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Abstract

Over the past decade, major advances in structural biology and in vitro 
and cell-based technologies have enhanced our understanding of 
HIV-1 assembly, release and maturation. The cryo-electron microscopy 
revolution, alongside developments in single-molecule approaches 
and live-cell imaging techniques, have enabled researchers to visualize 
biological complexes at remarkably high resolution, reconstitute 
biochemical processes under physiologically relevant conditions 
and directly observe these processes in cells and virions. Effective 
integration of these methods with both classical and novel molecular 
virology approaches has yielded a wealth of basic knowledge that has 
driven the development of potent inhibitors targeting virus maturation 
and highlighted mechanisms by which events that take place late in 
the virus replication cycle prime newly formed virus particles for 
infection of a new host cell. This Review outlines the recent progress 
in elucidating the molecular underpinnings of the late stages of the 
HIV-1 replication cycle and highlights the interplay between virology, 
host cell biology and the development of antiretroviral compounds 
with therapeutic potential.
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The critical post-entry functions orchestrated by the viral capsid high-
light the importance of the steps leading to its formation during viral 
maturation. Indeed, recent studies have extended our understanding 
of how events during assembly set the stage for productive maturation 
and subsequent infection. Advances in the field have led to the develop-
ment of potent inhibitors targeting the late-stage events discussed in 
this Review. Further development and optimization of such compounds  
hold the promise of improved treatment strategies for PWH.

Organization of Gag and GagPol polyproteins
The 55-kDa Gag and 160-kDa GagPol precursors, which are translated 
from unspliced viral RNAs in the cytoplasm, ultimately drive the assem-
bly of new virus particles and the incorporation of the viral gRNA and 
Env glycoproteins into these particles. The Gag precursor, which is suf-
ficient for the assembly and release of non-infectious virus-like particles 
(VLPs) in Gag-expressing cells, is composed of several independently 
folded domains: matrix (MA), CA, nucleocapsid (NC) and p6, along with 
two spacer peptides, SP1 and SP2, flanking the NC domain (Figs. 1 and 2). 
MA targets Gag to the plasma membrane — the site of HIV-1 particle 
assembly — and directs the incorporation of the Env glycoproteins into 
virions. CA drives the oligomerization of Gag, forming the key structural 
contacts for the assembly of the immature lattice. NC recruits the viral 
gRNA and participates in Gag assembly through its specific interac-
tions with the gRNA. p6 promotes virus particle release by recruiting 
the cellular ESCRT machinery to the site of assembly and budding.

The GagPol precursor is translated at a ~1:20 ratio relative to Gag 
due to a programmed (−1) ribosomal frameshift in the SP2-coding 
region. Consequently, GagPol contains MA, CA, SP1 and NC domains fol-
lowed by a region that overlaps with the p6 domain of Gag (called p6*) 
and the viral enzymes PR, reverse transcriptase and IN (Supplementary 
Fig. 1). The co-assembly of GagPol with Gag ensures the incorporation 
of the viral enzymes into new particles. The association of IN with the 
viral gRNA during maturation is required for gRNA localization inside 
the capsid (see below).

Structure and function of Gag and its  
individual domains
Matrix
The MA domain anchors the Gag precursor to the inner leaflet of the 
plasma membrane via a bipartite membrane-binding domain compris-
ing a covalently attached N-terminal myristate moiety that inserts into 
the membrane and a highly basic region (HBR) that engages in electro-
static interactions with negatively charged phospholipids on the inner 
leaflet of the membrane bilayer. Early structural studies showed that MA 
is a monomer in solution3, but crystallizes as a trimer4, and cross-linking 
studies demonstrated that the MA domain of Gag, and mature MA, form 
trimers in virions5. MA trimerization is not required for particle assem-
bly and, indeed, VLPs still assemble when a foreign membrane-targeting 
signal is used to replace the MA domain of Gag6. However, several stud-
ies revealed a role for MA trimers in Env incorporation5,7 (see below). 
Membrane-bound MA assembles into a hexamer of trimers on artificial 
membranes8, and a cryo-electron tomography (cryo-ET) study revealed 
a similar hexamer-of-trimers arrangement of the MA lattice in imma-
ture HIV-1 particles9. This membrane-associated MA lattice undergoes 
a structural transformation during viral maturation (see below)9,10.

Capsid
The CA domain of Gag is the primary driver of Gag oligomeriza-
tion during virus assembly. CA is composed of two independently 

Introduction
The global HIV-1 pandemic has claimed the lives of over 40 million 
people. Although combination antiretroviral therapy effectively blocks 
viral replication in people with HIV (PWH) and prevents progression to 
acquired immunodeficiency syndrome (AIDS), current treatments are 
not curative and thus must be administered for the life of the infected 
individual. This long-term therapy can cause drug toxicity that, along 
with other factors, can lead to poor adherence and the development 
of viral resistance. These realities necessitate the continued develop-
ment of new therapies, with an emphasis on the exploration of novel 
targets that are unexploited by current therapies.

The HIV-1 replication cycle can be divided into early and late 
phases. The early phase of viral replication is defined by the productive 
infection of a host cell, which begins with the attachment of a mature 
virion to the surface of a target cell and is completed upon successful 
integration of the viral DNA into the host chromatin, establishing 
the integrated provirus. Viral attachment and entry are driven by the 
binding of the viral envelope (Env) glycoprotein to the host cell recep-
tor (CD4)–co-receptor (CXCR4 or CCR5) complex followed by the 
fusion of viral and cellular membranes. Fusion results in the delivery 
of the viral core — a complex containing the viral RNA genome and 
enzymes reverse transcriptase and integrase (IN) enclosed within a 
conical protein shell called the capsid — into the target cell cytoplasm. 
The capsid, which forms during the maturation step late in the virus 
replication cycle, is a key orchestrator of several crucial post-entry 
functions: it acts as a container for the reverse transcription of the viral 
RNA genome into viral DNA, mediates the trafficking of the viral core 
through the cytoplasm to the nuclear envelope and passage of the core 
through the nuclear pore complex and into the nucleus, and uncoats 
near sites of active transcription to ensure efficient integration and 
viral gene expression1.

The late phase of the HIV-1 replication cycle comprises the 
post-integration events that culminate in the assembly and release 
of a new generation of virions (Fig. 1). These events include the tran-
scription, nuclear export and translation of viral mRNAs encoding 
the polyprotein precursors Pr55Gag and Pr160GagPol (also known as Gag 
and GagPol, respectively), regulatory and accessory proteins, and Env 
glycoproteins. After their synthesis, the Gag and GagPol polyprotein 
precursors traffic to the inner leaflet of the plasma membrane, bind 
full-length viral genomic RNA (gRNA), and assemble into a spherical, 
hexameric, protein lattice called the immature Gag lattice (hereafter 
referred to as the immature lattice). The Env glycoproteins traffic to 
these sites of assembly, resulting in their incorporation into budding 
virions. The completion of immature lattice assembly and recruitment 
of cellular endosomal sorting complex required for transport (ESCRT) 
machinery drives the budding and release of immature viral particles. 
Concomitant with particle release, the viral protease (PR; a component 
of the GagPol polyprotein precursor) proteolytically cleaves Gag and 
GagPol, separating the individual components of each polyprotein 
precursor and dismantling the immature lattice (Fig. 2). The viral matu-
ration process is completed upon assembly of the viral capsid from the 
capsid (CA) domain of Gag. The conversion of the immature lattice to 
the capsid defines productive maturation and is required to render 
newly released virions infectious.

