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cleavage event occurs between SP1 and the NC domain. Next, the MA-CA and SP2-p6 junctions are
cleaved, followed by cleavage at the NC-SP2 site [15–17]. The final cleavage event occurs between the
CA domain and SP1, liberating the CA protein, which then assembles into the conical-shaped mature
capsid consisting of ~250 CA hexamers and 12 CA pentamers (Figure 3). Proper Gag processing
is required for viral maturation and infectivity and the final CA-SP1 cleavage step is particularly
crucial. In fact, non-cleavable CA-SP1 mutants expressed in trans with wild-type CA-SP1 exert a
dominant-negative e↵ect on proteolytic maturation, particle infectivity, and capsid formation [18,19].
The importance of the CA-SP1 boundary in maturation is determined by the presence of a key structural
element within this region. Below, we will discuss the role of this structural element and others within
CA during maturation and capsid formation.Viruses 2020, 12, x FOR PEER REVIEW 3 of 33 

 

 
Figure 1. HIV-1 replication cycle. Mature virions attach to the surface of a target cell via an interaction 
between the gp120 subunits of viral Env trimers and host CD4 and coreceptor (CCR5 or CXCR4). The 
gp41 subunits of Env then trigger the fusion of the viral and host cell membranes and the capsid is 
deposited into the cytosol. Reverse transcription proceeds as the capsid traffics to the nuclear 
envelope where it is imported into the nucleus in an intact or nearly intact state. Reverse transcription 
is completed in the nucleus, followed by uncoating of the capsid and integration of the viral DNA 
into the host genome. Transcription of the proviral DNA leads to the expression of HIV-1 proteins 
including the Gag and GagPol polyproteins. These structural proteins are targeted to the inner leaflet 
of the plasma membrane where they form hexameric subunits that assemble into a curved, 
membrane-associated lattice. Viral genomic RNA dimers are recruited to these sites of assembly and 
Env trimers are incorporated into the budding particles. Membrane scission and particle release are 
facilitated by endosomal sorting complexes required for transport (ESCRT) recruitment mediated by 
the Gag-p6 domain. Concomitant with particle release, protease (PR), which is packaged into virions 
as part of the GagPol polyprotein, cleaves the Gag and GagPol polyproteins into their individual 
mature proteins. The newly liberated CA monomers then form hexamers and pentamers that 
assemble into the mature capsid, resulting in a mature, infectious particle. The site of action of FDA-
approved antiretroviral drugs (ARVs) is indicated. Additional details are provided in the main text. 
Viral proteins are not shown to scale. 

Presently, there are five classes of FDA-approved antiretroviral drugs (ARVs), most of which 
target early steps in the virus replication cycle (Figure 1). Entry inhibitors block Env-mediated viral 
entry via multiple mechanisms. The fusion inhibitor enfuvirtide binds to gp41 to prevent fusion of 
the virus and host cell membranes during entry. The CCR5 antagonist maraviroc blocks HIV-1 entry 

Figure 1. HIV-1 replication cycle. Mature virions attach to the surface of a target cell via an interaction
between the gp120 subunits of viral Env trimers and host CD4 and coreceptor (CCR5 or CXCR4).
The gp41 subunits of Env then trigger the fusion of the viral and host cell membranes and the capsid
is deposited into the cytosol. Reverse transcription proceeds as the capsid tra�cs to the nuclear
envelope where it is imported into the nucleus in an intact or nearly intact state. Reverse transcription is
completed in the nucleus, followed by uncoating of the capsid and integration of the viral DNA into the
host genome. Transcription of the proviral DNA leads to the expression of HIV-1 proteins including the
Gag and GagPol polyproteins. These structural proteins are targeted to the inner leaflet of the plasma
membrane where they form hexameric subunits that assemble into a curved, membrane-associated
lattice. Viral genomic RNA dimers are recruited to these sites of assembly and Env trimers are
incorporated into the budding particles. Membrane scission and particle release are facilitated by
endosomal sorting complexes required for transport (ESCRT) recruitment mediated by the Gag-p6
domain. Concomitant with particle release, protease (PR), which is packaged into virions as part of the
GagPol polyprotein, cleaves the Gag and GagPol polyproteins into their individual mature proteins.
The newly liberated CA monomers then form hexamers and pentamers that assemble into the mature
capsid, resulting in a mature, infectious particle. The site of action of FDA-approved antiretroviral drugs
(ARVs) is indicated. Additional details are provided in the main text. Viral proteins are not shown to scale.

