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Abstract

The capsid (CA) of the human immunodeficiency virus (HIV) has emerged as a crit-
ical therapeutic target owing to its essential roles in viral replication, nuclear import,
and integration. Capsid inhibitors (Cls) disrupt these processes by binding to highly
conserved structural interfaces, offering a novel mechanism distinct from enzyme-
targeting antiretrovirals. In this review, we summarize the molecular architecture of
the HIV-1 CA and its interactions with host factors, and we compare key structural
and functional differences between HIV-1 and HIV-2. We provide an overview of
established and investigational Cls, explore the resistance-associated mutations,
their structural basis, and their impact on inhibitor potency, alongside insights into
cross-resistance patterns. Special emphasis is placed on lenacapavir, exploring
data from pivotal trials and emerging applications in both treatment and prevention,
including long-acting pre-exposure prophylaxis (PrEP). Moreover, we highlight future
perspectives, including the need for global surveillance of CA polymorphisms, strate-
gies to overcome resistance, and challenges in accessibility and cost-effectiveness in
resource-limited settings. Collectively, Cls represent a transformative addition to the
HIV therapeutic arsenal, though their optimal deployment requires careful consider-
ation of efficacy, resistance, and implementation barriers.

1. Introduction

At the time of writing this review, more than 40 million people (37—45.6 million) are
living with HIV, with 1.3 million (1.0 —1.7) new infections occurring in 2024 alone,
according to the World Health Organization (WHO) [1]. The ongoing global epidemic
of HIV continues to pose a significant threat to public health worldwide, necessitating
sustained efforts in the development of effective treatment strategies [2].
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There are two main types of HIV: HIV-1 and HIV-2, both of which share the same
basic genetic organization and replication strategy; however, they differ in transmis-
sibility, geographic distribution, and clinical course [3,4]. HIV-1 drives the global HIV/
acquired immunodeficiency syndrome (AIDS) pandemic, infecting tens of millions
worldwide and accounting for the vast majority of cases due to its high transmissibil-
ity and rapid disease progression [5,6]. In contrast, HIV-2 remains largely localized
to West Africa, although there is evidence of gradual spread beyond its traditional
geographic boundaries [7,8].

Both HIV-1 and HIV-2 are classified within the subfamily Orthoretrovirinae of the fam-
ily Retroviridae [3]. Comparative phylogenetic studies indicate that these viruses arose
from cross-species transmissions of simian immunodeficiency viruses (SIVs), with HIV-1
originating from SIVcpz in chimpanzees and HIV-2 from SIVsmm in sooty mangabeys,
likely through several independent zoonotic events [9,10]. Molecular clock analyses
suggest that these spillover events may have taken place several centuries in the past.
HIV-1 was first isolated in 1983 from a patient showing early signs of AIDS, while HIV-2
was first identified in 1986 in West African individual presenting with AIDS-related symp-
toms, establishing it as a distinct but evolutionarily related lineage [11,12].

HIV-2 exhibits strong genomic similarity to HIV-1. Aside from differences in nucle-
otide sequence and the presence of distinct accessory genes; such as viral protein X
(Vpx) in HIV-2 and viral protein U (Vpu) in HIV-1, along with variations in the enve-
lope proteins and their functional properties, both viruses display a comparable over-
all genomic architecture [3]. From a clinical perspective, while infection with either
virus can eventually lead to AIDS, HIV-2 is characterized by lower infectivity and
reduced pathogenicity. Studies indicate that individuals infected with HIV-2 are more
likely to remain long-term nonprogressors, as progression from the initial infection to
AIDS is typically much slower and more protracted [13,14].

Building on these similarities, important distinctions in HIV-2 biology merit atten-
tion, particularly in viral entry, replication, and latency regulation. HIV-2 engages CD4
and co-receptors CCR5/CXCR4 alongside a broader array (such as CCR1, CCR2b,
CCR3, CCR8, CXCR1, GPR1, apj, and us28), enabling CD4-independent infection
in vitro, although this was not found to enhance pathogenicity [15—17]. Replication
kinetics differ markedly, with HIV-2 exhibiting lower plasma/DNA loads, an acute
post-infection surge, and extended latency versus HIV-1’s steadier output [15], poten-
tially tied to larger, structurally complex long-terminal repeats (LTRs) that feature
duplicated TAR elements and distinct promoters [18]. These characteristics underpin
HIV-2’s slower progression to AIDS, and in dual infected individuals, suppression
of HIV-1 via transcriptional interference [19,20]. Moreover, HIV-2 elicits more poly-
functional CD4+ and CD8+ T-cell responses, producing multiple cytokines along with
broader neutralizing antibody response directed against primary isolates, compared
to HIV-1. These robust immune features of the infection likely also contribute to its
attenuated disease course [4]. Overall, despite the key differences between the two
viruses, research on HIV-2 remains limited, perhaps the scarcity of epidemiological
statistics and prevalence data may partly explain why it has received far less scien-
tific attention than HIV-1.
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AIDS is the late, symptomatic stage of untreated HIV infection, defined by severe depletion of CD4+T cells and the
subsequent collapse of adaptive immune function [21]. As viremia persists in the absence of effective antiretroviral therapy
(ART), progressive T-cell loss impairs cellular and humoral immunity, rendering individuals susceptible to opportunistic
infections; such as Pneumocystis jirovecii pneumonia, disseminated mycobacterial disease, and invasive fungal infec-
tions, as well as certain malignancies such as Kaposi’s sarcoma and B-cell ymphomas [22]. Clinically, AIDS is diagnosed
either when CD4+ T-cell count falls below the 200 cells/ul threshold, or when an infected individual develops one or more
AIDS-defining illness; however, combination antiretroviral therapy (cART) regimens can suppress viral replication, pre-
serve immune function, and prevent progression to AIDS in most treated patients [23].

Besides monoinfections, dual HIV-1 and HIV-2 infection (HIV-D) has long been described, but its impact on clinical
prognosis remains incompletely defined, supported by limited cohorts [19,24,25]. While recent population level estimates
remain limited, HIV-D is most prevalent in West Africa, where both viruses are endemic. Current evidence indicates that
dually infected individuals tend to have lower HIV-1 viral loads and a slower rate of progression to AIDS compared with
those monoinfected with HIV-1. Proposed mechanisms for this relative attenuation include altered receptor usage, sup-
pression of T-cell activation, overexpression of beta-chemokines, and the development of cross-reactive humoral and
polyfunctional T helper and cytotoxic T-cell responses directed against both viruses [20,24,26,27].

Over the past four decades, substantial progress has been achieved in the management of HIV infection, transforming
what was once a rapidly fatal iliness into a chronic condition suitable for long-term management [28]. This remarkable
shift is largely attributed to the development and implementation of highly active antiretroviral therapy (HAART), which
has evolved from the era of monotherapy with NRTIs to the current standard of antiretroviral therapy also known as cART
[29]. HAART, introduced in the mid-1990’s, relied on combining three or more antivirals from at least two different classes
to achieve durable viral suppression, while modern cART builds on this principle but is now characterized by integrase
strand transfer inhibitors (INSTIs); such as dolutegravir (DTG) and bictegravir (BTG) as preferred anchor agents, owing to
their rapid virologic suppression, high genetic barrier to resistance, and generally favorable toxicity profile. These regi-
mens have substantially reduced the incidence of treatment-related adverse events and improved adherence compared to
older HAART protocols, that relied heavily on Pls and more toxic NRTIs [30,31].

Nonetheless, challenges related to drug toxicity and resistance persist in the current cART era as well. Long-term
treatment can still lead to renal impairment, bone mineral loss, dyslipidemia, neuropsychiatric side effects among other,
necessitating careful regiment selection and monitoring [31]. Moreover, the emergence of DTG-associated mutations in
individuals with prior treatment experience or suboptimal adherence remains a concern [32].

In parallel, the development of pre-exposure prophylaxis (PrEP), mostly based on tenofovir-based regimens, has
shifted the paradigm from treatment-only to prevention-integrated strategies, reducing new infections in high-risk popula-
tions given that adherence is maintained [33]. Taken all together, these advances underscore that while cART has mark-
edly improved safety and efficacy over earlier HAART, optimal management still requires ongoing monitoring of toxicity,
resistance, and long-term adherence.