In this Review, we provide an update on progress since our previous 
review of 2015 (ref. 2). We refer readers to this prior review for refer-
ences to early studies that laid the foundation for the more recent work 
discussed here. Considerable progress in our understanding of HIV-1 
assembly, release and maturation has been made over the past decade. 
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folding, largely α-helical domains — the N-terminal domain (CA-NTD)11 
and C-terminal domain (CA-CTD)12 — connected by a flexible linker 
(Figs. 2 and 3). The CA-NTD interacts with several host factors includ-
ing cyclophilin A (CypA), which binds to a proline-rich loop in the 
CA-NTD13. In the context of the mature capsid lattice, the CA-NTD 
also contains a deep hydrophobic pocket between helices 4 and 7 
(ref. 14) that forms an interface with the CA-CTD and serves as the bind-
ing site for several additional host factors15,16 and capsid inhibitors17. 

The N terminus of the CA-NTD forms a β-hairpin present only in its 
mature form once the MA domain has been removed from CA by PR18. 
The CA-CTD contains a dimerization interface that plays a critical 
role in driving Gag multimerization during particle assembly and 
CA multimerization during mature capsid formation. In addition, 
the CA-CTD and SP1 together form a structural element called the 
six-helix bundle (6HB) that plays important roles in both assembly 
and maturation (see below) (Figs. 2 and 3).

Recycling
endosome

Lysosome

?

Secretory
pathway

Golgi

Env

Producer cell

RER

Matrix

Protease

Unspliced 
viral mRNA

G

Lipid raft
microdomain

Viral 
genomic 
RNA

PI(4,5)P2
VPS4

ALIX
ESCRT-I

ESCRT-IIIgp120

gp41

Maturation

Virion release

Env incorporationGag
membrane
binding

Gag
multimerization

RNA packaging

Gag and GagPol synthesis

ESCRT-mediated
membrane scission

Gag
membrane
targeting

Env
internalization

Capsid
Nucleocapsid

p6

Core

GGG

Integrase
Reverse transcriptase

Immature 
Gag lattice

Fig. 1 | The late stages of the HIV-1 replication cycle. The viral envelope 
(Env) glycoprotein traffics from its site of synthesis in the rough endoplasmic 
reticulum (RER), through the Golgi apparatus, and ultimately to the plasma 
membrane via the secretory pathway. After initial targeting to the plasma 
membrane, Env is rapidly internalized and may be recycled to the plasma 
membrane at sites of virus assembly. Two major species of full-length, unspliced 
viral RNA are synthesized differing in the number of guanosines (Gs) at their 
5′ ends: 1G and 3G RNA (5′ cap not shown). The Gag and GagPol precursor 
polyproteins are translated in the cytosol primarily from 3G RNA. Gag is targeted 
to the plasma membrane, begins to multimerize and recruits primarily 1G 
dimeric viral genomic RNA. Gag is anchored to the inner leaflet of the plasma 
membrane via insertion of its amino-terminal myristate into the lipid bilayer 
and direct interaction between the matrix domain of Gag and the phospholipid 
phosphatidylinositol-(4,5)-bisphosphate (PI(4,5)P2). Multimerization of 
membrane-bound Gag results in the coalescence of lipid raft microdomains at 

sites of assembly. Assembling particles incorporate Env via a mechanism that is 
dependent on the matrix domain. As particle assembly nears completion, the 
host endosomal sorting complex required for transport (ESCRT) machinery 
and associated factors (ESCRT-I, ESCRT-III, ALG-2-interacting protein X (ALIX) 
and VPS4), recruited by the p6 domain of Gag, drive membrane scission and 
particle release. The viral protease, a component of GagPol, then cleaves Gag and 
GagPol to trigger particle maturation, which culminates in the formation of the 
viral core. The core is composed of a conical capsid shell — comprising liberated 
capsid hexamers and pentamers — enclosing the viral genomic RNA coated 
with nucleocapsid (circles) and enzymes reverse transcriptase and integrase 
(depicted by triangular and hexagonal shapes, respectively). Note that the 
GagPol precursor is approximatively three times the mass of the Gag precursor 
and is not shown to scale. For ease of viewing, the Gag lattice in immature virions 
is also much thinner than depicted.
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Nucleocapsid
Like CA, the NC domain plays an important role in virus assembly. NC 
contains two zinc-finger-like motifs (sometimes referred to as zinc 

knuckles) that in the mature protein adopt independently folded 
conformations19 (Fig. 2). The role of NC in virus assembly is mani-
fested through its interactions with RNA. The zinc fingers of NC are 
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Fig. 2 | Gag structure and functions. High-resolution structures of the major 
domains of Gag — matrix (MA), capsid (CA), nucleocapsid (NC) and p6 — are 
presented vertically from the amino terminus to the carboxyl terminus next 
to a linear depiction of Gag. The major functions of each domain are listed on 
the left and proteolytic cleavage sites between domains are indicated with 
scissors. Relevant mature and immature quaternary structures of MA and CA 
are also shown. MA (Protein Data Bank (PDB) ID 1HIW) targets Gag to the plasma 
membrane via its amino-terminal myristate (denoted by Myr) and highly basic 
region and is involved in the incorporation of the envelope (Env) glycoprotein 
complex into virions. MA forms trimers (PBD ID 7OVR) that are arranged into a 
‘hexamer-of-trimers’ lattice that is more tightly packed in its mature form (PDB 
ID 7OVQ) relative to its immature form (PDB ID 7OVR). CA (PDB ID 7ASL) folds 
into an N-terminal domain (CA-NTD) and C-terminal domain (CA-CTD) and 

participates in Gag assembly, core formation, and several post-entry events 
including the nuclear import of the viral core. In the context of unprocessed Gag, 
the CA and spacer peptide 1 (SP1) domains drive Gag oligomerization, providing 
the primary contacts that stabilize the Gag hexamers that comprise the 
immature Gag lattice (PDB ID 7ASH) by forming a six-helix bundle at the CA–SP1 
boundary that is crucial for both assembly and maturation. After removal of SP1 
by the viral protease, liberated mature CA assembles into the hexamer (PDB ID 
3H4E) and pentamer (PDB ID 3P05) subunits that comprise the capsid. NC (PDB 
ID 1BJ6) contains two zinc-finger-like domains and binds viral genomic RNA to 
facilitate Gag assembly and RNA packaging. SP2 plays a role in maturation of the 
MA layer. p6 (PDB ID 2C55) recruits the endosomal sorting complex required for 
transport (ESCRT) machinery to drive virus release and binds and recruits viral 
protein R (Vpr) into virions.
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largely responsible for the specific interaction of Gag with unspliced 
HIV-1 gRNA20,21 leading to its packaging into viral particles, whereas 
basic residues in NC also participate in nonspecific RNA interactions22, 
facilitating Gag multimerization.

p6
The unstructured, C-terminal p6 domain of Gag recruits the host ESCRT 
machinery to sites of virus assembly. ESCRT recruitment drives the final 
membrane scission step of virus budding (Fig. 1). The p6 domain also 
recruits the viral accessory protein Vpr into virus particles (Fig. 2). Vpr 
plays important but still incompletely defined roles during the early 
stages of infection23.

Gag trafficking to the plasma membrane
HIV-1 particle assembly occurs at the inner leaflet of the plasma mem-
brane, in which the phospholipid phosphatidylinositol-4,5-bisphos-
phate (PI(4,5)P2) is enriched. PI(4,5)P2 plays a key role in the association 

of Gag with the plasma membrane24 via its interaction with the HBR of 
the MA domain25,26. Silencing or overexpression of host factors con-
trolling the synthesis, degradation and trafficking of PI(4,5)P2 ablates 
particle assembly or causes the mislocalization of assembly to intra-
cellular compartments24. Reversible depletion of PI(4,5)P2 demon-
strated that this lipid is not only central to the recruitment of Gag to the 
plasma membrane, but also that it helps to maintain the stability of the 
assembling immature lattice after Gag recruitment to the membrane27.

