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Background: Lenacapavir (LEN), a first-in-class HIV-1 capsid inhibitor administered subcutaneously twice yearly, has demonstrated
near-perfect efficacy in Phase 3 trials, generating justified enthusiasm for its potential to reconfigure HIV prevention. However, its
revolutionary success obscures critical spatiotemporal vulnerabilities. We critically examined the protective envelope of LEN,
specifically focusing on the gap between systemic pharmacokinetics (PK) and mucosal distribution, the dynamics of the prolonged
PK tail, and the clinical emergence of capsid resistance.

Methods: A systematic narrative synthesis was conducted through April 2026. We integrated screening and data parameters from the
PURPOSE and CAPELLA trials alongside advanced PK-PD modeling and structural biology datasets to comprehensively map the
spatiotemporal parameters of lenacapavir-based PrEP.

Findings: We characterize the Limitations of Systemic Surrogacy, highlighting that no published empirical data exist characterizing
LEN concentrations in human mucosal sanctuary sites; the sole registered tissue distribution trial (Pro00043856) remains unpublished
four years post-registration. While modeling baseline assumptions establish a wild-type 95% preventive plasma concentration (ECys)
of 5.8 ng/mL, the terminal absorption-limited elimination phase creates a definitive 106-235 day Mutant Selection Window (MSW)
following drug discontinuation. Based on the 58 studies included in the full synthesis, falling sub-therapeutic drug concentrations
during this tail phase exert selective pressure that favors high-fitness capsid substitutions (eg, Q67H), lowering the genetic barrier for
complex, high-level resistance mutations (eg, N74D). Clinical breakthrough infections observed across the CAPELLA trial (19%) and
rare PURPOSE infections (0.07 per 100 person-years) validate this corridor of vulnerability, highlighted by a recorded seroconversion
occurring 16 months post-injection.

Conclusion: Optimizing the public health impact of lenacapavir requires transitioning from simple serum-based monitoring toward
tissue-informed clinical stewardship. Unlike conventional oral PrEP, twice-yearly lenacapavir involves an extended pharmacological
commitment of nearly 12 months, requiring pre-planned clinical protocols for bridging therapy during drug discontinuation.
Implementation requires the evaluation of high-sensitivity viral surveillance tools (LOD < 10 copies/mL) and global access
reconfigurations to resolve the economic and licensing barriers separating low-cost generic synthesis from international list prices,
protecting the long-term viability of the capsid inhibitor class across all implementation sectors.
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Graphical Abstract

Introduction

The Promise of Long-Acting HIV Prevention

Globally, 1.3 million new HIV infections occurred in 2023, with 39.9 million people living with HIV and 630,000
HIV-related deaths.'” Daily oral tenofovir-based pre-exposure prophylaxis (PrEP) reduces HIV acquisition risk by
approximately 99% when taken as prescribed, yet global uptake remains far below UNAIDS targets: by 2023, only
3.5 million people had used PrEP at least once, against a 2025 target of 21.2 million individuals at substantial risk.**
Adherence, the Achilles’ heel of oral PrEP, is particularly challenging for young women in sub-Saharan Africa and other
key populations facing structural barriers to daily pill-taking.®>> This regional context underscores the critical biological
and structural vulnerabilities of adolescent girls and young women in high-incidence settings, emphasizing the need for
discrete, female-controlled biomedical prevention options.” Long-acting injectable formulations offer a paradigm shift,
uncoupling prevention from daily behavior and potentially closing the adherence gap.® The success of cabotegravir
long-acting PrEP in the HPTN 083 and 084 trials established proof-of-concept for bimonthly injectable prevention.’
Lenacapavir, the first-in-class HIV-1 capsid inhibitor administered subcutaneously every six months, represents the next
frontier in this evolution.®