The introduction and advancement of ART have dramatically improved the prognosis for individuals living with HIV in
the past 30 years [34], leading to significant increases in life expectancy and enhanced quality of life; however, CD4+cell
count at the initiation of ART remains a critical determinant of life expectancy [35]. This evolution underscores the crit-
ical role of pharmacological interventions in combating this persistent viral threat. The continuous pursuit of optimized
therapies, including Cls, remains paramount in the face of the virus’s adaptability and the aspiration for improved patient
outcomes.

The therapeutic landscape for HIV encompasses seven classes of antiretroviral drugs, each targeting a distinct stage
of the viral life-cycle. These include i) entry inhibitors; including fusion inhibitors and CCR5 antagonists, which prevent the
virus from entering host cells; ii) post-attachment inhibitors, which block post-binding steps of viral entry, iii) capsid inhib-
itors (Cls), which disrupt the formation or disassembly of the viral capsid; iv) nucleoside/nucleotide reverse transcriptase
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inhibitors (NRTIs), and v) non-NRTIs (NNRTIs), which interfere with and inhibit reverse transcriptase; vi) integrase strand
transfer inhibitors (INSTls), which prevent viral genomic integration; and vii) protease inhibitors (Pls), which block the viral
protease enzyme needed for the formation and maturation of new viral particles [36].

While each of these drug classes has contributed significantly to the management of HIV infection, they are also
associated with limitations; such as potential toxicities, the development of drug resistance, and in some cases, complex
dosing regimens [37], underscoring the urgent need for innovative therapeutic strategies, and the development of agents
with improved efficacy, safety profile, tolerability, and convenience, in order to improve adherence.

Once HIV diagnosis is confirmed, current guidelines recommend that antiretroviral therapy be started immediately for
all people living with HIV, irrespective of their WHO clinical stage or CD4 cell count, with the exception of certain condi-
tions such as cryptococcal meningitis, in which case treatment should be deferred to avoid the development of immune
reconstitution inflammatory syndrome (IRIS) [38]. The preferred initial antiretroviral therapy (ART) regimen in adults
consists of a nucleoside reverse transcriptase inhibitor (NRTI) backbone of tenofovir disoproxil fumarate (TDF) or tenofovir
alafenamide (TAF) plus lamivudine (3TC) or emtricitabine (FTC), combined with dolutegravir (DTG), absent contraindi-
cations [38]. Current guidelines generally apply the same ART approach to HIV-2 and HIV-D, adjusted according to local
drug-availability and HIV-2-specific considerations [38,39].

The HIV capsid (CA) protein forms the conical core that encloses the viral genome and associated enzymes, playing
essential roles throughout the viral life-cycle. CA orchestrates early events such as core stability, reverse transcription,
trafficking toward the nucleus, and nuclear import of the pre-integration complex, while also contributing to late-stage
processes including virion assembly and maturation [3]. Because CA function is tightly coupled to both viral replication
and evasion of host restrictions factors, it represents a structurally and mechanistically compelling target for interfer-
ence, therefore, targeting the HIV CA is viewed as a central node for next-generation antiviral strategies. In light of this
importance, this review is dedicated to a comprehensive examination of capsid biology and inhibition. We summarize the
molecular architecture of the HIV CA protein and its dynamic interactions with host cellular factors, while also comparing
key structural and functional distinctions between HIV-1 and HIV-2. Furthermore, we provide a detailed discussion of the
history and development roadmap of Cls, outlining their advantages and potential limitations, identifying critical CA resi-
dues involved in drug interactions, and evaluating the impact of resistance-associated mutations. Moreover, we compare
and analyze the potential applicability of these inhibitors for the treatment of HIV-2, a less prevalent but clinically relevant
HIV type.

2. HIV capsid

The HIV-1 CA core encapsulating the viral RNA and vital enzymes is assembled from CA monomers, and is indispensable
for viral replication, facilitating processes such as reverse transcription, nuclear import, and integration of the viral genome
into the host cell's DNA [40—42]. The synthesis of the CA protein involves the translation of the viral gag gene to Gag
polyprotein, followed by proteolytic cleavage by the HIV protease. This cleavage generates the mature CA protein, which
assembles into a conical structure [43].

2.1 Function of HIV CA

Beyond its structural role, the HIV CA functions as a multifunctional orchestrator throughout the early stages of viral repli-
cation [44]. During reverse transcription, the CA core acts as a protective scaffold, cores that are unstable or excessively
rigid were found to compromise viral DNA synthesis, indicating that a finely tuned, dynamic stability is essential for suc-
cessful reverse transcription [45]. The incorporation of inositol hexakisphosphate (IP6) into the HIV-1 CA core was shown
to stabilize the CA while maintaining its semipermeable properties [46], enhancing nucleotide permeability through the
hexamer pores, and promoting efficient reverse transcription [47]. CAis also central to cytoplasmic trafficking, recruiting
microtubule-associated proteins and motor adaptors that guide the viral core toward the nucleus along the cytoskeleton
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[48]. At the nuclear pore, CA engages with nucleoproteins such as Nup358 and Nup153, facilitating docking and translo-
cation of the reverse transcription complex into the nucleus [49,50]. Inside the nucleus, the CA influences not only the final
uncoating step required for integration, but also where integration occurs, though interaction with the host factor CPSF6,
whereby CA directs the viral genome toward gene-dense, transcriptionally active regions of chromatin located near
nuclear speckles [51].

2.2 Structure of the CA

The mature HIV-1 CA consists of 231 amino acid residues. The full-length protein has predominantly a-helical secondary
structure, and its tertiary structure consist of two independently folded domains. The N-terminal domain (NTD, 1-145 resi-
dues) is considered as core domain, while the C-terminal domain (CTD, 151-231 residues) as dimerization domain, which
are connected by a short linker [48,52-55]. The structure of HIV-1 CA is represented in Fig 1. The structurally and func-
tionally important regions of HIV-1 CA are well-characterized, and have already been reviewed previously [40,48,56,57].

One of the functionally important sites is a surface loop of NTD (residues 87-92) [58], which was found to bind the
host-derived cofactor peptidyl-prolyl isomerase cyclophilin A (CypA). The incorporation of CypA into HIV-1 particles was
found to be advantageous for the formation of infectious virions [59-61]. While it was found to often enhance infectivity, its
role is strain-dependent, with some HIV-1 strains showing minimal or no reliance on CypA for infectivity, particularly in cell
lines such as HelLa or H9, or with CA mutations such as G89V or A92E [61,62]. It is important to mention that while HIV-2
CA protein does bind CypA, the interaction is weaker and less functionally significant compared to HIV-1 [63,64].

The evolutionarily conserved major homology region (MHR), a 20-residue segment within the CTD spanning residues
153-172, plays a crucial role in maintaining structural integrity and mediating interactions with both viral and host mole-
cules [65]. Both the NTD and CTD contain cleavage sites for HIV-1 protease, and can be proteolytically processed [66],
however, the role of the viral protease during the early phase of the viral life-cycle remains controversial [67,68].

Lenacapavir Il

PF-3450074

CPSF6

NUP153 1

Sec24C [

[ cyeA EETTENTDTTTET cTD )

Fig 1. Structure of HIV-1 CA. Structure of full-length HIV-1 CA complexed with CypA is shown based on crystal structures: (PDB ID: 3NTE) [69] and
(PDB ID: 1AK4) [58]. Color code: CypA, purple; NTD, blue; CTD, green. Molecules binding to the hydrophobic pocket are represented based on crystal
structures of HIV-1 CA complexed with lenacapavir (PDB ID: 6VKV) [70], PF-3450074 inhibitor (PDB ID: 2XDE) [71], CPSF6 peptide (PDB ID: 4B4N)
[72], NUP153 peptide (PDB ID: 4UOC) [73], or Sec24C (PDB ID: 6PU1) [74]. The ligand molecules are shown by stick, and the color code is shown in
the figure.

https://doi.org/10.1371/journal.ppat.1014361.9001
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Intermolecular interactions between the NTD and CTD of adjacent CA monomers contribute to the structural integrity of
both hexameric and pentameric capsomers [75]. This inter-domain interface also forms a conserved hydrophobic pocket
that mediates interactions with host cellular cofactors involved in the early stages of infection (Fig 1) [76,77]. Its structural
stability and functional versatility, combined with its high sequence conservation across HIV-1 strains, make it an attractive
target for antiretroviral drug development [78—80].