Whereas PI(4,5)P2 mediates the targeting of Gag to sites of assem-
bly, the N-terminal myristate in MA anchors Gag in the plasma mem-
brane via its insertion into the hydrophobic interior of the lipid bilayer. 
A myristoyl-switch mechanism for Gag membrane binding is suggested 
by the finding that the myristate is sequestered in a hydrophobic groove 
in isolated MA, but is exposed in the context of full-length Gag, and 
deletions in MA can increase Gag membrane binding by reversing this 
myristate sequestration28. Myristate exposure has been proposed to 
be triggered by PI(4,5)P2 binding26, MA trimerization29 and Gag–Gag 
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Fig. 3 | HIV-1 particle maturation. a, An electron micrograph of an immature 
HIV-1 particle. b, A space-filling model of the capsid (CA)–spacer peptide 1 (SP1) 
layer of the immature Gag lattice is depicted from the top and side views. The CA 
(green) and SP1 (orange) domains of Gag participate in intrahexameric contacts 
that stabilize individual Gag hexamers, and the CA domain participates in 
interhexameric interactions. c, The CA C-terminal domain (CTD)–SP1 region of 
an individual Gag hexamer is shown (Protein Data Bank (PDB) ID 5I4T). The CA–
SP1 cleavage site, buried within the six-helix bundle, is indicated with scissors. 
CA–SP1 cleavage — the final proteolytic cleavage of the Gag processing cascade —  
triggers the disassembly of the six-helix bundle and the immature Gag lattice, 

liberating CA from Gag. d, The liberated mature CA protein (PDB ID 2M8N) then 
assembles into the hexamers and pentamers that comprise the capsid shell of 
the viral core. e, An individual CA pentamer (PDB ID 3P05) and hexamer (PDB 
ID 3H4E) is shown on the left, and a complete capsid, with hexamers in blue and 
pentamers in orange, is shown on the right. f, An electron micrograph of a mature 
HIV-1 particle. Immature particle in part a adapted from ref. 2, Springer Nature 
Limited. Space-filling model in part b adapted from ref. 236, CC BY 4.0 (https://
creativecommons.org/licenses/by/4.0/). Mature particle in part f adapted with 
permission from ref. 237, ASM.
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interactions mediated by gRNA binding30,31. Gag membrane binding is 
also regulated by interactions between the MA HBR and tRNA32. Several 
studies using liposome binding assays, cell-based analyses and struc-
tural approaches led to a model whereby myristate sequestration and 
tRNA binding prevent premature assembly of HIV-1 Gag at intracellular 
membrane locations. Binding of Gag to plasma membrane PI(4,5)P2 
then displaces tRNA from MA and triggers myristate exposure, thereby 
facilitating Gag–membrane binding and subsequent assembly at the 
plasma membrane33,34.

HIV-1 assembly occurs within ordered plasma membrane micro-
domains enriched in cholesterol and sphingolipids, often called lipid 
rafts35,36. Consequently, the envelope of HIV-1 virions is enriched in cho-
lesterol and sphingolipids, along with PI(4,5)P2, relative to the plasma 
membrane from which it buds37–39. Gag–membrane and Gag–Gag inter-
actions drive the recruitment and coalescence of these lipid rafts at sites 
of assembly36,40. In vitro studies using model membranes confirm that 
assembly-competent Gag proteins promote clustering of PI(4,5,)P2 and 
cholesterol, suggesting that Gag multimerization drives the formation 
of microdomains enriched in PI(4,5,)P2 and cholesterol at sites of assem-
bly (and vice versa)41,42. Super-resolution and total internal reflection 
fluorescence microscopy studies in cells demonstrated that the move-
ment of PI(4,5)P2 (ref. 43), cholesterol43,44 and sphingomyelin44 inside 
assembly sites is restricted by Gag, and this restriction is enhanced by 
Gag multimerization43,44 and the membrane curvature44 that is induced 
upon assembly. Furthermore, Gag-induced remodelling of the plasma 
membrane at sites of assembly may also drive the incorporation of 
specific host membrane proteins into the envelope of viral particles45. 
These findings support a model in which Gag multimerization reorgan-
izes the plasma membrane to create a membrane microdomain that 
serves as a platform for particle assembly.

Early electron microscopy analyses demonstrated that, in con-
trast to T cells and most adherent laboratory cell lines, in primary 
monocyte-derived macrophages (MDMs), HIV-1 particles assemble in an 
intracellular compartment46. Immunolabelling of HIV-1-infected MDMs 
suggested that these intracellular virus-containing compartments are 
late endosomal in origin47. However, subsequent studies demonstrated 
that the intracellular virus-containing compartments in HIV-1-infected 
MDMs are connected to the plasma membrane via thin channels and 
thus represent a specialized plasma membrane-derived structure 
rather than an endosomal compartment48,49. The virus particles in these 
intracellular compartments move rapidly to points of cell–cell contact 
(known as virological synapses) following co-culture of the infected 
MDMs with T cells50. These findings of internal viral sequestration and 
subsequent virological synapse relocalization suggest a process that 
promotes both immune evasion and viral propagation51.

RNA trafficking and packaging
After their synthesis in the nucleus and export to the cytoplasm, HIV-1 
RNAs are either translated into viral proteins or packaged in assem-
bling particles. Although a number of HIV-1 mRNA species are multiply 
spliced before nuclear export, others are exported as partially spliced 
or unspliced transcripts. Export of these intron-containing viral RNAs 
requires the viral trans-acting protein Rev52. Rev binds a cis-acting RNA 
element in partially spliced and unspliced viral RNAs — the Rev-response 
element (RRE) — and co-opts the chromosomal maintenance 1 (CRM1) 
host nuclear export machinery to deliver these RNAs to the cytoplasm53.

Two copies of the full-length (unspliced) viral gRNA are pack-
aged into each HIV-1 virion as a dimer54,55. This feature of HIV-1 and 
other retroviruses enables recombination as reverse transcriptase 

jumps between template RNAs during reverse transcription thereby 
mitigating the effects of damage to one copy of viral gRNA56. The NC 
domain of Gag drives the packaging of dimeric gRNA into assembling 
particles via its two zinc-finger motifs and flanking basic residues. The 
function of NC as a nucleic acid chaperone extends beyond packaging 
and assembly, as NC contributes to the condensing of the gRNA into 
the viral core during maturation and plays important roles at several 
steps of reverse transcription57.

The NC domain of Gag interacts specifically with the highly 
structured 5′ untranslated region (5′-UTR) of full-length viral gRNA to 
mediate packaging into viral particles. In contrast to some other ret-
roviruses, which contain small, well-defined packaging signals (called 
ψ), the HIV-1 ψ element is more extended and has been more challeng-
ing to define. The HIV-1 5′-UTR contains several folded cis-acting ele-
ments critical for Gag binding and genome packaging. These include 
the transactivation response element, polyA stem loop, and a group 
of stem-loops called SL1, SL2, SL3 and SL4 (Fig. 4). SL1 contains the 
dimerization initiation signal, which is critical for the dimerization of 
full-length HIV-1 RNA. SLs 2–4 contain the major splice donor, elements 
of ψ and AUG start codon, respectively. Although several different con-
formational states of the 5′-UTR have been proposed, there is general 
consensus that its structure and multiple Gag binding sites are crucial 
for genome packaging58.

The predicted conformational heterogeneity of the 5′-UTR led to 
the hypothesis that a conformational switch in this region could result 
in a change in the 5′-UTR from a structure that promotes translation 
to one that favours packaging59. This hypothesis has been largely vali-
dated through the discovery of HIV-1 transcriptional start-site hetero-
geneity. In 2015, it was reported that the majority of full-length HIV-1 
RNAs in virus-producing cells possess two (2G RNA) or three (3G RNA) 
guanosines (Gs) at their 5′ ends60. By contrast, HIV-1 virions were found 
to contain predominantly the less-abundant 1G RNA60. Subsequent 
structural and biochemical analyses of the 5′-UTRs of 1G and 3G RNAs 
have shown that the dimerization initiation signal is sequestered in 3G 
RNA but exposed in 1G RNA61,62. Conversely, the 5′ cap is reported to be 
sequestered in 1G RNA but exposed in 3G RNA63,64 (Fig. 4). These find-
ings suggest that HIV-1 utilizes transcriptional start-site heterogeneity 
to produce different species of full-length RNA with conformationally 
distinct 5′-UTRs that favour either efficient translation or genome 
packaging62,65,66. Mutations that interfere with transcriptional start-site 
heterogeneity reduce viral fitness67,68.