Lenacapavir: A First-in-Class Capsid Inhibitor

Lenacapavir (GS-6207) received its first regulatory approval in the European Union on August 22, 2022, followed by
U.S. Food and Drug Administration (FDA) approval on December 22, 2022, for the treatment of heavily treatment-
experienced adults with multidrug-resistant HIV-1 in combination with other antiretrovirals.”® Subsequently, on the
basis of the PURPOSE 1 and PURPOSE 2 trials, the FDA approved lenacapavir (brand name Yeztugo) for HIV
pre-exposure prophylaxis (PrEP), making it the first and only FDA-approved HIV prevention option offering six months
of protection per subcutaneous injection.'*"

The drug binds at a highly conserved interface between subunits of capsid hexamers, a site critical for both the
orderly assembly of new virions and the interaction with host cell factors that mediate nuclear import of the viral
genome.® This conserved binding site renders the capsid an attractive target with minimal pre-existing drug resistance in
treatment-naive populations.®'? Lenacapavir exhibits sub-nanomolar potency in target cells, with an ECso of 23 pM in
a full-cycle assay and ECs, values ranging from 21 to 115 pM across diverse HIV-1 subtypes (A1, AE, AG, B, C, D, F1,
G, H), confirming its pan-genotypic activity.'>'*

Beyond its antiviral potency, lenacapavir possesses a unique pharmacologic profile ideally suited for long-acting
formulation. The drug shows exceptionally low systemic clearance following intravenous administration in nonclinical
species and humans.'® Formulated as an aqueous suspension for subcutaneous injection, lenacapavir exhibits two-phase

absorption kinetics, an initial fast-release phase followed by a slow-release phase, resulting in “flip-flop”
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pharmacokinetics where the input rate from the injection depot is substantially slower than the systemic elimination
rate.'>'> This property prolongs the apparent terminal half-life to approximately 10—-12 weeks in humans, enabling
dosing intervals of up to 26 weeks.'> The combination of high potency, exceptional stability, and optimal release rate
from the injection depot makes lenacapavir well suited for a parenteral long-acting formulation that can be administered
once every six months for the prevention and treatment of HIV-1."?

Importantly, lenacapavir has no known cross-resistance with other antiretroviral drug classes, including nucleoside
reverse transcriptase inhibitors, non-nucleoside reverse transcriptase inhibitors, protease inhibitors, integrase strand
transfer inhibitors, and entry inhibitors.'® This property preserves future treatment options for individuals who acquire
lenacapavir-resistant HIV while receiving PrEP or develop resistance during treatment, a critical consideration for public
health implementation.’

The Spatiotemporal Paradox: Why Tissue, Time, and Resistance Matter, and the

Failure of Serum Surrogacy

Despite lenacapavir’s remarkable efficacy in clinical trials, demonstrating near-perfect protection with an incidence of
0.07 per 100 person-years in PURPOSE 1 and 99.9% efficacy in PURPOSE 2, the published evidence base reveals
a crisis of surrogacy.'”'® Nearly all pharmacokinetic (PK) data derive from serum or plasma measurements, yet the
primary sites of HIV acquisition are mucosal tissues (female genital tract, male colorectal mucosa). For decades,
traditional HIV prevention has relied on the assumption that plasma concentrations predict protection; however,
lenacapavir’s unique compartmental properties render this assumption an area that warrants careful empirical evaluation.

First, the drug’s extraordinary half-life (8—12 weeks) following subcutaneous administration creates a prolonged
pharmacokinetic tail during which concentrations decline slowly.'*'> Second, the tail coincides with a “mutant selection
window” where sub-therapeutic levels may select for capsid resistance. An integrated PK-PD model has shown that
de novo resistance emergence is possible once lenacapavir concentrations fall below 10 ng/mL after the last injection,
with a temporal window of vulnerability lasting up to 235 days depending on the mutation.' Third, the absence of human
mucosal PK data means we are biologically blind to whether protective concentrations ever reach the portal of viral entry.
The sole clinical trial designed to evaluate lenacapavir distribution into rectal and female genital tract tissues (Gilead
Sciences study GS-US-528-5744, Pro00043856) was registered, but its results remain unpublished."’