Kleinpeter & Freed. 2020. Viruses

HIV Replication Cycle

uncoating



Krausslich #14; Zila et al 2021. Cell

Post-fusion HIV capsids traffick on microtubules to the nuclear pore
Correlative Electron Tomography of cytoplasmic HIV complexes



Cone-shaped HIV-1 capsids are transported through intact nuclear pores

• How does the capsid get through the nuclear pore? • ∅ of the nuclear pore is larger than previously determined
• The intact capsid can pass through the nuclear pore

Krausslich #14; Zila et al 2021. Cell



Krausslich #14; Müller et al 2020. BioRvix

Uncoating occurs by breakage of the capsid lattice in the nucleus

22 
 

 533 

Figure 7 Model of HIV-1 nuclear entry and uncoating. Apparently intact HIV capsids are imported into the nucleus through 534 
nuclear pore complexes (NPC) retaining their cone-shaped morphology. CPSF6 releases the cores from the NPC and clusters on 535 
nuclear capsids. Multiple capsids accumulate at certain positions within the nucleus, and plus strand synthesis of the viral double-536 
stranded cDNA is completed in the nucleus. Physical disruption of the capsid releases the completed cDNA into the nucleoplasm, 537 
where it becomes integrated into the host cell genome in the vicinity of the uncoating site. Empty remnants of the broken capsid, 538 
associated with incorporated viral proteins that are not part of the cDNA complex, remain as distinct structures in the nucleus 539 
for prolonged times after uncoating. 540 
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densities (with ~ 30 nm in diameter) resembling the appearance of chromatin, with lengths of ca. 100 nm 347 

(Figure 5h i.). One observed structure spanned 200-300 nm in length (Figure 5g i.).  348 

One complex visualized in these experiments correlated to both IN.SNAP.SiR and mScarlet.OR3. The 349 

corresponding tomogram revealed a dense cluster of three capsid-related structures (Figure 5i). One of 350 

these conical structures lacked interior density (Figure 5i, bottom left panel, open arrowhead) and 351 

appeared to be connected with an adjacent elongated density (filled white arrowheads) that appeared to 352 

protrude from the narrow end of the cone (Video 5, Figure 5i right panel). Taken together with the 353 

observations from live cell imaging, we speculate that this structure might represent a subviral complex 354 

captured in the process of or shortly after capsid uncoating.  355 

 356 

 357 

Figure 5. CLEM-ET analysis of IN and OR3 punctae inside the nucleus of infected HeLa derived cells. TZM-bl cells 358 
expressing mScarlet.OR3 were infected with VSV-G pseudotyped and IN.SNAP.SiR-labeled NNHIV ANCH (30 µUnits 359 
RT/cell). At 24 h p.i., cells were cryo-immobilized by high pressure freezing, freeze substituted and further processed 360 
for CLEM and ET. (a–c) CLEM overlays (with enlargements) of EM sections of cells expressing mScarlet.OR3 (green), 361 
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– CPSF6 releases the cores from the nuclear pore and cluster on nuclear capsids.
– +sDNA synthesis of the viral cDNA is completed
– Physical disruption of the capsid releases the completed cDNA into the nucleoplasm
– It becomes integrated into the host cell genome in the vicinity of the uncoating site 



Why HIV uses intact capsids to traffic to the nucleus ?
• Reaction container for reverse transcription: initiated in the cytosol
• Trafficking module in the cytosol: along the cytoskeleton of the cell
• Shield from cytolytic DNA sensors: restriction factors!
• Nuclear import vehicle: shape matters …
• Nuclear breakage of the capsid releases the genome complex for integration

