restricted to CD4+ T-cells due to the enhanced sensing
and antiviral state it drives in macrophages. Consistent with this model, Vpx has been shown to enhance infection of T-cells,
particularly if they are in the resting state [172]. Importantly, Vpx-bearing viruses are not found infecting macrophages in
vivo in their natural hosts [173].
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Fig. 4. HIV-1 capsid has evolved to evade innate immunity. Pandemic HIV-1(M) capsid is better able to shield viral DNA from nucleic acid sensor
cGAS, enabling RT to take place undetected [132]. Similarly, it is able to better escape TRIM5a restriction, compared to non-pandemic HIV-1(0) and
HIV-2. These adaptations enable HIV-1(M) to replicate better in myeloid cell models and may promote human-to-human transmission [132]. Whilst

interactions with the FG cofactors appear to be conserved, HIV-1(M) appears to bind more tightly to CypA and is more dependent on it for infection [28,
145].
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VPX TARGETS HUSH FOR DEGRADATION

The HUSH complex was discovered as a key regulator of HIV-1 expression in 2015. In this elegant study, Tchasovinkarova
et al. discovered that HUSH suppressed GFP expression from an HIV-1-derived vector [174]. HUSH, comprising transgene
activation suppressor (TASOR; also known as FAM208A), M-phase phosphoprotein 8 (MPP8) and Periphilin (PPHLN1),
is an epigenetic regulator complex that regulates the expression of newly integrated elements such as retroviruses as well as
mobile elements in the human genome. How target selectivity works is poorly understood, but recent models propose that
PPHLNI1 recognizes long intronless transcripts, for example, LINE-1, or newly integrated retroviruses, which allows it to
distinguish between classical gene transcripts and intronless transcripts that are seen as harmful [175]. MPP8 is recruited
to genomic areas rich in repressive H3K9me3 via the chromodomain of MPP8. SETDB1 recruitment then deposits further
repressive histone marks [174, 176, 177]. HUSH also recruits chromatin remodeller MORC2 to compact chromatin and
regulates RNA expression post-transcriptionally by interacting with the degradative nuclear exosome targeting complex
[178]. In the context of HIV, TASOR silences provirus expression by interacting with mediators of RNA metabolism such as
CNOT1, RNA polymerase II and RNA exosomes to degrade viral RNA during and after transcription [179]. Thus, HUSH is
able to regulate the transcription of host genes, type 1 mobile elements and viruses using complex mechanisms.

Prior to the detailed study of HUSH mechanisms, back-to-back studies identified Vpx as an antagonist of HUSH-mediated
lentiviral gene repression [168, 180]. Vpx targets TASOR, and to a lesser extent MPP8, for degradation dependent on
DCAF-1 and the CUL4A/B E3 ubiquitin ligase complex. Degradation is rapid, starting as early as 30 min after infection, and
depletion of one HUSH component tends to result in loss of others [168, 180]. HUSH degradation is genetically separable
from SAMHD1 degradation, as shown by Vpx mutant Q47A V48A, which degrades SAMHDI, but not TASOR. Consistent
with a viral repression function for HUSH, its degradation by Vpx enhanced the replication of HIV-1 in Jurkats and SIVmac
in CEMx174 cells [168, 180]. Additionally, delivery of Vpx to HIV-1 latency model T-cell line JLat reduces H3K9me3
chromatin modifications and activates expression from the latent provirus, particularly in the presence of Tumour Necrosis
Factor (TNF), which stimulates the viral promoter [168, 180]. However, as with SAMHD1, HUSH deregulation may also be
a double-edged sword because it may activate innate immunity by inducing the expression of transposable element-related
sequences including LINE1 and endogenous retroviruses, which are otherwise silenced by HUSH [175, 181]. Intriguingly,
a recent study demonstrated the importance of TASOR2, a TASOR paralogue which forms a HUSH2 complex with MPP8
and PPHLNI1. This complex has activity against ISG expression, suggesting that Vpx may distinguish between HUSH and
HUSH?2 to activate viral gene expression whilst continuing to repress ISGs [182].