This triad of tissue distribution gaps, tail pharmacokinetics, and resistance selection mechanics defines the spatio-
temporal boundaries of lenacapavir’s protective envelope. This review posits that traditional plasma-based monitoring
should be augmented with tissue-informed PK-PD frameworks and evidence-based discontinuation protocols. Reflecting
these risks, regulatory guidance recommends that if lenacapavir is discontinued, a fully suppressive alternative antire-
troviral regimen should be initiated no later than 28 weeks after the final injection to minimize the risk of selecting for
resistant variants.®

Review Objective and Scope

This narrative review synthesizes published peer-reviewed literature to address three interconnected questions: (1) What
is known, and what remains unknown, about lenacapavir distribution into mucosal tissues relevant to HIV acquisition?
(2) How does the pharmacokinetic (PK) tail create a window of vulnerability for resistance selection, and what PK-PD
models predict about the duration of this window? (3) What is the clinical and epidemiological significance of
lenacapavir-associated capsid resistance mutations for PrEP implementation?

Lenacapavir’s exceptional efficacy in clinical trials underscores the importance of characterizing its spatiotemporal
boundaries at the mucosal portal of entry, within the prolonged pharmacokinetic tail, and at the threshold of capsid
resistance. The convergence of incomplete tissue distribution data, a 106-235 day mutant selection window following
drug discontinuation, and rare breakthrough infections demonstrates that the drug’s protective profile requires careful
clinical stewardship. Realizing lenacapavir’s full public health potential requires detailed characterization of these
parameters and the development of evidence-based discontinuation protocols to ensure trial efficacy translates effectively
to real-world deployment.
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Table | Matrix of Active Clinical and Pharmacological Controversies

Controversy Pro-Position Con-Position What’s at Stake

Is the high barrier to | In vitro selections show most RAMs severely impair | In CAPELLA, 19% (14/72) of heavily treatment-experienced PrEP safety in

resistance absolute? replication capacity (eg, M66l: 1.5% RC)* patients developed treatment-emergent resistance under individuals with
functional monotherapy; however, this represents advanced undiagnosed acute
therapeutic failure and cannot be directly extrapolated to infection

uninfected PrEP cohorts'??'

Should we assume Lenacapavir’s high potency (EC50 21-115 pM across | No published data exist for female genital or colorectal tissues; | True prophylactic
serum PK predicts subtypes) and long half-life suggest adequate the sole trial (Pro00043856) remains unpublished23'24 efficacy at the portal
mucosal protection? | distribution? of HIV entry

Is the PK tail Modeling predicts de novo resistance possible once | Across >5,000 PURPOSE participants, 4 total seroconversions | Need for mandatory
a theoretical or concentrations fall below 10 ng/mL, with windows of | occurred (incidence 0.07/100 person-years). True bridging therapy
clinical risk? 86-235 days for various mutants' breakthroughs under active dosing remain rare, as acquisitions | upon

primarily occurred during documented non-adherence or deep | discontinuation
within the terminal PK tail phase (eg, |6 months post-
injection)>**

By examining the evidence at these spatiotemporal boundaries, this review identifies priority areas for future research
and informs evidence-based guidelines for lenacapavir PrEP rollout.

Unresolved Controversies Shaping the Field

Despite the remarkable efficacy data from phase 3 trials, the clinical and research communities remain divided on several
fundamental questions regarding lenacapavir’s safety profile, mechanistic assumptions, and implementation require-
ments. These controversies are not merely academic; they directly influence regulatory decisions, clinical guidelines, and
the design of future PrEP programs. Table 1 summarizes the three most pressing active debates, each of which will be
examined in detail throughout this review.

The following sections critically evaluate the evidence underlying each controversy, with the goal of identifying areas
of consensus and, more importantly, the research priorities needed to resolve remaining uncertainties.