2.3 Comparison between HIV-1 and HIV-2 CA

Across HIV-1 groups, amino acid conservation in the HIV CA ranges from 70 to >80%, and while the overall structure of
the CAis highly conserved, variability in the secondary structure can be observed between different groups [80]. The full-
length CA of HIV-1 and HIV-2 share a 69% overall sequence identity, the sequences of NTD and CTD are 66% and 74%
identical, respectively (Fig 2).

Besides sequences, structures of HIV-1 and HIV-2 CA are also highly similar (Fig 3A).

In our previous work, we determined the efficacy of lenacapavir (LEN) against HIV-1 and HIV-2 in a cell culture-based
assay [82]. Comparison of the inhibitor-bound complexes revealed that HIV-2 CA also contains a surface pocket that can
bind LEN. Docking of LEN to this pocket of HIV-2 CA’'s NTD revealed that its binding mode is highly similar to that of HIV-1
CA (Fig 3B). Most of the residues that form hydrogen bonds and nonbonded contacts in HIV-1 [83] were found to be iden-
tical in the structurally equivalent positions of HIV-2 CA [82] (Fig 3C). The highly comparable interaction networks show
correlation with the similar efficacy of LEN against HIV-1 and HIV-2 CA.
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Fig 2. Sequence alignment of HIV-1 and HIV-2 CA. Sequence alignment was performed using ESPript 3.0 online tool [81]. Secondary structural
arrangement is indicated based on a crystal structure of full-length HIV-1 CA (PDB ID: 3NTE) [69].

https://doi.org/10.1371/journal.ppat.1014361.9002
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Fig 3. Structure of HIV-1 and HIV-2 CA and binding mode of lenacapavir. (A) Structural alignment of HIV-1 and HIV-2 CA. HIV-1 CA is represented
based on a crystal structure (PDB ID: 6VKV) [69], while the structure of HIV-2 CA was modeled previously using AlphaFold [82]. (B) Comparison of the
binding mode of lenacapavir to the NTD of HIV-1 and HIV-2 CA. The enzyme-inhibitor complex is shown based on a crystal structure of HIV-1 (PDB ID:
6VKV) [70], while based on molecular docking for HIV-2 [82]. Lenacapavir is shown by blue and green colors for HIV-1 and HIV-2 CA, respectively. The
pyridinium (R1), the indazole (R2), the difluorobenzyl (R3), and cyclopenta-pyrazole (R4) rings of lenacapavir are highlighted in blue and green for HIV-1
and HIV-2, respectively. (C) Binding interactions of lenacapavir are shown based on structural analysis of HIV-1 and HIV-2 CA [82]. Interactions are
shown only for NTD but not for CTD. Underlined residues contribute to hydrogen-bond formation; otherwise, nonbonded contacts are formed. Residues
in red boxes are different or form interactions only in HIV-1 and HIV-2 CA.

https://doi.org/10.1371/journal.ppat. 101436 1.9g003

3. Mutations in CA and their effect

Mutations in the HIV-1 CA protein significantly alter the CA’s stability, impacting critical stages of the viral life-cycle, such
as reverse transcription and nuclear entry, therefore, altering viral infectivity [84] (Table 1). Several substitutions described
in the literature are primarily related to fitness as they disrupt intrinsic CA architecture rather than confer drug resistance,
for example, as one of the commonly studied residue mutations, P38A that is located within the central region of helix a2
that forms an 18-helix barrel at the core of the hexamer along with helices a1 and a3. This P38A mutation affects inter-
acting residues such as E29, K30, and P34, destabilizing the core by reducing the interface area between CA subunits
[84,85], as summarized in Table 1. Similarly, mutations such as R18A/N21A and Q63/Q67A, and R143A located in the
NTD; and R143A, K170A, K203A, and Q219A in the CTD also destabilize the CA, many of these mutations were found to
disrupt reverse transcription and lower viral replication efficiency [86].
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Table 1. HIV CA mutations and their known effects on viral replication. The mutations are shown based on literature data [57,84,85,45,88].
Residues without an apostrophe are in the primary subunit of the HIV-1 capsid hexamer. Single and double apostrophes indicate residues in
neighboring subunits within or across hexamers as indicated by source.

Mutation Affected Residues Capsid Stability Effect Functional Impact
P38A [57,84] P38, E29, K30, P34, E35, V36, 137, M39, S41, Destabilizes cores, reduces inter- Reduced Infectivity
A42, 120, E28', T54’ face area
R18A/N21A [45] R18, N21 Destabilizes cores Aberrant core morphology, Impaired
reverse transcription
Q63A/Q67A[85] Q63, Q67 Destabilizes/hyperstabilizes cores | Impaired nuclear import, delayed
uncoating
E45A[57,84] E45, S44, G46, E128, K130, R132, Q50°, D51°, | Hyperstabilizes cores, increases Preserved reverse transcription, delayed
P1’, H12', R82 interface areas uncoating, impaired nuclear entry
P38A/T2161 [84] P38, T216, 1216, Q219"", V221”7, 1201", L202", | Partially restores stability Improved assembly and infectivity com-
K203, A204" pared to P38A alone
E45A/R132T [84] E45, R132 Reduces hyperstability

https://doi.org/10.1371/journal.ppat.1014361.t001

The E45A mutation, altering the interaction of nearby residues like S44, G46, and R132, hyperstabilizes the CA by
increasing inter-subunit interface, resulting in a rigid structure that resists timely uncoating [84]. While reverse transcription
proceeds, delayed uncoating impedes nuclear entry, decreasing infectivity (due to lattice stabilization). Compensatory
mutations, such as T2161 with P38A or R132T with E45A, can partially restore stability and infectivity by modulating CA
interactions [57,84—86].

In contrast, some mutations selected under treatment pressure are more specifically associated with reduced drug
susceptibility, although they may also affect CA fitness. These resistance-associated substitutions do not simply overlap
with the broader set of structurally disruptive mutations, rather, they represent a distinct subset of mutations that preserve
enough CA function to permit replication while weakening binding of the inhibitor. Taken together, CA mutations fall into
at least two partially overlapping categories: those that primarily alter CA fitness, and those that emerge under treatment
pressure, that selects a narrower set of substitutions that map to the drug-binding pocket, mediating antiviral resistance
and often accompanied by substantial replication defects [87].

4. Host factor interactions with HIV CA

As previously mentioned, the interaction between host factors and the HIV CAis critical for viral replication and immune
evasion, involving a complex interplay of cellular proteins that either facilitate or restrict viral infection. CypA, a host
peptidyl-prolyl isomerase of a molecular weight of 18 kDa [89], plays a pivotal role in HIV-1 infection by certain viral strains
and in specific target cells, by interacting with the viral CA protein. CypA binds to the proline-rich loop in the N-terminal
domain of CA, stabilizing the CA and facilitating key steps such as reverse transcription, nuclear entry, and integration
[50,90]. This interaction enhances viral infectivity, with CypA-deficient virions showing reduced DNA synthesis and infec-
tivity [91]. CypA also modulates nuclear entry by coordinating nucleoporin interactions and counteracting restriction factors
like TRIM5a and MxB, though its effects vary by cell type [50,92,93]. In their study, Padron et.al. showed that CypA deple-
tion or inhibition with cyclosporin A reduced proviral integration in CypA-expressing cells, independent of its effects on
earlier steps or tripartite motif family of proteins TRIM5a [60]. These findings underscore CypA’'s multifaceted role in HIV-1
replication, with its CA-binding function critical to multiple stages of the viral life-cycle.

Nucleoporin 153 (Nup153) is a key component of the nuclear pore complex (NPC) and plays a major role in the nuclear
import of HIV-1 and other lentiviruses [94]. It functions at the interface between the cytoplasm and nucleus, mediating
the translocation of the viral pre-integration complex through the NPC, by way of direct interaction with the HIV-1 CA,
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facilitating the docking and translocation of the viral core into the nucleus [95]. This interaction is essential for productive
infection, as disruption of the Nup153—CA binding impairs nuclear import and reduces HIV-1’s infectivity, highlighting the
critical role of Nup153 in coordinating the early post-entry steps of the viral life-cycle [96]. The binding mode of a NUP153
peptide is shown in Fig 1.