THE ENIGMA OF VPR: ENHANCING PROVIRAL EXPRESSION BUT EVADING INNATE IMMUNE
ACTIVATION

A clear model of how Vpr enhances lentiviral replication is elusive. Vpr is certainly required for replication in vivo. A
SIVmac mutant lacking Vpr displayed delayed replication kinetics, rapid innate immune activation and stronger B- and
T-cell responses in rhesus macaques, leading to better preservation of CD4+ T-cells, lower viral loads and an attenuated
clinical course [183]. Furthermore, accidental infection of a lab worker with an HIV-1 lacking Vpr did not lead to AIDS
[184]. However, replication defects for HIV-1 Vpr mutants in vitro are very context dependent. Vpr is typically not required
for HIV-1 replication in cell lines or even reliably in primary T-cells and macrophages. There are examples in which Vpr
mutation has caused defective replication, but the experimental differences which underlie this requirement are typically
unclear [185-190]. In one study, treating MDMs with cGAS product cGAMP rendered HIV-1 replication Vpr dependent,
consistent with a role for Vpr in innate immune evasion [191]. Certainly, Vpr causes huge DCAF1-dependent changes in the
infected T-cell proteome [155], which are likely influenced by Vpr regulation of the infected cell transcriptome as well as by
direct degradation of Vpr target proteins [192]. Vpr targets include DNA damage repair and cell cycle progression regulators
uracil-DNA glycosylase-2 (UNG2), MUS81 and EME], and the modified transcriptome has been linked to driving T-cell
residency [155, 192].

The Vpr C-terminal domain interacts with karyopherins and regulates nuclear transport [191, 193]. Overexpressing Vpr, or
delivering it via VLP, dampened ISG induced by various pathogen-associated molecular patterns including cGAMP, HT-DNA
or poly(I:C), in the monocytic cell line THP-1 and primary human MDM. Vpr suppressed the phosphorylation of interferon
regulatory factor 3 (IRF3) at S396 but not S386 and reduced IRF3 and NF«kB nuclear localization dependent on Vpr residues F34/
P35 [191]. In this study, KPNA1 interaction was dependent on Vpr F34/P35. The authors concluded that Vpr inhibits activated
transcription factor nuclear transport by targeting karyopherins to suppress innate immune responses [191]. Vpr manipulation
of karyopherins is supported by an X-ray crystal structure of a Vpr-derived peptide, residues 85-96, in complex with importin-a
(KPNALI) [148]. Note that the peptide used in this study does not correspond to the Vpr F34/P35 mutant used in [191], suggesting
a complex interaction. Notably, HIV capsids are hypothesized to traverse nuclear pores in a karyopherin-independent manner,
likely explaining why Vpr does not inhibit HIV-1 nuclear transport [82, 83].

14



Morling et al., Journal of General Virology 2025;106:002057

Interestingly, whilst HIV-1 Vpr has been shown to promote proviral expression and reactivate latently infected cells, it does not
appear to degrade HUSH [12, 155, 180]. HIV-1 Vpr mediates the degradation of histone deacetylases (HDACI and HDAC3)
alongside the heterochromatin modulator CTIP2, allowing for the recruitment of NFxB subunit, p65 and the transcription of
HIV-1LTR [12, 194]. Although HIV-1 enhances LINE-1 transcription, overexpressing HIV-1 Vpr on its own typically does not
[195]. In fact, Vpr typically prevents LINE-1 retrotransposition in a dose-dependent manner [195]. Although Vpr modulates epige-
netic regulators, its effect on transposable element expression and how this influences innate immune activation is understudied.

When HIV capsids uncoat in the nucleus, if the viral DNA fails to immediately integrate, the LTRs on either end of the reverse-
transcribed genome can either be ligated, by the host cell machinery into structures known as 2-LTR circles, or form 1-LTR circles
through recombination [196, 197]. These extrachromosomal HIV DNA circles mark nuclear entry because the enzymes required
for their formation reside in the nucleus. They are thought to be uninfectious but can accumulate, particularly in patients taking
integrase inhibitors [198, 199]. Recent studies asked why these circular HIV genome forms do not lead to the production of
infectious viruses. They found that SMC5-SMC6 localization factor 2 (SLF2) targets SMC5/6 to unintegrated viral DNA, leading
to topological entrapment and depletion of active transcription histone modifications, H3K4me3 and H3K9ac independently
of HUSH [200, 201]. However, Vpr-mediated proteasomal degradation of SLF2 relieves this repression and may allow circles
to contribute to viral gene expression [200]. In this way, Vpr may avoid enhancing transposable element expression and innate
immune activation by acting on unintegrated DNA circles, rather than integrated proviruses, which may be difficult to distinguish
from other integrated virus-like sequences. Notably, SLF2 degradation is conserved across diverse lentiviral lineages, indicating
its importance to lentiviral replication.