Despite this landmark efficacy, a critical spatiotemporal gap remains in our clinical understanding of lenacapavir’s
long-term stewardship. The fundamental problem addressed by this review is the “Failure of Systemic Surrogacy”;
currently, there are no evidence-based protocols to manage the month-long descent into sub-therapeutic drug levels
following treatment discontinuation.?® Integrated PK-PD modeling suggests that a “Mutant Selection Window” (MSW)
persists for 106-235 days post-injection, during which sub-therapeutic concentrations exert selective pressure that favors
de novo capsid resistance emergence.'”’ By synthesizing the intersection of tissue pharmacokinetics'®> and molecular
resistance,” we intend to provide a definitive clinical stewardship framework that identifies the spatiotemporal limits of
protection, thereby preventing the emergence of high-level capsid resistance and ensuring the sustained utility of this
first-in-class agent.

Methodology

Search Strategy and Information Sources
A systematic search of the peer-reviewed literature was conducted on 20 April 2026 across three databases: PubMed
(including MEDLINE), Embase, Scopus, Web of Science, and the Cochrane Central Register of Controlled Trials
(CENTRAL). The study selection process followed the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) 2020 guidelines, as illustrated in the PRISMA Flow Diagram (See Supplementary Figure 1).
The following standardized Boolean search string was applied uniformly across all search engines:
((“lenacapavir’[Mesh] OR “lenacapavir’[tiab] OR “GS-6207[tiab] OR “Sunlenca”[tiab] OR “Yeztugo[tiab]) AND
(“Pre-Exposure Prophylaxis”’[Mesh] OR “PrEP[tiab] OR “HIV Infections/prevention and control”’[Mesh]) AND
(“Pharmacokinetics”’[Mesh] OR “Tissue Distribution”[Mesh] OR “Mucous Membrane/metabolism”[Mesh] OR “Drug
Resistance, Viral’[Mesh] OR “Capsid Proteins/antagonists & inhibitors”[Mesh])) NOT (“editorial”’[pt] OR “letter”’[pt]
OR “comment”[pt])
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The comprehensive search query yielded an aggregate total of 485 records, with database-specific yields distributed
as follows: PubMed (n = 212), Embase (n = 168), Scopus/Web of Science (n = 92), and the Cochrane Library (n = 13).
Following the automated and manual removal of 142 duplicate records, 343 unique titles and abstracts were indepen-
dently screened by multiple reviewers against pre-defined clinical inclusion parameters, resulting in the exclusion of 248
records.

A total of 95 full-text reports were sought for retrieval, of which 7 were not retrieved. Subsequently, 88 full-text
articles were independently assessed for eligibility, with 30 records excluded with reasons (including lack of original PK/
PD modeling data (n = 12), absence of resistance or fitness metrics (n = 8), redundant review architectures (n = 6), and
incomplete trial cohorts (n = 4)). Ultimately, 58 high-impact studies met all eligibility thresholds and were selected for
synthesis.

Inclusion/Exclusion Criteria

Included studies met the following criteria: (1) peer-reviewed original research advanced pharmacometric modeling
analyses or systematic review; (2) focused on the capsid inhibitor lenacapavir (GS-6207) for HIV-1 clinical treatment or
pre-exposure prophylaxis (PrEP); (3) reported original data on mechanism of action, pharmacokinetics, tissue distribu-
tion, efficacy, safety, or resistance; (4) published in English between January 2020 and April 2026. Non-peer-reviewed
preprints, isolated conference abstracts missing full-text literature cross-validation, commercial news updates, and
opinion pieces were excluded.

The included study topographies encompass in vitro structural biology profiles, nonclinical animal pharmacokinetic
parameters, pivotal Phase 2/3 clinical trials (PURPOSE 1, PURPOSE 2, CAPELLA), physiologically based pharmaco-
kinetic (PBPK) and population pharmacokinetic-pharmacodynamic modeling platforms, and rigorous systematic review
works.

Synthesis of Evidence

Given the technical heterogeneity of the underlying study matrices (ranging from cellular in vitro evaluations to large-
scale randomized human trials), a qualitative, systematic narrative synthesis methodology was deployed. Extracted data
points were harmonized and organized thematically across three spatiotemporal axes: mucosal tissue pharmacokinetic
penetration, terminal elimination tail dynamics, and molecular resistance emergence pathways. Where divergent out-
comes or predictive variations occurred across the 58 evaluated sources, literature strings were compared and contrasted
to distinctly demarcate areas of clinical consensus from active implementation controversies.