Additionally, Cleavage and Polyadenylation Specificity Factor 6 (CPSF6) plays a critical role in determining HIV inte-
gration by facilitating nuclear import and influencing the selection of integration sites. Specifically, interactions between
CPSF6 and the viral CA enable the virus to evade peripheral heterochromatin, thereby promoting efficient integration into
the host genome [97,98]. The binding mode of a CPSF6 peptide is shown in Fig 1.

Conversely, restriction factors such as TRIM5a and Myxovirus resistance proteins (MxB) target the CA to inhibit infec-
tion. TRIM5a recognizes the capsid lattice in a species-specific manner, triggering premature uncoating and proteasomal
degradation [99], while MxB restricts uncoating and nuclear import by binding to the CA[100,101].

These interactions highlight the delicate balance between host-mediated facilitation and restriction of HIV infection, with
the CA serving as a key interface.

5. HIV Capsid inhibitors

HIV CA inhibitors (Cls) represent a novel and promising class of antiretroviral agents that specifically target the CA pro-
tein, a critical structural component essential for multiple stages of the HIV life-cycle and viral infectivity. Unlike traditional
antiretrovirals that inhibit viral enzymes; such as reverse transcriptase, integrase, or protease, Cls disrupt the structural
integrity and functional dynamics of the CA by interfering with processes including capsid assembly, stability, disassembly,
and uncoating. A major advancement in this class was the development of GS-6207 (lenacapavir, LEN), a long-acting Cl
with high potency and a favorable resistance profile. The emergence of such inhibitors marks a significant step forward in
HIV therapy, particularly for patients with multidrug-resistant viral strains, underscoring the therapeutic potential of target-
ing viral structural proteins.

5.1 Inhibitors targeting the NTD-CTD interface (binding pocket)

Cls targeting the NTD-CTD interface of the HIV CA represent a strategic approach to disrupt the critical inter-domain inter-
actions necessary for CA assembly and stability [102]. Inhibitors that bind at this interface can destabilize the hexameric
lattice by preventing proper domain-domain interactions, thereby impairing capsid formation, maturation, and uncoating
processes essential for viral replication. By targeting the NTD-CTD interface, these inhibitors exploit a highly conserved
and functionally vital region of the CA, reducing the likelihood of resistance development [71]. Compounds that interfere
with this interface can thus effectively inhibit multiple stages of the viral life-cycle, offering a promising avenue for the
design of next-generation CA-targeting antiretroviral therapies.

5.1.1 Lenacapavir. Lenacapavir (LEN) (GS-6207), marketed as Sunlenca, is a first-in-class, long-acting inhibitor of
the HIV-1 CA. It was approved by the U.S. Food and Drug Administration (FDA) in December 2022 for the treatment of
multidrug-resistant (MDR) HIV-1 infection in heavily treatment-experienced adults [103]. This approval was based on data
from the Phase 2/3 double-blind, placebo-controlled, global multicenter CAPELLA trial (NCT04150068), in which LEN
achieved sustained virologic suppression, with participants reaching an undetectable viral load (<50 copies/mL) by week
52 [104]. Mechanistically, LEN primarily interacts with a hydrophobic pocket that is located between three helices (helix
3, 4, and 5) of NTD in HIV-1 CA monomer and the CTD (helix 8 and 9) of an adjacent monomer within the hexameric
assembly. It engages in hydrophobic and electrostatic interactions with the NTD, and forms hydrogen bonds with the CTD,
stabilizing the hexamer interface [70]. This interaction results in “locking” the CA in a hyperstable state, disrupting multiple
stages in the viral life-cycle that are mediated by the CA [70,105] (Fig 4).

This binding site of LEN can be occupied by other molecules, for example, by small-molecule inhibitor PF-3450074
[71], as well as by host proteins, such as cellular RNA processing factor CPSF6 [72], nuclear import/pore protein NUP153
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Fig 4. Binding of lenacapavir to HIV-1 CA. Lenacapavir interacting with two CA molecules is represented based on a crystal structure (PDB ID: 6VKV)
[70]. Two neighboring monomers are shown, their NTD and CTD domains have blue and green as well as orange and pink colors, respectively. The
short inter-domain linkers have gray color. Enlarged view of lenacapavir-binding site is also shown, the key hydrogen-bond interactions are shown by
black dashed lines.

https://doi.org/10.1371/journal.ppat. 101436 1.g004

[73], or protein transport protein Sec24C [74]. Each of these ligands contain a common phenylalanine-glycine (FG) motif
that mediates binding to the FG-binding pocket of HIV-1 CA where LEN also binds.

The interaction between LEN and CA monomers is known to depend on key conserved residues in the NTD such
as N57, K70 and N74, T54, 173, and N74 in one monomer, and S41 (NTD), Q179 (CTD), and N183 (CTD) in the other
[70,83].

In vitro, LEN demonstrated an overall excellent half-maximal effective concentration (EC)) in the picomolar range of
50-314 pM [70], with EC; of 105 pM against HIV-1 in MT-4 cells, 56 pM in macrophages, and 32 pM in primary CD4+T
cells [106]. In regard to HIV-2, LEN was also shown to inhibit multiple steps of the viral life-cycle with a half-maximal inhib-
itory concentration (IC) of 206.2 pM against ROD-based HIV-2 [82], and an EC, of 885 pM against two HIV-2 isolates
[1086].

5.1.2 GS-CA1 and GS-CA2. GS-CA1 and its analogue GS-CA2 are highly potent small-molecule inhibitors of the
HIV-1 CA[107,108]. Akin to LEN, they bind with high affinity to a conserved hydrophobic pocket located at the interface
of two adjacent CA monomers within the hexameric assembly. Structural studies, including X-ray crystallography and
molecular modeling, have revealed extensive van der Waals and hydrogen-bond interactions with key conserved residues
such as L56, N57, M66, Q67, K70, N74, and T107 [107]. In vitro, the mean EC, of GS-CA1 was shown to be 240 pM in
MT-4 cells [107], and around 140 pM in primary human peripheral blood mononuclear cells [109]. GS-CA1 also exhibited
efficacy against SIV and HIV-2 in vitro, albeit its potency was somewhat lower compared to its effect on HIV-1 [107].
Preclinical models in a rhesus macaques showed that a single 300 mg/kg dose of GS-CA1 reduced the risk of infection by
SIV by 97% for 24 weeks [110], with favorable pharmacokinetics and sustained drug levels, supporting its potential as a
long-acting therapeutic or prophylactic agent against HIV [107].

5.1.3 BI-1 and BI-2. BI-1 and its structural analog BI-2 are small-molecule pyrrolopyrazolones that target the NTD of CA
protein, stabilizing CA assemblies and preventing uncoating of viral CAs in vitro, in addition to competitively preventing the
binding of the host factor CPSF6 to the CA NTD-CTD interface, a crucial interaction for nuclear trafficking and integration
of the viral genome [111,72]. Structural studies indicate that BI-2 interacts with the binding pocket formed by residues from
helices 3, 4, and 5, with residues N57, K70, A105, and T107 playing a vital role in mediating the interaction [111].
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In single and multicycle viral replication assays performed in SupT1 and C8166 cells, respectively, BI-1, showed EC,
values of 7.5-8.2 uM, while BI-2 demonstrated higher potency with EC, of 1.4-1.8 uM against VSV-G pseudotyped HIV-1.
However, the inhibitory effect of these small-molecule inhibitors was only apparent in the early phase of infection, as the
molecules failed to inhibit the production of infectious virions [111].

The pharmacokinetics and pharmacodynamics of these inhibitors remain poorly characterized. However, given their
relatively high EC,, values, further investigation into their properties appears to be of limited utility, particularly in light of
the availability of more efficacious alternatives.