Gag binding to full-length viral gRNA is thought to nucleate virion 
assembly by facilitating higher-order Gag multimerization at the 
plasma membrane69, and RNAs containing HIV-1 ψ were shown to pro-
mote Gag assembly in vitro more efficiently than RNAs that do not con-
tain ψ70. Multiple studies have shown that Gag can interact with HIV-1 
RNA in the cytoplasm32,71,72. However, several live-cell imaging studies 
support the notion that the plasma membrane is the primary site for 
specific and stable Gag–RNA interactions (reviewed in ref. 58) and 
that RNA dimers form at the plasma membrane and are retained there 
through interactions with Gag73. Cross-linking immunoprecipitation 
with sequencing methods were used to analyse Gag–RNA interactions 
during virus assembly32. This work showed that cytosolic Gag binds pri-
marily to the 5′-UTR and the RRE whereas membrane-associated Gag or 
Gag present in immature virions is bound across the entire viral gRNA. 
An oligomerization-defective Gag mutant still capable of membrane 
binding exhibited a cytosolic-like Gag–RNA interaction pattern. These 
results suggest that higher-order Gag multimerization at the plasma 
membrane drives a shift in Gag–gRNA interactions. Indeed, mutations 
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that prevent formation of the immature Gag lattice are defective for 
Gag binding to the 5′-UTR71.

Gag assembly
Nascent HIV-1 particles assemble at the plasma membrane of an 
infected cell. Real-time imaging analysis demonstrated that individual 
Gag puncta assemble on the plasma membrane and, once detected, 
take approximately 5 min to complete assembly and be released from 
the cell74. Virus assembly is driven by the formation of the spherical 
immature lattice composed primarily of radially arranged hexamers 
of Gag with GagPol polyproteins co-assembled with Gag. The HIV-1 
immature lattice is continuous, but incomplete, containing gaps that 
allow it to transition from a flat to a curved and eventually spherical 
structure75,76. The CA domain of Gag, particularly the CA-CTD, and the 
downstream SP1, drive Gag multimerization and assembly into the 
immature lattice. The CA-CTD participates in interactions that stabilize 
the Gag hexamers that comprise the immature lattice (intrahexameric 
interactions) and the interactions that hold Gag hexamers together 
(interhexameric interactions). The CA-CTD forms a dimer in solution11,77 
and the dimer interface provides interhexameric contacts that bridge 
Gag proteins from neighbouring hexamers at a twofold interface in 
the immature lattice78,79. Although the CA-NTD also participates in 
interhexameric interactions at a threefold interface in the lattice78, 
it is dispensable for VLP assembly and release in certain experimental 
systems80. Elements of the CA-CTD that participate in key intrahexam-
eric interactions include the major homology region (MHR; so-named 

because it contains amino acid residues that are conserved across CA 
proteins from different genera of Orthoretrovirinae) and the 6HB 
spanning the CA–SP1 junction region. Mutations in the CA-CTD dimer 
interface, MHR and CA–SP1 junction can disrupt particle assembly by 
preventing proper immature lattice formation81–84.

Owing to its inherently dynamic nature, initial structural 
studies were unable to resolve the CA–SP1 junction of Gag at high 
resolution78,85,86 despite evidence of helical characteristics76,85,87. In 
2016, X-ray crystallography88 and cryo-ET79 studies confirmed that 
the C-terminal residues of CA and the N-terminal residues of SP1 fold 
into a flexible α-helix that forms a 6HB at the bottom of CA hexamers 
(Figs. 2 and 3). The stability of the 6HB plays crucial roles in both particle 
assembly and maturation, and the unfolding of the 6HB is probably the 
structural switch that triggers the conversion of the immature lattice to 
the mature conical core during maturation76,88,89 (see below). The 6HB 
is also the binding site for the cellular polyanion and assembly cofactor 
inositol hexakisphosphate (IP6) (Supplementary Fig. 2). Early in vitro 
assembly studies showed that the addition of IP6 and other inositol 
phosphates drives recombinant HIV-1 Gag protein to assemble into 
VLPs of similar size to authentic immature virions90. In 2018, crystal 
structures of CA-CTD–SP1 assembled in the presence of IP6 revealed 
that IP6 was coordinated at the centre of each hexamer just above the 
6HB by two rings of lysines91. This observation is consistent with an 
earlier cryo-ET study that reported an unknown density present at the 
same location within the Gag hexamers of authentic HIV-1 immature 
virions79. Depletion of producer-cell IP6 (refs. 91–93), or mutation of 
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Fig. 4 | The structure of the 5′-UTR determines 
the fate of full-length HIV-1 RNAs. The 1G and 3G 
viral RNAs are produced as a result of transcription 
start site heterogeneity. The 5′ untranslated 
region (UTR) of 3G RNA harbours an exposed 5′ 
cap and sequestered dimer initiation signal (DIS) 
promoting ribosome binding and disfavouring 
RNA dimerization, which is required for efficient 
RNA packaging into virus particles. Thus, 3G RNA is 
preferentially translated (left). The 5′-UTR of 1G RNA 
has a sequestered cap and exposed DIS. Ribosome 
binding and translation of 1G RNA is therefore 
disfavoured, whereas efficient dimerization of 1G 
RNA facilitates selective packaging into nascent virus 
particles (right). Although the 1G and 3G RNA 5′-UTRs 
are depicted as single conformations, the 5′-UTRs of 
each of these RNAs probably fold into an ensemble 
of structures in infected cells. Cis-acting elements 
depicted include the transactivation response (TAR) 
element, the polyA stem loop, the U5 region and the 
group of stem loops containing the splice donor 
(SL2), packaging signal (ψ) elements (SL3) and the 
AUG start codon (SL4). SL1, which contains the DIS, 
is not present in the 5′-UTR of 3G RNA and is thus not 
depicted. 1G and 3G RNA structural models adapted 
with permission from ref. 63, AAAS.
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either IP6-coordinating lysine92,94, severely impairs particle produc-
tion from cells, indicating that IP6 strongly promotes virus assembly. 
IP6 is also required for the assembly and stability of the capsid shell of 
the viral core during maturation91,95. HIV-1 Gag mutants that assemble 
independently of IP6 do not form stable capsids during maturation and 
thus are not infectious96. These findings have led to a model in which 
the requirement for IP6 during particle assembly leads to IP6 packag-
ing and enrichment in virions for productive maturation and infection 
in the subsequent round of viral replication. Although CA and SP1 are 
primary drivers of HIV-1 assembly, binding of the NC domain of Gag to 
RNA also plays an important role in particle assembly, as mentioned 
above (Box 1).