The Capsid at the Crossroads: Mechanism of Action and the Basis for
Spatiotemporal Vulnerability

Lenacapavir’s Multistage Mechanism of Action

Lenacapavir is a picomolar first-in-class capsid inhibitor of HIV-1 with a multistage mechanism of action and no known
cross-resistance to other existing antiretroviral drug classes.'*'® The drug binds to a hydrophobic pocket at the interface
between neighboring capsid (CA) proteins within the hexameric lattice, a site critical for both the orderly assembly of
new virions and the interaction with host cell factors that mediate nuclear import of the viral genome.*”"**

Using two complementary labeling methods, a GFP content marker to measure capsid integrity and GFP-tagged
capsid to track capsid lattice stability, researchers demonstrated that lenacapavir treatment of isolated HIV-1 cores results
in a dose-dependent loss of core integrity while paradoxically preserving the capsid lattice signal.>’ This indicates that
lenacapavir disrupts viral core integrity but simultaneously stabilizes the capsid lattice, a unique bifunctional effect not
observed with earlier capsid inhibitors.>?’

Viral cores in lenacapavir-treated cells dock at the nuclear envelope but fail to enter the nucleus, suggesting that
lenacapavir-induced alterations in the capsid lattice impair nuclear import.?” This mechanism is distinct from that of
earlier capsid inhibitors such as PF74, which blocks nuclear import by preventing viral core docking with the nuclear

envelope.”’ Lenacapavir therefore inhibits HIV-1 at multiple stages of the viral life cycle, including nuclear import,
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Figure | Multistage mechanism of lenacapavir. (A) Normal HIV-I capsid function: capsid trafficking and nuclear import. (B) Lenacapavir binding at the capsid hexamer
interface. (C) Consequences: impaired nuclear import, disrupted virion assembly, and decreased infectivity. Created using BioRender. Data from.'>* The unique mechanism
positions lenacapavir as an effective component of regimens for individuals with multiclass HIV drug resistance.'®?'

virion assembly, and capsid core maturation, thereby decreasing both virion production and infectivity (Figure 1).'*?’

This unique multistage mechanism positions lenacapavir as an effective component of regimens for individuals with

multiclass HIV drug resistance, particularly those with limited treatment options.'®*!

The Capsid as a Dynamic Hub: From Cytoplasm to Nuclear Speckles

Upon viral entry, HIV-1 capsids are released into the host cell cytoplasm, where they facilitate transport of the viral
genome to the nucleus for integration into the host genome.*° Intact capsids can traverse the nuclear pore complex to
enter the nucleoplasm, a process that is essential for efficient HIV-1 replication.”’ Lenacapavir’s binding at the hexamer
interface disrupts this process at multiple stages, including nuclear import, virion assembly, and capsid core maturation,
thereby inhibiting virion production and decreasing virion infectivity.'**” The capsid’s highly conserved nature explains
the minimal pre-existing drug resistance observed in treatment-naive populations, making it an attractive target for

antiviral drug development.'?

Resistance Mutation Landscape

Primary resistance-associated substitutions in the HIV-1 capsid map to seven distinct amino acid positions: L56, M66,
Q67, K70, N74, A105, and T107, with specific variants identified in clinical and in vitro settings including L561, M661,
Q67H/K/N, K70H/N/R/S, N74D/H/K, A105S/T, and T107A/C/N/S 1214 Phenotypic characterization of these mutants in
single-cycle assays shows that most RAMs are associated with severely impaired replication capacity (RC).% The M66I
mutant, for instance, exhibits >2000-fold reduced lenacapavir susceptibility but only 1.5% RC compared with wild-type
virus.'*?° This severe replication impairment suggests that while these mutations can confer high-level resistance, their
poor viral fitness may limit their transmission and clinical emergence, a finding with important implications for PrEP

implementation.?%-*2
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A Unique Pharmacologic Profile: Flip-Flop Kinetics and Atropisomerism