5.1.4 CAP-1. CAP compounds (CAP-1 and CAP-2) are small molecular inhibitors that also belong to this subgroup,
binding at the base of the NTD, at the junction of a-helices 1, 2, 3, 4, and 7 [112]. This binding is thought to disrupt the
formation of the interphase between one CA NTD and another’s CTD [113]. While CAP-2 was highly cytotoxic, in U1 cell
infectivity model, CAP-1 reduced infectivity of HIV-1 by 95% at 100 uM concentration, inhibiting the late phase of the viral
life-cycle with no effect on the early phase [112].

Given the scarcity of data, in the frame of this work, we performed modeling and docking simulations to investigate how
these Cls interact with the HIV-2 CA. Our results suggest that GS-CA1, BI-1, and CAP-1 also bind in a similar mode as
previously described for HIV-1; however, more rigorous computational analyses and detailed binding site characterization
will be essential to fully elucidate these interactions, particularly in light of polymorphisms among different viral groups and
circulating recombinant forms. Results of our docking experiments are shown in Fig 5.

Moreover, we utilized Ligplot+ [114] to analyze the interactions between HIV-2 CA and the GS-CA-1, BI-1, CAP-1,
and I-XW-053 inhibitors, based on the most probable docked conformer derived with DiffDock [115]. Results show that
GS-CA-1, and BI-1 were the only ones forming a single hydrogen bond with Asn56 residues. All analyzed inhibitors
exhibited extensive nonbonded interactions, indicating stable complex formation. Based on our analysis, the interaction
pattern is highly similar, and Asn56, Arg69 as well as Asn73 residues of HIV-2 CA contribute to the binding of each inhib-
itor (Table 2).

5.1.5 BM. Modified benzodiazepine (BD) and benzimidazole (BM) compounds have demonstrated inhibitory activity
against the HIV-1 CA protein, binding to the same pocket as CAP compounds, with some extension into adjacent regions.
Key residues involved in the interaction include F32, H62, V24, and V59 [117]. These compounds primarily target the late
phase of the viral replication cycle, as evidenced by their limited activity during early infection stages. They exhibit sub-
micromolar inhibitory potency against HIV-1, with BD1 displaying high efficacy in multiple-cycle replication assays [117].
To date, no pharmacokinetic or pharmacodynamic studies have been reported for these compounds, and their activity
against HIV-2 remains uncharacterized.

5.2 Inhibitors targeting the NTD-NTD Interface (CA-CA interactions)

These compounds typically exploit a hydrophobic pocket formed at the six-fold intra-hexameric NTD-NTD interface
[54,118], engaging key residues like W184, M185, and A105 in HIV-1 CA, or the corresponding HIV-2 CA residues W183,
M184, and A103 (since position 105 in HIV-2 CA is occupied by threonine residue, Fig 5J). Through hydrogen bonds and
hydrophobic interactions, these compounds disrupt proper hexamer assembly. By locking the CA in an aberrant conforma-
tion or destabilizing assembled CAs, these inhibitors hinder multiple stages of the viral life-cycle [119]. Example of these
type of inhibitors is the I-XW-053; a small organic molecule derived from a parent compound CK026, that demonstrated
modest efficacy against a broad range of primary HIV-1 strains with IC, of 22.5 uM, through disruption of the uncoating
process, although, it did not inhibit the replication of SIV [120].

5.3 Inhibitors targeting the hydrophobic groove (CTD-CTD Interface)

5.3.1 Peptide inhibitors. Capsid assembly inhibitor (CAl) is a peptide that disrupts HIV-1 CA formation by targeting
the dimerization interface. It specifically interacts with residues 169-191 (Fig 5K), encompassing helices 8, 9, and 11 of
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Fig 5. Structure of inhibitors bound to HIV-2 CA. Predicted binding mode of GS-CA-1 (A), BI-1 (C), CAP1 (E), and I-XW-053 (G) to HIV-2 CA, the
conformers predicted with the highest confidence value are represented for each Cl with stick representation mode. All of the ten predicted conformers
are also shown for GS-CA-1 (B), BI-1 (D), CAP1 (F) with HIV-2 CA monomer, and I-XW-053 (H)—taken from hexamer structure, after alignment. (I)
Structure of I-XW-053 inhibitor-bound to complete HIV-2 CA hexamer structure, the ten conformers are represented as sticks. (J) Closeup of I-XW-053
conformer predicted with highest confidence with residues involved in NTD-NTD interface, represented as sticks. (K) Residues of the dimerization inter-
face, according to HIV-1 CA numbering, are colored red. The NTD and CTD domains have blue and green colors, respectively, consistently. The HIV-2
CA hexamer structure was modeled with AlphaFold3 [116]. Docking was carried out with DiffDock [115].

https://doi.org/10.1371/journal.ppat.1014361.9005

the HIV-1 CA[121]. This interaction leads to the formation of nonfunctional CA dimers that either lack a critical assembly
interface or are incapable of being incorporated into the viral particle [121].

To harness its therapeutic potential, hydrocarbon stapling was employed to convert CAl into a cell-permeable peptide,
designated NYAD-1. This modified peptide effectively inhibits both early- and late stages of HIV-1 infection, and demon-
strates antiviral activity against a range of HIV-1 strains, with IC, values between 4 and 21 uM [122]. Its analoge NYAD-
13 is highly soluble, with a C-terminal proline replaced by three lysine residues. It has demonstrated efficacy with similar
IC,, ranges, albeit, the cytotoxicity was more pronounced compared to NYAD-1 [122]. Similar peptides NYAD-36, NYAD-
66, and NYAD-67 were also effective in inhibiting infection by multiple HIV-1 isolates in PBMC’s with IC, in the micromolar
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Table 2. Interactions between HIV-2 capsid protein and inhibitors. Interacting residues were deter-
mined with LigPlot+ [114], based on the most probable docked conformers obtained from DiffDock
analysis. The hydrogen bonds are side-chain mediated, and all listed residues (with the exception

of Gly104) form predominantly side-chain mediated nonbonded interactions as well.

Inhibitor | Hydrogen | Nonbonded interactions
bonds
GS-CA-1 | Asn56 Asn52, Asn56, Arg69, Asn73
BI-1 Asn56 Asn52, Leub5, Asn56, 11e68, Arg69, lle72, Asn73, Ala103, Gly104, Thr105, Tyr129
CAP-1 - Asn52, Leu55, Asn56, Arg69, lle72, Asn73, Ala103, Thr105, Tyr129
I-XW-053 | — Leub5, Asn56, 1168, Arg69, lle72, Asn73, Ala103, Tyr129

https://doi.org/10.1371/journal.ppat.1014361.t002

range, with NYAD-67 being the most effective. Additionally, these inhibitors unexpectedly showed dual activity by also
binding to the HIV-1 envelope glycoprotein gp120, particularly the V3 loop, inhibiting viral entry in addition to impairing
Gag processing [123—125].

CAC1, an N-terminal-acetylated and C-terminal-amidated peptide comprising residues 175-194 of the wild-type HIV-1
CA protein, was designed to mimic the dimerization interface and disrupt CA CTD-CTD interactions [126]. On its own, it
showed poor inhibitory activity on HIV-1 production ex vivo, with concentrations in the millimolar range being required,
however, in combination with a chariot and CAC1-derived peptides, that were created to increase peptide solubility and
helical propensity, HIV-1 strain HXB2 production was decreased by roughly an 80% in U87-CD4-CXCR4 cells, albeit, at a
high micromolar concentration [127].

Given their nature, peptide inhibitors face significant hurdles for clinical translation, including poor in vivo stability, lim-
ited cell permeability, and to a major extend low solubility, which have restricted studies to in vitro settings. To our knowl-
edge, no human clinical trials or pharmacokinetic studies have been reported for any NYAD peptides to date.

5.4 nonspecific inhibitors

PF-3450074 (PF74) is a small-molecule inhibitor that targets the HIV-1 CA by binding to a pocket at the NTD-CTD inter-
face, involving NTD helices 3, 4, 5, and 7, at the junction of two adjacent monomers within the assembled CA hexamer.