Viruses 2021, 13, 125 2 of 14

due to their physical proximity to nuclear speckles [13]. HIV-1 integration at the same
time disfavors heterochromatin including lamina-associated domains (LADs) [14,15] that
are in close contact with the proteinaceous nuclear lamina at the peripheral regions of the
nucleus [16] (Figure 1).
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Retroviral reverse transcripts are integrated into host cell genomes in non-random 
fashions (reviewed in [9]). HIV-1 integration favors transcriptionally active genes and 
chromatin [10,11] including regions known as speckle-associated domains (SPADs) [12] 
due to their physical proximity to nuclear speckles [13]. HIV-1 integration at the same 
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Figure 1. Intracellular HIV-1 trafficking to active genes for integration (not drawn to scale). The RTC, modeled after protein 
data bank (PDB) code 3J3Y (see Figure 2D), is shown interacting with a microtubule for retrograde transport via CA-
binding protein BICD2. After reaching the microtubule organizing complex (MTOC), antegrade transport via kinesin-
FEZ1 may shuttle the RTC to the NPC for nuclear transport. Nup proteins that have been shown to interact with CA are 
highlighted to the right, color coded to demarcate their relative positions within the NPC and noted subcomplexes. During 
nuclear entry, CPSF6 aids the release of the RTC from Nup153/the NPC nuclear basket [17]. Following nuclear entry, the 
preintegration complex (PIC) traffics to nuclear speckles (NSs) for integration into speckle-associated domains (SPADs) in 
a manner that is dependent on the CA-CPSF6 interaction [12]. Lacking this interaction, PICs mislocalize to the nuclear 
periphery and uncharacteristically target lamina-associated domains (LADs) for integration [15,18]. The PIC is depicted 
partially uncoated. Transcriptionally active Zone 1 and Zone 2 regions of chromatin are highlighted by green color [13]. 

Research over the past 15 years has highlighted roles for specific virus-host interac-
tions in retroviral integration targeting (see [19] for a recent review). Due to its central role 
in mediating integration, it is unsurprising that IN-binding cellular factors play prominent 
roles in integration targeting, and the lentiviral IN binding protein lens epithelium-de-
rived growth factor (LEDGF)/p75 plays a key role in the genic integration targeting profile 
of HIV-1. Reduction of cellular LEDGF/p75 protein levels via mRNA-directed knockdown 
[20] or stable knockout of the PSIP1 gene that encodes for LEDGF/p75 [21–23] significantly 
reduced the frequency of intragenic HIV-1 integration targeting. Moreover, the genic pro-
files of the residual proviruses that formed under these conditions uncharacteristically 
congregated toward the upstream regions of genes [24–26]. Consistent with these obser-
vations, LEDGF/p75 has been shown to interact with mRNA splicing factors [24,27] and 
can overcome the transcriptional block imposed by nucleosomes in vitro [28]. In addition 
to IN, the capsid protein (CA) has emerged as a second HIV-1 protein that helps to direct 
PIC targeting to active genes for integration. This review will focus on the role of the CA 
in HIV-1 integration targeting. Because CA-binding factors prior to integration play im-
portant roles in HIV-1 ingress, CA-host interactions pertinent to RTC translocation from 
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Figure 1. Intracellular HIV-1 trafficking to active genes for integration (not drawn to scale). The RTC, modeled after protein
data bank (PDB) code 3J3Y (see Figure 2D), is shown interacting with a microtubule for retrograde transport via CA-binding
protein BICD2. After reaching the microtubule organizing complex (MTOC), antegrade transport via kinesin-FEZ1 may
shuttle the RTC to the NPC for nuclear transport. Nup proteins that have been shown to interact with CA are highlighted to
the right, color coded to demarcate their relative positions within the NPC and noted subcomplexes. During nuclear entry,
CPSF6 aids the release of the RTC from Nup153/the NPC nuclear basket [17]. Following nuclear entry, the preintegration
complex (PIC) traffics to nuclear speckles (NSs) for integration into speckle-associated domains (SPADs) in a manner that
is dependent on the CA-CPSF6 interaction [12]. Lacking this interaction, PICs mislocalize to the nuclear periphery and
uncharacteristically target lamina-associated domains (LADs) for integration [15,18]. The PIC is depicted partially uncoated.
Transcriptionally active Zone 1 and Zone 2 regions of chromatin are highlighted by green color [13].

Research over the past 15 years has highlighted roles for specific virus-host interac-
tions in retroviral integration targeting (see [19] for a recent review). Due to its central role
in mediating integration, it is unsurprising that IN-binding cellular factors play prominent
roles in integration targeting, and the lentiviral IN binding protein lens epithelium-derived
growth factor (LEDGF)/p75 plays a key role in the genic integration targeting profile
of HIV-1. Reduction of cellular LEDGF/p75 protein levels via mRNA-directed knock-
down [20] or stable knockout of the PSIP1 gene that encodes for LEDGF/p75 [21–23]
significantly reduced the frequency of intragenic HIV-1 integration targeting. Moreover,
the genic profiles of the residual proviruses that formed under these conditions uncharacter-
istically congregated toward the upstream regions of genes [24–26]. Consistent with these
observations, LEDGF/p75 has been shown to interact with mRNA splicing factors [24,27]
and can overcome the transcriptional block imposed by nucleosomes in vitro [28]. In addi-
tion to IN, the capsid protein (CA) has emerged as a second HIV-1 protein that helps to
direct PIC targeting to active genes for integration. This review will focus on the role of the
CA in HIV-1 integration targeting. Because CA-binding factors prior to integration play
important roles in HIV-1 ingress, CA-host interactions pertinent to RTC translocation from
the cellular periphery to the nucleus as well as its transport through the cell’s nuclear pore
complex (NPC) will be discussed as a lead-in to integration site targeting.