Lenacapavir exhibits exceptionally low systemic clearance following intravenous administration in nonclinical species
and humans.'® Formulated as an aqueous suspension or PEG/water solution, the drug shows sustained plasma exposure
levels with no unintended rapid drug release following subcutaneous administration.'* The subcutaneous PK profiles
display two-phase absorption kinetics in both animals and humans: an initial fast-release absorption phase, followed by
a slow-release absorption phase.'® Lenacapavir SC PK shows flip-flop kinetics due to the input rate being substantially
slower than the systemic exit rate, with input rates via the slow-release process in humans slower than those in both rats
and dogs."® Overall, the combination of high potency, exceptional stability, and optimal release rate from the injection
depot make lenacapavir well suited for a parenteral long-acting formulation that can be administered once up to every 6

months in humans for the prevention and treatment of HIV-1."

The Tissue Compartment Paradox: Are Serum Levels a Sufficient
Surrogate for Mucosal Protection?
The Challenge of HIV Prevention at Mucosal Surfaces

HIV acquisition occurs at mucosal surfaces, the female genital tract and male colorectal mucosa, where the virus
encounters target cells (CD4+ T lymphocytes, macrophages, dendritic cells) in the lamina propria.*® For a PrEP agent
to be effective, it must achieve concentrations at these mucosal sites that exceed the inhibitory concentration for the
infecting viral strain throughout the dosing interval.>* Serum or plasma concentrations are convenient surrogates but may
not reflect drug levels in mucosal tissue due to differences in perfusion, protein binding, active transport, and local
metabolism.> This “tissue compartment paradox” has been well documented for other antiretrovirals, where tissue-to-
plasma ratios can vary by orders of magnitude.*® The anatomical compartmentalization of drug distribution and the
resulting spatiotemporal paradoxes are schematically synthesized in Figure 2.

Lessons from Prior Long-Acting PrEP Agents (Cabotegravir, Dapivirine)

The development of cabotegravir long-acting PrEP and the dapivirine vaginal ring established rigorous standards for
mucosal pharmacokinetic (PK) assessment that lenacapavir’s development has not yet matched.>” For cabotegravir,
early-phase studies quantified drug concentrations in cervicovaginal fluid, cervical tissue, and rectal tissue, establishing
PK-PD relationships that directly informed dose selection for the HPTN 083 and 084 phase 3 trials.**>° For the
dapivirine ring, extensive mucosal PK data from the MTN-020/IPM 027 study and subsequent trials demonstrated that
drug concentrations in vaginal fluid and tissue, not plasma, predicted protection against HIV acquisition.***' In contrast,
lenacapavir’s mucosal PK profile remains largely uncharacterized, with no published data from female genital or male
colorectal tissues.*> This evidentiary gap represents a departure from the standards established by its predecessors and
undermines confidence that serum concentrations alone can serve as reliable surrogates for mucosal protection.