Env glycoprotein trafficking and incorporation
Assembling virions must incorporate the Env glycoprotein complex 
into their membranes to be infectious after release (Fig. 1). The Env 
glycoprotein is translated in the endoplasmic reticulum as a 160-kDa 
precursor, gp160, that is cleaved by the cellular protease furin into the 
mature surface subunit, gp120, and the transmembrane subunit, gp41, 
during Env trafficking through the Golgi apparatus. gp120 and gp41 
subunits form a trimer of three non-covalently-associated gp120–gp41 
heterodimers. gp41 anchors the Env complex in the membrane of the 
producer cell or the virion and catalyses Env-mediated membrane 
fusion during virus entry; gp120 mediates receptor and co-receptor 
engagement. Lentiviruses encode transmembrane glycoprotein subu-
nits with very long cytoplasmic tails (CTs) containing a variety of motifs 
involved in Env trafficking, internalization and incorporation into viri-
ons. Env trimer content in HIV-1 virions is notably sparse relative to 
that of other viruses, with estimates ranging from 7 to 14 trimers per 

virion97,98. The mechanisms through which Env trimers are incorporated 
into virus particles are poorly understood and are cell-type specific99. 
Four non-mutually exclusive models have been proposed for Env incor-
poration: passive Env incorporation, co-targeting of Gag and Env to sites 
of co-assembly at the plasma membrane, a direct interaction between 
Gag and Env, and an indirect Gag–Env association mediated through 
host bridging factors100 (Fig. 5).

Extensive genetic and more limited biochemical evidence sup-
ports a model in which the MA domain of Gag and the gp41 CT interact 
to drive Env incorporation into virions97,100. MA and gp41 CT mutants 
have been described that are defective for Env incorporation, and many 
of these mutants can be rescued by mutations in MA101,102. MA mutants 
incapable of trimerizing are unable to incorporate Env, demonstrating 
that assembly of the trimeric MA lattice in immature virions is required 
for Env incorporation5. Single-molecule tracking of HIV-1 Env trimers 
revealed that the mobility of Env trimers is drastically reduced when 
they encounter Gag assembly sites103. This ‘trapping’ of Env trimers by 
the assembling Gag lattice is dependent on the gp41 CT, and a point 
mutation in MA that blocks Env incorporation prevents Env trapping103. 
A detailed understanding of HIV-1 Env incorporation has been hampered 
by limited structural information on the gp41 CT and the MA layer of 
the Gag lattice in virus particles. However, some progress has been 
made using in vitro model membrane systems. An NMR structure of the 
gp41 CT reconstituted in micelles showed that helical domains (often 
referred to as ‘lentiviral lytic peptides’ or LLPs) within the gp41 CT inter-
act with the inner leaflet of the membrane104. Subsequent NMR studies 
reported structures of the gp41 transmembrane domain and CT recon-
stituted in bicelles, revealing that the gp41 CT forms a trimeric base-
plate surrounding the transmembrane domain of gp41 (refs. 105,106).  

Box 1 | Late-acting cellular antiviral factors
 

Like all viruses, HIV-1 hijacks numerous host factors and pathways 
to promote its replication. Indeed, nearly every step in the HIV-1  
replication cycle is supported by host cell machinery. At the 
same time, host cells have evolved sophisticated innate immune 
defences against invading viral pathogens. Many are proteins 
encoded by genes that are upregulated by interferon — so-called 
interferon-stimulated genes (ISGs). In the case of complex 
retroviruses such as HIV-1, a number of these ISGs are counteracted 
by virally encoded accessory proteins. Of relevance to this Review 
are the restriction factors that act late in the virus replication 
cycle. Several members of the Apolipoprotein B mRNA-editing 
enzyme catalytic polypeptide-like (APOBEC) family of cytidine 
deaminases, particularly APOBEC3G (A3G), restrict HIV-1 infection 
in the absence of the viral accessory protein Vif by inducing lethal 
hypermutation of viral genome during reverse transcription241–244. 
Although A3G-mediated restriction occurs during the early stages 
of the HIV-1 replication cycle, this antiviral activity is dependent 
on the specific packaging of producer-cell A3G into virions during 
particle assembly243,245. In the absence of Vif, which blocks the 
antiviral acitivty of A3G by inducing its degradation246,247, A3G is 
packaged into virus particles via interactions with nucleocapsid 
and both viral and cellular RNAs248,249. APOBECs inhibit the 
replication of many RNA and DNA viruses by diverse mechanisms 
both dependent and independent of their deaminase activity250,251. 
Another well-characterized example of a late-acting ISG is tetherin 

(also known as BST2)252,253. In the absence of the HIV-1 accessory 
protein Vpu254, tetherin ‘tethers’ newly budded, mature virions 
to the cell surface, which prevents the particles from detaching 
from the producer cell and binding and infecting new target cells. 
Interestingly, Vpu is often lost during HIV-1 propagation in cell culture 
because retention of virus particles at the cell surface promotes 
highly efficient virus spread by cell–cell transfer255. In vivo, the 
accumulation of particles on the cell surface renders infected cells 
susceptible to antibody-dependent cellular cytotoxicity256. Tetherin 
inhibits the release of a number of enveloped viruses, many of which 
have evolved mechanisms to counteract this restriction factor257. 
Viral envelope glycoproteins, including HIV-1 Env, are the targets of 
several cellular inhibitory factors258. Examples include the guanylate 
binding protein 2 (GBP2) and GBP5 and certain membrane-associated 
RING-CH (MARCH) E3 ubiquitin ligases (in particular MARCH8). These 
proteins exhibit broad inhibitory activity against a number of viral 
glycoproteins by disrupting glycoprotein trafficking, glycosylation, 
furin-mediated processing and/or virion incorporation259. The 
interferon-induced transmembrane (IFITM) proteins are best known 
for their ability to block membrane fusion when expressed in the 
target cell260, but they can also impair the trafficking, processing and 
incorporation of retroviral envelope glycoproteins when expressed 
in the virus-producer cell261,262. In addition, the cellular cortical actin 
network may pose a barrier to efficient assembly and release of HIV-1 
particles263,264.
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Biochemical and structural studies have provided some clues regard-
ing possible MA–gp41 CT interaction sites7,107–109; however, a complete 
high-resolution structure of the gp41 CT and the MA lattice in virus 
particles has been elusive, largely because of the aforementioned low 
density of Env trimers on HIV-1 virions.

In the context of immature particles, Env trimers are non-fusogenic 
and unable to cluster on the surface of the virion. Viral matura-
tion, or gp41 CT truncation, activates fusogenicity and permits Env 
clustering110–112. These findings support a ‘catch-and-release’ mecha-
nism of Env incorporation, in which the immature MA lattice traps Env 

c  Direct Gag–Env interaction

a  Passive incorporation

GagPol

Producer cell

Lipid raft
microdomain

d  Indirect Gag–Env interaction

Host
protein

b  Gag–Env co-targeting

Budding 
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Fig. 5 | Models for viral envelope glycoprotein incorporation. Several non-
mutually exclusive mechanisms may contribute to the incorporation of viral 
envelope (Env) glycoproteins into assembling virions. These models posit 
that Env expressed on the surface of infected cells is passively incorporated 
into virions as they acquire host-derived membrane during assembly and 
release (part a). Gag and Env are targeted to similar specific sites on the plasma 
membrane of infected cells (for example, lipid raft microdomains), resulting in 
the localization of Env at sites of particle assembly (part b). Env is incorporated 

into virions as a result of direct interactions between the matrix (MA) domain of 
Gag and the cytoplasmic tail (CT) of the gp41 subunit of Env. A direct interaction 
between MA and the gp41 CT could result in the recruitment of Env to sites of 
assembly. In a related model — termed ‘lattice trapping’ — Env arrives at sites 
of assembly independent of Gag and is retained within the lattice due to its 
association with MA (part c). MA and the gp41 CT interact indirectly via shared 
interactions with a host bridging protein (denoted by triangle) (part d). Adapted 
from ref. 2, Springer Nature Limited.
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trimers via an interaction with the gp41 CT during particle assembly and 
prevents premature fusion. After maturation, the MA lattice ‘releases’ 
Env trimers, resulting in an increase in their mobility and fusogenic-
ity. Interestingly, in the case of several other retroviruses including 
the gammaretrovirus murine leukaemia virus113, the betaretrovirus 
Mason–Pfizer monkey virus114 and the lentivirus equine infectious anae-
mia virus115, a link between particle maturation and the activation of 
Env fusogenicity is mediated via a different mechanism — PR-mediated 
cleavage of the Env CT after Env incorporation into virus particles. 
These findings show that across several genera of Retroviridae, there 
has been evolutionary pressure to restrain the fusion activity of the 
Env complex until it has been incorporated into virus particles, and 
the virions have undergone maturation.