It forms key interactions with NTD residues N57, M66, Q63, K70 and some CTD residues such as K182, overlapping
with the binding sites of host factors CPSF6 and NUP153 [71]. Its binding site is distinct from those of CAP-1 and CAl/
NYAD-1 [71]. PF74 disrupts the higher-order structure of the CA hexamer by weakening NTD-CTD interactions, leading
to premature uncoating in the early phase of infection, which impairs reverse transcription, nuclear entry, and integration,
and weakly inhibits CA assembly in the late phase [71,45]. This compound exhibits antiviral activity with an ECs, of 0.57
MM in MT-2 cell-based assays against the HIV-1 NL4-3 strain. However, its clinical development is constrained by modest
potency in the micromolar range, limited metabolic stability, and the rapid emergence of resistance mutations.

Ebselen, an organoselenium compound with established anti-inflammatory, antimicrobial, and cytoprotective proper-
ties [128,129], was identified as a CA-targeting agent through a time-resolved fluorescence resonance energy transfer
(TR-FRET) high-throughput screening assay. It was shown to directly bind the CTD of the HIV-1 CA and inhibit early-stage
replication events of the HIV-1 NL4-3 isolate in HeLa-CD4-LTR-B-galactosidase (LacZ) reporter cells, with an EC;, of ~2
MM [130]. This molecule was shown to covalently bind the highly conserved cysteine residues (Cys198, Cys218) via a
selenylsulfide linkage in the CA-CTD, increasing the stability of the CA and impairing uncoating [130]. However, its non-
specific reactivity with cysteine-containing proteins, including HIV-1 and host proteins, raises concerns about toxicity and
off-target effects, although, a particular benefit was shown when ebselen exhibited a moderate inhibition of LEDGF/p75-IN
interaction, an inhibition that was reversed by dithiothreitol (DTT) [131]. Ebselen was also found to induce oxidative stress
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via redox cycling [132]. The lack of selectivity and unknwon pharmacokinetic profile, most likely have precluded clinical
development to combat HIV-1, limiting its use to preclinical studies.

6. New inhibitors and perspectives

More recently, compound H27; a novel small-molecule inhibitor was found to interfere with HIV-1 CA without altering
assembly or uncoating. This inhibitor was found to exert its effect primarily by specifically disrupting proper interaction
with the nuclear import machinery of the PIC, ultimately hindering nuclear entry [133]. While the exact binding site of this
inhibitor to HIV-1 CA has not yet been established, E45L and G46 were found to be critical residues for the inhibitor’s
action [133]. The inhibition of HIV-1 replication was dose-dependent, with IC, values of 2.9-5.6 uM in primary lympho-
cytes, using pseudotyped, NL4-3, and BaL HIV-1 isolates [133]. Its specificity and lack of cross-resistance with PF74 and
lenacapavir suggest H27 as a promising candidate for further development in combination antiretroviral therapies, though
preclinical pharmacokinetic and toxicity studies are needed.

Designed as a robust alternative to conventional antibodies, Designed Ankyrin Repeat Proteins (DARPIns) retain the
high affinity and specificity for target binding characteristic of antibodies, while offering distinct advantages in terms of
physicochemical stability and cost-effective production [134,135]. Utilizing highly diverse DARPin DNA libraries, potent
inhibitors and target-specific binding proteins across a broad range of biological systems were identified.

Targeting HIV, DARPins were designed to interact with CD4 receptors present on the surface of HIV target cells, com-
peting with gp120 for binding and thereby inhibiting viral entry and subsequent infection in low nanomolar range [136].

A phage-displayed ankyrin-repeat protein library was screened against the MA-CA domain of HIV-1 Gag, identifying
AnkGAG1D4, which binds the NTD of the CA protein [137]. Stable expression of AnkGAG1D4 in SupT1 cells reduced
HIV-1 NL4--3 infectivity by interfering with late-stage processes, including viral assembly and budding. N-myristoylation
of AnkGAG1D4 enhanced its antiviral activity by targeting it to the plasma membrane, further impairing viral budding. This
effect likely results from sequestration of Gag proteins and/or competition for membrane anchoring sites essential for
virion formation. Additionally, AnkGAG1D4 may interfere with CypA incorporation into virions, though this effect requires
further investigation [137].

S45Y substitution significantly enhanced the binding affinity of AnkGAG1D4 for the monomeric HIV-1 CA [138], and a
dimeric form connected by a (G,S), linker was developed to further improve its affinity through increased flexibility and
solubility [139]. Despite its promising in vitro efficacy, AnkGAG1D4’s intracellular delivery challenges and lack of clinical
data limit its therapeutic potential.

GSK878 is a recently developed HIV-1 inhibitor that targets the mature CA hexamer, binding to a pocket similar to that
of the established CA inhibitor PF-74 [140]. It was shown to exert potent antiviral activity against HIV-1 reporter virus in
MT-2 cells, with mean EC, in the low picomolar range [140]. This inhibitor alters the stability of the CA core, impairing
nuclear import and proviral integration, and while it remains to be proven, GSK878 is also thought to weakly inhibit later
stages of the viral life-cycle, perhaps by binding to the CA domain of Gag, through interactions with the NTD of CA region
[140]. Sharing a similar pocket with PF-74, mutations such as L561, M661, Q67H, N74D, T107N, and the Q67H/N74D
combination were found to decrease susceptibility to GSK878, with M661, Q67H/N74D, and L56I exerting the strongest
effects on antiviral activity [140].

VH4004280 (VH-280) is a novel, orally administered HIV-1 capsid inhibitor that binds to a conserved pocket within the
mature capsid hexamer targeting the CPSF6/nucleoporin binding pocket and disrupts both early and late steps of the
viral life-cycle, with half-maximal effective concentrations in the picomolar range against a broad panel of HIV-1 labora-
tory strains and clinical isolates [141]. In vitro analysis revealed that Q67H and adjacent substitutions such as A105E and
T107D/N were key resistance-associated changes [142]. In a phase 1 study in HIV negative adults, VH-280 exhibited a
long oral half-life of ~6—9 days, and a favorable safety and drug-interaction profile, supporting its further development as a
long-acting component of HIV-1 treatment and prevention regimens [141].
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A related capsid inhibitor, VH4011499 (VH-499), with a comparable antiviral potency and resistance profile, is currently
under clinical development as both an oral and long-acting antiretroviral [142]. In a short-term phase 2a proof-of-con-
cept trial in treatment-naive individuals with HIV-1, higher doses of oral VH-499 led to substantial reductions in viral load,
whereas lower systemic exposure permitted the emergence of resistance-associated CA amino acid substitutions, empha-
sizing the need for adequate drug levels and optimized dosing strategies (ClinicalTrials.gov ID NCT06039579). Ongoing
phase 1 studies are further exploring long-acting injectable formulations of VH-499 (ClinicalTrials.gov ID NCT06012136).
To facilitate comparative analysis, we prepared a comprehensive summary of currently reported Cls and their antiviral
efficacy against HIV-1, and, where available, HIV-2. The relevant data have been systematically compiled and presented
in Table 3.

7. CA mutations and mechanisms of resistance development

Resistance mutations in the HIV-1 CA present significant challenges to the efficacy and clinical development of
CA-targeting inhibitors. The mutations primarily cluster within or adjacent to the drug-binding pocket, reducing inhibitor
affinity while often imposing significant replication fithess costs.

For example, LEN is associated with a spectrum of resistance mutations of HIV-1 CA, including L561, M661, Q67H,
T107N, K70N, N74D/S, and A105E [143,144]. These mutations impose substantial replication fitness costs at least in
the case of HIV-1, primarily through structural reorganization of the CA lattice that disrupts the precise spatiotemporal
dynamics required for uncoating, reverse transcription, and nuclear import [87,145]. Clinical isolates from CAPELLA and
CALIBRATE trials carrying primary resistance mutations such as M66I exhibited replication capacities as low as 13—17%
of wild-type virus, with phenotypic analyses confirming 4- to >800-fold reductions in susceptibility to LEN, accompanied

Table 3. Summary of reported HIV capsid inhibitors and their antiviral efficacy against HIV-1 and, where available, HIV-2. The table includes

representative efficacy values, experimental cell types, and viral model used in the respective studies.