Many studies have linked Vpr to DNA damage and cell cycle arrest [202-206] with some associating these phenotypes with
innate immune evasion [191, 202-204]. Vpr is hypothesized to induce DNA damage by associating with the SLX4 complex,
which normally resolves aberrant DNA intermediates such as Holliday junctions to protect genomic integrity and resume the
cell cycle [207]. Vpr-mediated ubiquitination of SLX4 complex component MUS81 causes its untimely activation, leading to
DNA double-strand breaks, FANCD?2 foci and cell cycle arrest [204, 208]. One possibility is that SLX4 complex activation
leads to the degradation of viral reverse transcripts that would otherwise activate innate immune sensing [191, 202-204].
Vpr mutation R80A failed to interact with Mus81 and did not induce DNA damage or cell cycle arrest. Vpr DCAF-1-binding
domain, Q65R, also lost this activity, but this may be explained by Vpr mutant mislocalization, reported in various cell lines
[191]. In another study, Vpr degradation of MUS81 was confirmed and extended to the post-replication DNA repair helicase

Box 2: Thoughts on experimental methods

MDMs and monocyte-derived dendritic cells (MDDCs) have been used extensively as cellmodels for HIV infections [100, 130-132].
Both cell models are differentiated from isolated PBMCs in the presence of different cytokines. MDDCs are typically differentiated
in the presence of 10ng ml™" recombinant human granulocyte-macrophage colony-stimulating factor (GM-CSF) and 50 ngml™’
IL-4 and MDMs using 100 ng ml™" macrophage colony-stimulating factor (M-CSF). However, the literature is rich in subtly diverse
isolation protocols, which may translate into significant phenotypic differences in the cells produced. For example, the isolation
of monocytes prior to cytokine stimulation can be carried out using selection by adherence to plasticware [132], or purification
with CD14+ beads before stimulation with M-CSF [131]. Growth in autologous human serum, pooled human serum or FCS all
have a significant impact on cell phenotypes. For example, MDMs adopt a different cell cycle state dependent on the source
of serum [257] tending to remain in GO in human serum, but cycling between GO and a G1-like state during which SAMHD1 is
switched off in FCS [258]. We expect that such subtle differences in protocols can underlie challenges of replicating results
across studies, particularly when the phenotype under study is highly dependent on the nature of the target cells, for example,
demonstrating a replication defect for HIV-1 Vpr mutants. Our approach is to establish protocols that produce cells that give
reliable and repeatable differential infection phenotypes, for example, comparing a WT and mutant virus [14], or HIV-1 and
HIV-2 [132] and then to work out the molecular mechanisms of those differences with the expectation that such new knowledge
will be informative. We argue that the discoveries we make are most relevant to the situation in vivo when we are studying the
molecular details of specific host-virus interactions in vitro rather than focusing on seeking the most realistic cellular models of
infection. That is, we argue that effect size and tractability trump cell model choice although we accept that the most persuasive
mechanistic discoveries will always include recapitulation of key findings in primary cells.

We expect that a better understanding of HIV capsid function is going to rely on advances in structural biology, particularly
cryoEM, and using these techniques in infected cells where the capsid structures and cofactor interactions are authentic.
We envisage advances in understanding how capsids interact with the cytoskeleton to traffic within cells, how they traverse
nuclear pores and how they regulate uncoating and integration targeting through contact with nuclear factors and chromatin.
We also argue that we must go beyond simply measuring infection when studying capsid because key roles such as avoiding
innate immune activation by regulating uncoating generally have little impact on the titre of an HIV-1 GFP vector infection.
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HLTE Thus, given that Vpr also degrades UNG2, Vpr manipulates proteins in three independent DNA repair pathways [209].
Finally, Vpr degradation of CCD137 was linked to cell cycle arrest and enhancement of HIV-1 gene expression [206]. Thus,
Vpr has a complex impact on host cell biology, also reflected in proteomic studies, demonstrating that Vpr can manipulate
at least 38 different cellular targets, eventually leading to huge changes in the infected cell proteome [155].

CONCLUDING REMARKS

The HIV-1 capsid is a sophisticated molecular machine that has evolved to interact intimately with its host in order that
the intracellular environment dictates its behaviour: remaining intact, making DNA, going through the NPC and uncoating
at exactly the right time and place. In this way, capsid orchestrates the early stages of infection and, critically, regulates the
timing and location of genome release and therefore genome detection by innate immune sensors. The pivotal importance of
innate immune evasion in the earliest stages of infection is also highlighted by the activity of the virion-associated proteins
Vpr and Vpx. We argue that these proteins also regulate the host response to infection. For example, we hypothesize that
the manipulation of SAMHDI restricts HIV-2 replication to T-cells because it activates innate immune sensing in myeloid
cells through enhancing viral DNA synthesis to a point that it gets sensed by cGAS. The role of Vpx-driven HUSH degrada-
tion in activating sensing is less clear, but certainly, HUSH loss is expected to activate genomic elements that can drive
nucleic acid sensing in one way or another. We hypothesize that HIV-1 does not encode Vpx because its pandemic levels of
human-human transmission depend on quiet replication, achieved in part through more subtle avoidance of suppression
by SAMHDI1 and HUSH in macrophages and T-cells. We argue that together, these particle-associated proteins, CA, Vpr
and Vpx, are niche defining. That is, through dictating the degree of innate sensing the virus experiences, they determine
the host response to infection and therefore cellular tropism, pathogenesis, transmission route, transmission frequency
and pandemic potential.
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