In addition to the above-mentioned lack of detailed structural 
information about the MA–gp41 CT interaction, several other aspects 
of Env incorporation remain to be fully elucidated. The gp41 CT con-
tains motifs that direct the polarized sorting of Env and its rapid inter-
nalization after it initially reaches the plasma membrane97. The rapid 
clearing of Env from the cell surface probably limits immune detection 
of infected cells and premature membrane fusion and, in addition, 
the recycling of endocytosed Env to sites of virus assembly may be 
important for Env incorporation116, particularly at virological synapses 
during cell–cell transmission117,118. In vivo studies with SIVmac variants 
containing a mutation in a polarized sorting or endocytosis motif in the 
gp41 CT underscore the importance of this motif in virus replication 
and disease induction119.

Particle release
HIV-1 release is driven by the p6 domain of Gag and is highly dependent 
on p6-mediated recruitment of the cellular ESCRT machinery and asso-
ciated factors to sites of virus assembly (Fig. 1). The ESCRT machinery 
comprises several multiprotein complexes that play essential roles 
in a number of cellular processes that require membrane budding 
and scission120 (for example, cytokinesis and the sorting of cargo into 
multivesicular bodies). p6-mutant virions are assembly competent but 
remain attached to the cell by a thin membranous stalk resulting from 
lack of ESCRT-mediated membrane scission121. The virus release func-
tion of p6 maps to a highly conserved Pro–Thr–Ala–Pro (PTAP) motif 
in p6122 that interacts directly with the TSG101 subunit of ESCRT-I123–126. 
Many enveloped viruses, including other retroviruses, encode analo-
gous motifs, called late domains, that recruit the ESCRT machinery and 
accessory factors to promote particle release127. HIV-1 p6 contains an 
additional late domain (with the sequence Tyr–Pro–X–Leu or YPXL) 
that binds ALG2-interacting protein X (ALIX or PDCD6IP). Although 
the interaction between p6 and TSG101 plays the dominant role in virus 
release, overexpression of ALIX can rescue the release of PTAP-deficient 
mutants128,129.

Although mammalian ESCRT machinery comprises more than 
20 proteins, HIV-1 release is dependent upon only a subset of these 
components. ESCRT-I and specific subunits of ESCRT-III, particularly 
charged multivesicular body protein 2A (CHMP2A) and CHMP4B, are 
required for HIV-1 release130. ESCRT-III, which plays a critical role in 
membrane scission, assembles in spirals that have been proposed to 
constrict the membrane at the neck of the virion2 to promote scission 
(Fig. 1). The spatial and temporal dynamics of ESCRT recruitment to 
sites of virus assembly have been investigated using advanced light 
microscopy approaches. Live-cell total internal reflection fluores-
cence microscopy showed that TSG101 is recruited with Gag to virus 
assembly sites, ALIX accumulates progressively during assembly, and 

the downstream ESCRT-III components and VPS4 are recruited to the 
neck of nascent virions after completion of Gag assembly131,132. The 
precise topology of ESCRT components with respect to the neck of the 
budding particle has been the topic of debate, as ESCRT-I and ESCRT-III 
components have been visualized inside the head of the virion using 
3D super-resolution microscopy and correlative electron microscopy 
techniques133.

Whereas HIV-1 virions assemble at the plasma membrane and are 
released into the extracellular space where they can bind and infect new 
target cells, HIV-1 in cell culture spreads most efficiently when virus 
particles assemble and are released at virological synapses, which, as 
mentioned, are points of close contact between virus-producing cells 
and uninfected target cells134–136. Under some circumstances, highly effi-
cient spread across virological synapses can reduce the susceptibility of 
HIV-1 to neutralizing antibodies and antiretrovirals135,137,138. The extent 
to which cell–cell transmission contributes to HIV-1 dissemination and 
pathogenesis in vivo remains to be determined.

HIV-1 virion maturation
HIV-1 particle maturation is defined as the series of events that result 
in the conversion of a non-infectious, immature virus particle contain-
ing the membrane-associated spherical immature lattice to an infec-
tious, mature virion containing a conical core. HIV-1 maturation can 
be divided into several phases89: (1) proteolytic maturation, in which 
PR proteolytically cleaves the Gag and GagPol precursors into their 
individual domains; (2) structural maturation, in which each of these 
domains adopts its mature structure; and (3) architectural matura-
tion, in which the mature proteins assemble or are rearranged into the 
structures required for full infectivity.

Proteolytic maturation
Concomitant with or shortly after virus particle release, the Gag and 
GagPol precursors are processed by PR, which is incorporated into viri-
ons as part of GagPol. PR, an aspartyl protease, is enzymatically active 
as a dimer, with its active site groove formed by the dimer interface139. 
Thus, GagPol must dimerize in the context of the immature lattice to 
initiate Gag processing in the virion. PR activity is tightly regulated 
during virus assembly, as premature PR activation140,141 (for example, 
by overexpression of GagPol or by increasing GagPol dimerization with 
some non-nucleoside reverse transcriptase inhibitors)142,143 disrupts 
assembly and can trigger the death of the virus-producing cell via acti-
vation of the caspase recruitment domain 8 (CARD8) inflammasome 
and ensuing pyroptosis144,145. How PR activation is regulated remains 
poorly understood but probably occurs late in the assembly process146. 
Reaction–diffusion simulations suggest that dissociation of GagPol 
molecules along the edges of the immature lattice may facilitate their 
dimerization and PR activation147. In addition, disrupting the cellular 
enzyme neutral sphingomyelinase 2 (nSMase2) in virus-producing cells 
changes the lipid composition of virions and blocks Gag processing148,149. 
This finding suggests that the lipid composition of the viral membrane, 
in which Gag and GagPol are embedded, is a critical regulator of PR 
activation. The cryo-ET structure of HIV-1 Pol demonstrates that the 
PR dimer is formed upon reverse transcriptase dimerization, suggest-
ing that, in the context of GagPol, reverse transcriptase dimerization 
may favour the formation of enzymatically active PR dimers150. This is 
consistent with several earlier studies reporting that inhibiting reverse 
transcriptase dimerization blocks PR dimerization and Gag processing 
and, conversely, enhancing reverse transcriptase dimerization leads 
to premature Gag processing151–154. PR cleaves each of its target sites in 

http://www.nature.com/nrmicro


Nature Reviews Microbiology

Review article

Gag with variable efficiency leading to a stepwise processing cascade155. 
Perturbation of the timing, order, or efficiency of Gag processing events 
can block particle production and lead to morphological defects in viri-
ons resulting in severely diminished infectivity156–158. PR inhibitor wash-
out experiments in which Gag cleavage is inhibited during assembly and 
allowed to proceed only after particle release resulted in near-complete 
proteolysis of Gag, but reduced infectivity characterized by a defect in 
core formation158. These findings demonstrate that immature particle 
assembly and productive maturation (that is, core formation) are tightly 
coupled via the temporal regulation of Gag processing.