The Gap in Lenacapavir’s Tissue Pharmacokinetic Data

A systematic review of the published lenacapavir literature reveals a striking absence of mucosal pharmacokinetic (PK)
data. While the serum PK profile of lenacapavir is well-characterized,'>'> no peer-reviewed study has reported
lenacapavir concentrations in female genital tract or male colorectal tissues from healthy volunteers or PrEP users.'
One clinical trial, Gilead Sciences study GS-US-528-5744 (Pro00043856), a Phase 1, open-label, single-arm, single-dose
study to evaluate the pharmacokinetics and distribution of lenacapavir into rectal and female genital tract tissues in
HIV-seronegative participants, was registered but its results remain unpublished as of this review.** The continued
absence of these human mucosal results, nearly four years after trial registration, constitutes a significant evidentiary gap
that undermines the “Serum Surrogacy” model”. This gap forces clinicians and guideline developers to assume, without
evidence, that plasma concentrations, specifically the 95% preventive concentration derived from PK-PD models,
adequately reflect drug levels at the site of viral challenge.*> Until mucosal PK data are available, the true prophylactic
efficacy of lenacapavir at the portal of HIV entry, and its vulnerability to local factors that might alter drug exposure (eg,
inflammation, microbiome composition, hormonal contraception), remains unknown.*® A comprehensive comparison of
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Figure 2 Integrated analysis of lenacapavir pharmacokinetics: the tissue compartment and FG-binding pocket paradoxes. (A) Systemic spatiotemporal partitioning and
pharmacokinetic surrogacy. Schematic of lenacapavir (LEN) tracking from subcutaneous injection () to systemic circulation (2) and final penetration into anatomical tissue
sanctuaries (3), including lymph nodes (i) and gut-associated lymphoid tissue (GALT) (ii). Solid black arrows indicate downstream pharmacokinetic transitions; curved circular
arrows denote localized cellular residency. (B) Structural biology of the capsid FG-binding pocket. Close-up structural visualization (PDB 6V2F) highlighting primary
resistance-associated mutation positions at residues M66, Q67, and N74. (C) Molecular mechanisms of the capsid-host factor interaction and resistance paradox. Structural
mapping of competitive lenacapavir binding to block host ligands (Nup|53/CPSF6). The padlock icon represents the “high barrier” phenotypic resistance mechanism where
specific substitutions physically disrupt drug binding. The stacked brick wall icon represents the “low fortress” biological paradox, where resistance-conferring mutations
simultaneously compromise viral replication fitness by disrupting host-protein interactions required for nuclear entry.

the stark discrepancies in mucosal pharmacokinetic data availability between lenacapavir and prior long-acting agents is
outlined in Table 2.

Determinants of Tissue Exposure: Transporters, Metabolism, and Protein Binding

The determinants of lenacapavir’s tissue distribution are incompletely characterized. The drug’s high protein binding
(estimated >99%) may limit free drug concentrations available for diffusion into mucosal compartments. Active transport
mechanisms, including efflux transporters such as P-glycoprotein and breast cancer resistance protein (BCRP), could
further restrict mucosal accumulation.*® In the absence of dedicated tissue PK studies, physiologically based pharmaco-
kinetic (PBPK) modeling may offer a provisional approach to predicting tissue concentrations, but such models require
validation against empirical data. The field urgently requires a dedicated phase 1 or 2 study of lenacapavir mucosal PK
analogous to those conducted for cabotegravir and the dapivirine ring.

The Pharmacokinetic Tail: A Prolonged Period of Vulnerability
Defining the PK Tail: From Therapeutic to Sub-Therapeutic Levels

The extraordinarily long half-life of lenacapavir, approximately 10—12 weeks following subcutaneous administration,
creates an extended period during which drug concentrations gradually decline from fully protective levels to sub-ther-
apeutic levels.'*'> This “PK tail” is an inherent feature of long-acting injectable formulations but carries unique risks for
pre-exposure prophylaxis (PrEP). When an individual discontinues lenacapavir (whether intentionally due to side effects,
loss to follow-up, or a decision to stop PrEP) or misses a scheduled injection, they enter a prolonged window of partial
protection during which drug concentrations may be too low to reliably prevent infection but sufficiently high to select
for resistant viral variants.?
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Table 2 Comparison of Mucosal Pharmacokinetic Data Availability for Cabotegravir Long-Acting (CAB LA) and Lenacapavir (LEN)

Parameter Cabotegravir Long-Acting Lenacapavir (LEN)
(CAB LA)

Mucosal PK studies in humans Completed Phase | study Registered but results unpublished (Pro00043856)
(NCT02478463)

Cervicovaginal fluid (CVF) Detected; median T:P ratio 0.08-0.16 | No published data

Cervical tissue (CT) Detected; median T:P ratio 0.08-0.16; | No published data

R? with plasma = 0.78

Vaginal tissue (VT) Detected; median T:P ratio 0.08-0.16; | No published data
R? with plasma = 0.79

Rectal tissue (RT) Detected; median T:P ratio 0.08-0.16; | No published data
R? with plasma = 0.90