Inhibitor Reported efficacy Cell type Virus

LEN [70,106] EC,, 32-314 pM MT-4, macrophages, CD4+ T-cells HIV-1

LEN [82] IC,,: 206.2 pM Jurkat cells HIV-2 ROD

LEN [106] EC,,: 885 pM CD4+ T-cells, macrophages HIV-2 Isolates

GS-CA1 [107] Mean EC,: 240 pM MT-4 cells HIV-1

GS-CA1[109] EC,,:~140 pM Primary PBMCs HIV-1

GS-CA1[107] EC,,>1nM Primary PBMCs SIV/HIV-2

BI-1 [111] EC,,: 7.5-8.2 uM SupT1/C8166 cells HIV-1 (VSV-G pseudotyped)
BI-2 [111] EC,,: 1.4-1.8 uM SupT1/C8166 cells HIV-1 (VSV-G pseudotyped)
CAP-1[112] 95% infectivity reduction at 100 uM U1 cell infectivity model HIV-1

BD1 [117] Sub-micromolar potency C8166-LTR-luciferase cells HIV-1

I-XW-053 [120] IC,: 22.5 UM Cf2Th-CCR5 cells HIV-1

NYAD-1 [122] IC,: 4-21 yM MT-2/PBMCs HIV-1

NYAD-36/66/67 [122,123] IC,,: low micromolar range MT-2 HIV-1

CAC1 derivatives [127] ~80% inhibition at high pM U87-CD4-CXCR4 cells HIV-1

PF74 [71] EC,, 0.57 uyM MT-2 cellS HIV-1

Ebselen [130] EC,,:~2 uM HelLa-CD4-LTR-B-gal (NL4-3, early replication) HIV-1

H27 [133] IC,,: 2.9-5.6 yM Primary lymphocytes (pseudotyped/NL4-3/Bal) HIV-1

GSK878 [140] Mean EC50: low picomolar MT-2 cells HIV-1

VH-280/ VH-499 [141] EC,,: picomolar range MT-2 cells (NL4-3-derivative) HIV-1

https://doi.org/10.1371/journal.ppat.1014361.t003

PLOS Pathogens | https://doi.org/10.1371/journal.ppat. 1014361

July 10, 2026

15/26



PLO%- Pathogens

by marked uncoating delays and Gag-Pro processing defects [87]. Combinatorial mutations, such as Q67H/T107N and
Q67H/N74D, further amplify resistance levels by more than 60-fold and 1,000-fold, respectively [83,146].

GS-CA1, a compound structurally related to LEN, shares a similar resistance profile, with overlapping mutations of
HIV-1 CAincluding L561, N57S, M661, Q67H, Q67Y, and N74D. These mutations result in significant reductions in inhibitor
potency [107]. Although individual mutations such as K70R and T107N do not independently confer substantial resistance,
their presence in combination with Q67H leads to over a 50-fold increase in EC, values [107]. While GS-CAZ2, a structural
analogue of GS-CA1, is presumed to exhibit a similar resistance profile, specific data on resistance mutations remain
limited.

Modified benzodiazepine (BD) and benzimidazole (BM) inhibitors are influenced by distinct sets of resistance-associated
mutations. For BD inhibitors, in vitro data; although limited, indicate selection of mutations of HIV-1 CA such as V36T, G61E,
V27A/1, and T58I. In the case of BM compounds, mutations including K30R, S33G, and T58I were identified, all contributing
to multi-fold increases in EC, . Among these, V36T exerted the most pronounced effect on BD compound activity, whereas
T581 most severely impaired BM compound efficacy. Notably, the V36 T/G208R combination significantly diminished BD
inhibitor potency, while the K30R/G208R combination had an analogous detrimental effect on BM inhibitors [117].

Resistance to PF74 is conferred by substitutions in HIV-1 CA, such as Q67H, S41A, V165I, and L172l. High-level resis-
tance is observed with combinations including S41A/Q67H and either V165l or L172I [147]. Less-characterized inhibitors
like BI-1 and BI-2, which bind to the same site in the NTD as PF74 [88,111], are likely affected by resistance mutations
including A105S, T107N, N57A, and N57S, which may alter the binding affinity [148].

Unlike some LEN resistance mutations (M661), which can severely impair viral replication capacity, these molecules
tend to select resistance pathways involving compensatory mutations that preserve greater viral fitness [149].

CAP-1 and CAP-2 interact with a unique hydrophobic pocket in the NTD near the linker region in HIV-1 CA, inducing
conformational changes [148]. However, resistance profiles for these compounds have not yet been characterized. Docking
studies suggest that I-XW-053 depends critically on residues 137 in helix 2; and R173 in helix 8 for effective binding [120]

For the peptide inhibitor CAl, effective binding requires structural integrity of the HIV-1 CA CTD dimer interface, par-
ticularly helix 9. Mutations within the 169-191 region can confer resistance by disrupting this interface, with W184A and
M185A mutations markedly reducing CAIl binding affinity [121].

The cell-penetrating derivatives of CAl (the NYAD family of peptides) also target the HIV-1 CA CTD’s hydrophobic
groove and are likely impacted by similar resistance mutations. Interestingly, treatment with NYAD-36 led to the emer-
gence of mutations V120Q (in the C1 region) and A327P (at the base of the V3 loop) in the envelope glycoprotein gp120,
which conferred substantial resistance in cell culture assays [123].

CAC1 and its derivative peptides predominantly bind to the same region of the CA-CTD, particularly helix 9, interacting
with residues 184, 185, and 188, as well as residues 150, 154, 190, 200, and 203 near the CTD dimerization interface
[127]. A well-defined resistance mutation profile for CAC1 remains to be established.

Regarding the recently identified small-molecule inhibitor H27, which targets CA-mediated nuclear import, two nonpoly-
morphic mutations, E45L and G46A, have been shown to confer resistance. These hyperstabilizing mutations are likely to
stabilize the CA to resist H27’s disruption [45,133].

Ebselen, a covalent inhibitor targeting cysteine residues Cys198 and Cys218, has not yet been associated with any
reported resistance mutations. Likewise, no resistance mutations have been identified against Designed Ankyrin Repeat
Proteins (DARPIns) that target the viral CA.

Table 4 summarizes the inhibitors and the resistance-associated mutations reported thus far.

8. Major Clinical trials assessing the efficacy of LEN-based combinations

There is increasing scientific evidence on the clinical applicability of LEN. Following the promising approval studies, more
real-world data are accumulating on the most appropriate clinical scenarios in which LEN might be used. The phase 2/3

PLOS Pathogens | https://doi.org/10.1371/journal.ppat. 1014361 July 10, 2026 16 /26




PLO%- Pathogens

Table 4. CA inhibitors and their associated resistance mutations.

Inhibitor Stage Known Resistance Mutations in HIV-1 CA | Notes
Lenacapavir | Approved and in clinical L561, M661, Q67H, T107N, K70N, N74D/S, Significant reduction in efficacy, Q67H/T107N and Q67H/N74D
use (treatment and PrEP) | A105E combinations increase resistance >60-fold and >1000-fold
GS-CA1 In vitrolexperimental L561, N57S, M661, Q67H, Q67Y, N74D Overlapping resistance with LEN, notable increase in
(preclinical lead) resistance
GS-CA2 In vitro/lexperimental Presumed similar to GS-CA1, specific muta- | Limited data, but likely comparable resistance profile
tions not detailed
BD In vitrolexperimental V36T, G61E, V27A/l, T58I, V36T/G208R V36T reduces BD activity significantly, V36T/G208R combina-
inhibitors (combination) tion markedly reduces BD efficacy
BM In vitrolexperimental K30R, S33G, T58I, K30R/G208R T58| most detrimental to BM efficacy, K30R/G208R combina-
inhibitors (combination) tion severely reduces BM activity
PF74 In vitrolexperimental Q67H, S41A, V165I, L1721, S41A/ High-level resistance conferred by combination mutations
Q67H+V165! or L172I
BI-1/ BI-2 In vitro/lexperimental A105S, T107N, N57A, N57S Likely to affect binding affinity
CAP-1/ In vitrolexperimental Not characterized Resistance profile unknown
CAP-2
I-XW-053 In vitro/lexperimental 137, R173 based on docking dependence Binding highly dependent on these residues, resistance muta-
tions not confirmed but predicted
CAl In vitro/lexperimental W184A, M185A, region 169-191 Mutations disrupt CTD dimerization interface, significantly
reduce binding affinity
NYAD In vitrolexperimental V120Q, A327P (V3 loop of gp120) Substantial resistance in cell culture; mutations outside CA
domain
CAC1 In vitro/lexperimental Residues W184, M185, T188, D150, R154, Resistance mutation profile not yet defined
L190, 1200, K203 (predicted interaction sites)
H27 In vitro/lexperimental E45L, G46A Hyperstabilizing mutations, likely disrupt CA integrity and
confer resistance
Ebselen In vitro/lexperimental None reported No known resistance mutations
— repurposed
DARPins In vitro/lexperimental None reported No known resistance mutations
VH4004280 | Investigational (Phase Q67H, A105E -
I-11) T107D/N
VH-4011499 | Investigational (Phase Q67H, A105E -
I-11) T107D/N