Structural and architectural maturation
Following the proteolytic cleavage of Gag and GagPol, virions undergo 
profound morphological changes defined most notably by the forma-
tion of the viral core. This morphological transformation is driven 
primarily by the liberation of the CA domain of Gag, which oligomerizes 
into the hexameric and pentameric subunits that assemble into the 
conical capsid shell of the viral core, enclosing the viral genomic RNA 
and enzymes reverse transcriptase and IN (Figs. 2 and 3). The capsid 
exhibits fullerene-like geometry forming a lattice containing 200–250 
CA hexamers and exactly 12 CA pentameric ‘defects’ that induce cur-
vature and allow closure of the capsid at each end159. Whereas early 
work proposed that the capsid disassembles shortly after viral entry, 
a number of recent studies have demonstrated that the capsid remains 
intact in target cells, acting as a container for reverse transcription, 
driving nuclear import through specific interactions with nuclear pore 
components, and protecting the contents of the core before uncoating 
near sites of integration in the nucleus160–162. The assembly of a closed 
capsid during maturation is thus critical for virion infectivity.

Complete liberation of CA to form the capsid requires the 
PR-mediated removal of SP1 from the C terminus of CA, the final cleav-
age event in the Gag processing cascade. In the context of the imma-
ture lattice, the scissile bond joining CA and SP1 is buried within the 
6HB of Gag hexamers and is inaccessible to PR79,88. Therefore, some 
unfolding of the 6HB is required to expose the CA–SP1 junction for 
efficient cleavage. The 6HB exists in a dynamic equilibrium between a 
structured helical bundle that favours Gag oligomerization and virus 
assembly, and a disordered or partially unfolded state that favours 
proteolysis and maturation (reviewed in ref. 163). Indeed, several struc-
tural studies have observed flexibility in the CA–SP1 junction78,164, and 
mutations stabilizing this region prevent CA–SP1 cleavage and particle 
maturation164,165. Thus, it has been proposed that the unfolding of the 
6HB is the structural ‘switch’ that triggers maturation76,88,89.

CA–SP1 cleavage elicits a structural rearrangement in CA that 
facilitates its oligomerization into the mature CA hexamers and pen-
tamers that assemble into the capsid. Importantly, mature CA hexam-
ers and the intramolecular interfaces present within the mature CA 
lattice differ substantially from the hexameric CA layer of the immature 
Gag lattice. In mature CA hexamers and pentamers, the CA-NTDs are 
arranged radially around a central pore that has been proposed to serve 
as a conduit for the transport of dNTPs into the interior of the capsid 
to facilitate reverse transcription166,167. IP6, which is packaged into viri-
ons via its interaction with Gag hexamers, binds to rings of positively 
charged amino acids within the central pore to promote the assembly 
and stability of the capsid91,95. In vitro studies using cores isolated from 
HIV-1 virions demonstrate that IP6 is required for sustained capsid sta-
bility and reverse transcription95,168,169. Early studies demonstrated that 
recombinantly expressed CA protein assembles predominantly into 
open helical tubes composed exclusively of hexamers under high-salt 

conditions159,170,171. The addition of IP6 to such assembly reactions drives 
the assembly of CA towards closed conical capsid-like particles (CLPs) 
containing both CA hexamers and pentamers at physiological salt 
concentrations91,172,173. These CLPs recapitulate the size and shape 
of authentic HIV-1 capsids and have been useful for high-resolution 
structural studies probing the assembled capsid172–174. Consistent with 
the ability of IP6 to drive the assembly of closed capsid structures con-
taining CA pentamers, several reports have proposed that IP6 — and the 
amino acid residues with which it interacts — are particularly critical 
for the formation of CA pentamers167,172,175–180. In addition, comparative 
studies of CA hexamers and pentamers in in vitro-assembled CLPs have 
identified a molecular switch proposed to control the assembly of CA 
into hexamers or pentamers173,174.

There has been discussion in the field about whether core forma-
tion involves the complete disassembly of the immature lattice and 
reassembly of the mature capsid, or whether the immature lattice 
can transition displacively (that is, through rearrangement) from the 
immature to the mature lattice89,181–183. The finding of small patches of 
hybrid lattices in immature VLPs in which the CA-NTD adopts the pack-
ing arrangement of the mature lattice while the CA-CTD remains the 
same as in the immature lattice adds support to the idea that perhaps 
a combination of disassembly–reassembly and displacive transition 
could be involved in particle maturation184.

Following Gag processing, liberated Gag domains in addition to 
CA undergo morphological changes. As noted above, a cryo-ET study 
of the membrane-bound MA layer identified substantial differences 
in the arrangement of the MA lattice in mature versus immature HIV-1 
particles (Fig. 2). Although the hexamer-of-trimers organization of 
the MA lattice is present in both immature and mature particles, the 
relative positioning of the MA trimers differs considerably, resulting in 
a smaller hole at the centre of each hexamer of trimers and an altered 
charge distribution along its edges in mature virions9 (Fig. 2). Remark-
ably, the trigger for MA lattice maturation has been shown to be the 
newly liberated SP2, which binds to the lattice10 (Supplementary Fig. 3). 
Although SP2 cleavage is not essential for HIV-1 infectivity185,186, and an 
infectious MA mutant has been described that does not form a discern-
ible ordered, mature MA lattice187, it has been suggested that MA lattice 
maturation influences the kinetics of Env-mediated membrane fusion10.

The NC domain of Gag also plays a role in the morphological trans-
formations that define HIV-1 maturation. After packaging the viral 
gRNA into virions during particle assembly, mature NC stabilizes and 
condenses the gRNA, facilitating its encapsidation within the viral core. 
Core-associated NC is also critical for efficient reverse transcription 
in the subsequent round of replication (reviewed in ref. 188) and can 
influence the kinetics of viral DNA integration189. It has been appreci-
ated for many years that IN plays a key role in the encapsidation of 
viral gRNA within the core. So-called class II IN mutations result in the 
production of virions with condensed gRNA mislocalized outside of 
an empty capsid190,191. Subsequent studies revealed that the role of IN 
in gRNA encapsidation is dependent on IN multimerization and direct 
interactions between IN and gRNA192–194. Single-particle cryo-electron 
microscopy analysis of HIV-1 cores revealed fibrils composed of IN 
octamers (dimers of IN tetramers) closely associated with the inner 
face of the capsid hexameric lattice in complex with RNA. A direct inter-
action between the MHR of CA and the IN fibrils has been proposed, 
leading to a structural bridging model whereby IN binds the gRNA 
and the interior face of the capsid lattice, driving the incorporation 
of the viral gRNA within the core195. However, a more detailed analysis 
of the proposed CA–IN interaction site will be required to confirm the 
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biological relevance of this model. A class of IN inhibitors known as 
allosteric IN inhibitors (ALLINIs) act by disrupting the ability of IN to 
promote RNA packaging into the capsid (see below) (Fig. 6).

Antivirals targeting HIV-1 maturation
Although efforts targeting HIV-1 MA, NC or p6 domains (reviewed in 
ref. 196) have failed to yield compounds reaching clinical trials, HIV-1 
maturation and the viral capsid have proven to be effective targets for 
the development of highly potent inhibitors with clinical potential.

Disrupting Gag processing is an effective method for preventing 
HIV-1 replication. The PR inhibitor saquinavir was among the first 
antiretrovirals to be FDA approved for treatment of PWH. Nearly a 
dozen PR inhibitors are currently FDA approved; however, their use 
has declined over time in part because of the development of viral 
drug resistance and adverse side effects. Gag processing can also be 
disrupted by targeting the substrate (Gag) of the HIV-1 PR. Notably, 
maturation inhibitors block the cleavage of the CA–SP1 Gag process-
ing intermediate to CA. Maturation inhibitors act by binding at the 
CA–SP1 junction of Gag hexamers inside the 6HB197,198, stabilizing the 
bundle199 and preventing PR access to the CA–SP1 cleavage site. Block-
ing CA–SP1 cleavage prevents the liberation of CA and thus inhibits core 
formation and particle infectivity. Early clinical trials demonstrated 
that the first-in-class maturation inhibitor bevirimat200,201 reduces 
viral loads in PWH202; however, naturally occurring polymorphisms 

in SP1 compromised its activity203. Notable progress has been made 
in the development of second-generation maturation inhibitors that 
retain high potency against bevirimat-resistant HIV-1 mutants and 
strains204,205. Several of these maturation inhibitors have undergone 
clinical testing206–208. Although for many years, the maturation inhibitor 
binding site within Gag was poorly defined, structural studies using a 
variety of techniques including microcrystal electron diffraction198, 
solid-state NMR197,209 and cryo-electron microscopy210 have confirmed 
the maturation inhibitor binding site within the 6HB and elucidated 
key molecular details regarding maturation inhibitor activity and 
resistance. Further studies utilizing these tools will inform the future 
development of this promising class of inhibitor.