Engelman et al 2021. Viruses

Krausslich #14



Lenacapavir (GS-6207): First-in-class Inhibitor of the HIV Capsid

§ pM, Long-active, Long-acting, All HIV subtypes, No Cross Resistance
§ Interferes with the assembly, disassembly and traffic of capsid core
§ Binds at a conserved interface between capsid monomers stabilizing the core

Cihlar #22
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Yu #57; Jiang. 2020. Nature

The thousand faces of the Elite Controller

+

?



Integration Site Analysis in the Host Chromosome

Yu #57; Jiang. 2020. Nature



Matched Integration Site and Proviral Sequencing Assay

Yu #57; Jiang. 2020. Nature

MIP-seq

Clonally-expanded intact proviral genomes in 
Elite Controllers accumualte in Centromeric 
regions and KRAB-ZNF genes



Intact proviral genomes in EC in:
non-genic, satellite or heterochromatin regions

Yu #57; Jiang. 2020. Nature

Elite Controllers

Intact Defective

ART-Suppressed People

Intact Defective



Chromosomal Location Matters

Yu #57



“Autologous Shock and Kill” Immune Selection

Yu #57



Do intact viruses in ”deep latency” undergo
immune selection during ART ?

Einkauf #155; Liang #309



HIV Cure Research Priorities

Bar #Workshop 1 

Overlapping, mutually 

dependent priorities to 

elucidate and overcome 

barriers to HIV cure



HIV Reservoir Atlas in Peripheral Blood

Gálvez #300



The most infected subpopulations had a memory phenotype

Gálvez #300

Cell-associated HIV-DNA



Giron #156

Predictors of Viral Rebound
Non-invasive plasma glycomic and metabolomic biomarkers of post-treatment HIV control

Improve the safety of analytic treatment interruption

Post-Treatment Control



Giron #156

Predictors of Viral Rebound
Plasma metabolites associate with time-to-viral-rebound in the Philadelphia Cohort
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Predictors of Viral Rebound
A multivariable logistic model selected variables predicts probability of viral remission post ATI

Fucose, plasma
Core Fucose, plasma
N-Acetylglucosamine, plasma
L-Glutamic acid, metabolite

Di-sialylated, IgG
Highly-sialylated N-glycans, plasma
N-Acetylgalactosamine, plasma

Giron #156



Predictors of Viral Rebound
IFN-I-associated gene expression predicts time to viral rebound after ART interruption

Risk Score

ISG15
TRIM25

XAF1
USP18

All with negative coefficient

Zacharopoulou #158

IFN-I signature ⇧

IFN-I signature ⇩



HIV-1 bNAbs: Looking ahead
§ Proof-of-concept for Ab-mediated PREVENTION
§ Emergence evidence that bNAbs can maintain viral suppression as THERAPY
§ Early promising data with LONG-TERM CONTROL, through delivery systems

Caskey #36

§ Challenges:
o pre-existing resistance
o emergence of anti-drug Abs
o cost

§ Safety in humans
§ Promising results in NHP

§ Future:
o new molecules
o combinations
o multiple studies for the next 2 yrs



Durable HIV-1 Ab production  in humans
after AAV8-mediated gene transfer

§ First-in-human RCT with bNAbs for HIV-1 (n=8, 3 IM doses, 2-3 yrs follow-up)
§ No reactogenic production of difficult to induce functional neutralizing Abs
§ Induction of anti-drug Abs

Casazza #160



§ How HIV-1 capsid navigates to the cell nucleus
o A new way to understand the HIV replication cycle?

§ Chromosomal location of HIV-1 matters …
o In elite controllers and some people in long-term ART

§ Simultaneous comparison of CD4 T cell in peripheral blood
o Memory CD4 T cells form the most abundant reservoir

§ Predicting viral rebound through
o Plasma metabolites
o IFN-I-signatures

§ bNAb: their role in treatment, prevention and cure strategies
o Durable HIV Ab production in humans after AAV8-mediated gene transfer
o SARS-CoV-2: a win-win situation in bNAb development

CROI 2021
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