https://doi.org/10.137 1/journal.ppat. 101436 1.t004

CAPELLA trial evaluated LEN in heavily treatment-experienced adults with multidrug-resistant HIV. Patients received var-
ious regimens, including LEN monotherapy or in combination with background ART [104]. Primary endpoint (a decrease
of > 0.5 10g10 copies per milliliter in the viral load by day 15) was achieved in 88% of patients receiving LEN vs 17% in the
placebo group with optimized background therapy. In this trial, safety profile was acceptable, with injection-site reaction
being the most common adverse event (63%). With regards to resistance, LEN-associated CA mutations developed in
eight patients, however, half of these patients experienced re-suppression during LEN administration. Notably, the 3-year
results were impressive in terms of efficacy, and maintaining viral suppression in 85% of the patients, with the exclusion of
missing data. No new resistance was detected after week 104, and the frequency of injection-site reactions declined over
time [150].

The CALIBRATE study was a phase 2 randomized study in treatment naive HIV positive individuals. LEN was
co-administered with NRTI backbone evaluating four arms: Arm 1 received LEN subcutaneously every 26 weeks (after
oral loading) with oral daily emtricitabine (F)/tenofovir alafenamide (TAF) followed by TAF +LEN or bictegravir (BIC) +
LEN (Arm 2). Arm 3 received oral LEN with F/TAF, while Arm 4 recieved BIC/F/TAF. All combinations provided virological
suppression at week 54, between 85% and 92% [151]. Apart from these published hall-mark trials, there are currently
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24 studies registered at the clinicaltrials.gov platform, with 3 completed, 12 active not recruiting, and 9 studies awaiting
participants [152]. Among these, the ARTISTRY-1 study (NCT05502341) is noteworthy, which evaluates the efficacy and
tolerability of switching from a stable baseline regimen to an investigational once-daily fixed-dose combination of LEN and
bictegravir. Furthermore, studies are ongoing with the combination of the novel nucleoside reverse transcriptase trans-
location inhibitor islatravir and LEN, administered once weekly, in virologically suppressed individuals (NCT05052996,
NCT06630286, and NCT06630286). The combination of the broadly neutralizing antibodies teropavimab and zinlirvimab
with LEN appears to be a paradigm-shifting approach, currently under evaluation in virologically suppressed adults, with
the potential for biannual dosing (NCT05729568, NCT04811040) [152,153].

Importantly, beyond its role in treatment, LEN has proven to be an efficient option for pre-exposure prophylaxis (PrEP)
in the PURPOSE trials, owing to its long half-life, infrequent administration, and good tolerability [154,155]. While there
are still ongoing PURPOSE trials (NCT06101342, NCT06101329, NCT06513312), the reassuring safety and efficacy
results in diverse patient populations led to the recent approval of LEN in June 2025 as PrEP, administered subcuta-
neously twice a year. This long-acting formulation may help overcome key barriers to prevention, such as the daily pill
burden or frequent clinic visits. A potential game changer in prevention could be the ongoing once-yearly LEN PrEP study
(NCTO7047716).

9. Lenacapavir after the dolutegravir era: promise and pitfalls

The development of LEN bears a notable parallel to the emergence of DTG, as both agents were landmarks in ART,
initially generating enthusiasm for their potential use in monotherapy and salvage settings, alongside their integration

into cART. INSIs such as DTG established themselves as highly potent inhibitors with high barrier to resistance, though
resistance can still arise under selective pressure, particularly with suboptimal adherence [156]. Early clinical evidence
indicates that LEN is similarly potent, with treatment-emergent mutations associated with reduced drug susceptibility, yet
often accompanied by marked impairments in viral replication fitness [87]. Early reports emphasize that LEN—selected
resistance typically emerges in the context of incomplete viral suppression or monotherapy-like conditions, reinforcing the
need to reserve the drug for cART rather than standalone use [157]. In this context, optimism about LEN is justified by its
unique mechanism and high-barrier profile, but the experience with DTG and the emerging resistance data caution that
long-term success is not guaranteed, and will be highly dependent on careful regimen design and adherence.

10. Conclusion and future perspectives

CAls are increasingly being considered in the context of HIV cure strategies, because their activity at both early and late
stages of the viral life-cycle may help suppress low-level or intermittent replication, and reduce the seeding or expansion
of latent reservoirs. Their long half-lives, high genetic barriers to resistance, and targeting of highly conserved CA pockets
make these agents attractive components of intensified regimens during treatment-pause studies or latency-modulation
approaches [158]. In this framework, drugs such as LEN and related CAls could complement broadly neutralizing antibod-
ies, immune-modulating agents, and latency-reversing strategies within future HIV-cure-oriented combinations, although
their precise impact on persistent reservoirs and post-treatment control remains unclear.

Despite the enthusiasm surrounding the clinical approval of LEN, significant challenges remain. While this drug rep-
resents a therapeutic milestone as the first in class targeting the CA to gain FDA approval, many other potential inhibitors
are under evaluation, but remain in preclinical phases, marred by pharmacokinetic hurdles, poor solubility or modest effi-
cacy. LEN’s success is partly due to its favorable pharmacokinetics, but replicating this profile is chemically challenging.

Several concerns merit critical discussion. A major question is the clinical relevance of HIV-1 CA (and more importantly
HIV-2 CA) polymorphisms across groups, and their impact on Cl susceptibility. As described previously, LEN binds to a
highly conserved pocket at the interface between CA monomers, but point mutations have already been shown in vitro to
confer resistance or reduce susceptibility. These mutations can arise under antiretroviral pressure, but importantly, some
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CA variants bearing similar changes may exist naturally, particularly in clade B and circulating recombinant forms (CRF’s).
Compounding this issue is the relative lack of comprehensive global surveillance for CA mutations in clinical isolates,
unlike integrase or reverse transcriptase inhibitors, where genotypic resistance testing is standard, no such infrastructure
exists yet for CA-targetting drugs, giving their recent debut. Therefore, an early massive deployment of LEN in diverse
global HIV infected populations without robust combination strategies, surveillance for emerging resistance mutations,
and attention to adherence and pharmacokinetic “tailing” could result in unpredictable efficacy, and potentially contradict
favorable preclinical results. It could also undermine treatment programs by contributing to breakthrough infections and
the selection of resistant variants, even if in-vitro data and clinical-trial efficacy appear highly favorable. In the context

of PrEP, some have argued, and reasonably so, that CA-targeting antivirals should be restricted to compounds that act
at early stages of infection and bind to sites associated with a higher genetic barrier to resistance, while avoiding matu-
ration-specific inhibitors or regions prone to polymorphisms [159]. An underexplored concern is whether long-term use
of other antiretroviral classes may induce selective pressure that indirectly affect CA structure or function. In such case,
compensatory mutations elsewhere in the viral genome could result in alteration to the CA structure, potentially altering
binding affinity or inhibitor access. This is indeed relevant given LENs long half-life.

Finally, in countries with low socioeconomic status and lower income; where HIV burden is highest, the cost-
effectiveness of Cls remains uncertain, particularly when first line regimens are available as generics. Indeed, the very
features that make long-acting formulations an attractive choice; such as reduced dosing frequency, are also those that
may be inaccessible in resource-limited settings, especially given the current political climate [160-162].

In conclusion, while CA inhibitors mark a novel frontier in antiretroviral therapy, their implementation must proceed with
caution and rigorous surveillance, at least for the short term, especially when mono-and dual antiretroviral therapy proto-
cols are on the horizon.
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