As mentioned above, HIV-1 maturation can also be inhibited by 
compounds that target IN. In contrast to IN strand transfer inhibitors —  
a highly efficacious and widely used class of antiretroviral drugs that 
block integration by binding to the catalytic core of HIV-1 IN in com-
plex with the viral DNA ends — ALLINIs target a region of IN that inter-
acts with the host factor lens epithelium-derived growth factor/p75 
(LEDGF/p75). The initial rationale for developing these compounds was 
to block the LEDGF/p75–IN interaction, which tethers IN to target-cell 
DNA to facilitate integration211. However, mechanistic studies identified 
maturation as the primary target for ALLINIs. These compounds induce 
aberrant IN multimerization212 and block IN–gRNA binding192, resulting 
in the mislocalization of the gRNA outside of the viral core in virions191, 
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Fig. 6 | Inhibitors of HIV-1 maturation. Inhibitors 
targeting HIV-1 maturation act by diverse mechanisms. 
The arrow at the top depicts the productive 
maturation pathway from an immature virus particle 
containing a spherical, membrane-associated Gag 
lattice to a mature particle containing a conical core 
composed of a capsid shell enclosing the viral genomic 
RNA (Fig. 1). Maturation inhibitors that block capsid 
(CA)–spacer peptide 1 (SP1) cleavage (CA–SP1 MI) 
prevent core formation and leave a characteristic thin, 
crescent-shaped layer of immature-like lattice at the 
inner leaflet of the viral membrane and an eccentric 
condensed ribonucleoprotein (RNP) complex. Capsid 
inhibitors do not block Gag processing, but can 
prevent capsid assembly, resulting in viral particles 
exhibiting a range of aberrant capsid morphologies 
(including a complete lack of capsid structure) and 
an exposed condensed RNP complex. Allosteric 
integrase inhibitors (ALLINIs) prevent the localization 
of the condensed RNP complex inside the capsid. 
Representative electron microscopy micrographs 
of particles produced in the presence of each type 
of inhibitor are shown. Adapted from ref. 163, 
CC BY 4.0 (https://creativecommons.org/licenses/
by/4.0/). Micrographs of immature virus particle 
and ALLINI reprinted with permission from ref. 238, 
ASM. Micrograph of productive maturation reprinted 
with permission from ref. 237, ASM. Micrograph 
of CA–SP1 MI reprinted with permission from ref. 239, 
ASM. Micrograph of CA inhibitor reprinted with 
permission from ref. 240, ASM.
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analogous to the phenotype exhibited by class II IN mutants190. Pirmite-
gravir (also known as STP0404)213, a highly potent ALLINI, is currently 
undergoing clinical trials. Structural studies have offered key insights 
into how ALLINIs act as a molecular glue to induce IN aggregation and 
will be critical for understanding HIV-1 resistance to ALLINIs214–216.

Capsid inhibitors
The HIV-1 capsid has long been a target for the development of antiretro-
virals (reviewed in refs. 17,163,217). Although several sites within CA have 
been targeted by antiviral compounds, the most potent CA-based inhib-
itors bind a deep hydrophobic pocket located between the CA-NTD 
and CA-CTD of adjacent CA monomers in the mature CA hexamer. 
This pocket, commonly referred to as the FG-binding pocket, binds 
several host factors containing phenylalanine-glycine (FG) repeats that 
interact specifically with the pocket. These include host factors, such as 
CPSF6, that promote nuclear import of the viral core1. The first reported 
FG-binding capsid inhibitor, PF-3450074 (also known as PF74)218, is a 
peptidomimetic that exhibits relatively low potency and metabolic sta-
bility and was not pursued for clinical development. However, in 2019 
and 2020, Gilead Sciences reported two highly potent (subnanomo-
lar) FG-binding-pocket capsid inhibitors, GS-CA1 and GS-6207 (later 
named Lenacapavir or LEN)219,220. LEN has shown remarkable potential 
in clinical trials221,222 as a long-acting antiretroviral with twice-yearly 
dosing and was approved by the FDA in 2022 as a salvage therapy. Fur-
thermore, clinical trials evaluating LEN for pre-exposure prophylaxis 
(PrEP) produced promising results223,224 and LEN was approved by the 
FDA for PrEP in 2025. LEN most potently inhibits early stages of the HIV-1 
replication cycle, disrupting reverse transcription, nuclear entry and 
integration225. Single-molecule total internal fluorescence microscopy 
data demonstrated that LEN induces a loss of capsid integrity while 
simultaneously stabilizing the capsid lattice226. Similar results were also 
observed with GS-CA1, which induces capsid rupture while preserving 
large portions of the capsid lattice168. Treatment of virus particles with 
LEN leads to frequent breaks in the narrow end of the capsid227. These 
studies have led to the emerging view that LEN stabilizes the capsid 
lattice, which is highly elastic under normal conditions228, rendering 
the capsid brittle and prone to rupture229 particularly at highly curved 
regions of the capsid where pentamers are concentrated230. LEN and 
GS-CA1 also impose less-potent, late-stage antiviral effects by prevent-
ing particle production and inducing aberrant capsid formation219,220. 
The mechanism by which these compounds prevent capsid formation 
is proposed to entail a block to the formation of pentamers231,232. The 
development of HIV-1 capsid inhibitors will no doubt continue to be 
an exciting area of research because of their high potency, potential 
as long-acting agents for therapy and PrEP, and their ability to block 
multiple steps in the virus replication cycle. These agents will also con-
tinue to serve as powerful tools for addressing fundamental questions 
in HIV-1 biology.

Future perspectives
Recent years have seen tremendous advances in our understanding 
of not only the mechanisms underlying HIV-1 assembly, release and 
maturation, but also the connections between these steps in the virus 
replication cycle. These findings highlight the remarkable coordination 
required to construct a virion that is infectious in the subsequent round 
of viral replication. However, many important questions remain. For 
example, does the MA domain of Gag interact directly with the gp41 
CT, and if so, what is the nature of this interaction? Does Gag assem-
bly proceed via the addition of dimers as proposed based on cryo-ET 

probing of the edges of the immature Gag lattice233? Are Gag monomers 
recruited to sites of assembly from cytoplasmic pools or by lateral dif-
fusion in the plasma membrane? Does Gag reach the plasma membrane 
by diffusion or via a more active transport process? What is the fate of 
Env after endocytosis and is internalized Env subsequently recycled and 
incorporated into virions? How and when do GagPol molecules dimer-
ize in the context of the immature lattice and what role does the viral 
lipid composition play in this process? How do interactions between 
Gag and GagPol during virus assembly affect activation of the CARD8 
inflammasome234? What role does maturation of the MA lattice play 
in Env-mediated membrane fusion and virion infectivity? Does capsid 
maturation proceed via a displacive transition of the immature lattice 
to the mature capsid lattice or via a disassembly/reassembly pathway 
(or both)235? How does IN binding to viral RNA facilitate RNA locali-
zation inside the viral core, and what is the structure of the IN–RNA 
complex in the mature core? Resolving these and many other questions 
will deepen our understanding of fundamental underpinnings of the 
late stages of the HIV-1 replication cycle and will continue to inform the 
development of novel therapeutic strategies targeting these events.

Published online: xx xx xxxx
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