Rectal fluid (RF) Detected; median T:P ratio = 0.32 No published data
Tissue-to-plasma (T:P) ratio range 0.08-0.32 across all compartments Unknown
Correlation between plasma and tissue Strong (R? = 0.78-0.90) Unknown

concentrations

Mucosal PK-PD relationship established prior to Yes, directly informed HPTN 083/084 | No. No published human mucosal PK data

Phase 3 dose selection

Key protective threshold (plasma) Protein-adjusted 1Cqq achieved 95% preventive concentration = 5.8 ng/mL; fully protective
through Week 12 >10 ng/mL

Mucosal protection demonstrated in animal models | Rectal and vaginal SHIV challenge Rectal SHIV challenge macaque model: protection at clinically
macaque models: sustained protection | relevant exposures.**
demonstrated

Notes: Cabotegravir data are derived from a Phase | study in healthy volunteers (NCT02478463). Lenacapavir human mucosal PK data remain unpublished as of April 2026;
the table reflects the current evidence gap.
Abbreviations: T:P, tissue-to-plasma concentration ratio; RZ, coefficient of determination; ICqq, 90% inhibitory concentration; SHIV, simian-human immunodeficiency virus.

The prolonged PK tail is mechanistically explained by lenacapavir’s unique absorption profile. The subcutaneous
pharmacokinetic profile displays two-phase absorption kinetics in both animals and humans: an initial fast-release
absorption phase, followed by a slow-release absorption phase.'****” Lenacapavir exhibits “flip-flop” kinetics because
the input rate from the injection depot is substantially slower than the systemic elimination rate, leading to an increased
apparent terminal half-life of approximately 10—12 weeks in humans.'>*® This kinetic property, while enabling twi-
ce-yearly dosing, also ensures that after the last injection, drug levels decline slowly over many months, creating the very
window of vulnerability that distinguishes lenacapavir from daily oral PrEP agents.***

The mechanistic driver of the prolonged tail is flip-flop kinetics, where the absorption rate from the subcutaneous depot
(k) is substantially slower than the systemic elimination rate (k.)."*** In conventional drugs, the terminal half-life reflects
clearance (k.). For lenacapavir, the apparent half-life is absorption-limited: the depot continues to release drugs long after
plasma levels have peaked.'* Consequently, following discontinuation or loss to follow-up, the tail phase is not simply drug
clearing out, it is drug slowly leaking in at sub-therapeutic levels for up to a year."*** This creates a state of functional
monotherapy, during which individuals remain exposed to declining but measurable drug concentrations without the benefit

of full prophylactic protection, establishing a critical rationale for structured clinical protocol tracking.*°

PK-PD Modeling of the Protective Threshold

An integrated pharmacokinetic-pharmacodynamic (PK-PD) model of lenacapavir, incorporating observed PK variability
from Phase III clinical data, has recently been developed to quantify prophylactic efficacy and estimate the probability of
drug resistance emergence.*> The model estimated a 95% preventive plasma concentration of 5.8 ng/mL for wild-type
HIV-1 and a fully preventive concentration of >10 ng/mL.* The latter (>10 ng/mL) is achieved within 155 hours after the
first 927 mg subcutaneous injection in an “average” individual and persists for up to 45 weeks after the last dose.*’
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However, considering interindividual PK variability, concentrations exceeding either 5.8 ng/mL or 10 ng/mL are not
maintained at all times for individuals with lower drug exposure; these thresholds are reliably surpassed only at
steady-state.'>* For resistant mutants, the concentration required for full protection is substantially higher: 21 ng/mL
for the Q67H mutant, 85 ng/mL for N74D, 218 ng/mL for Q67H+T107N, 100 ng/mL for Q67H+N74S, and 3,095 ng/mL
for the Q67H+K70R+T107N triple mutant.'***

The clinical significance of these thresholds becomes stark when comparing the N74D mutation (protective con-
centration required: 85 ng/mL) to the wild-type 95% preventive concentration (5.8 ng/mL)." This represents a 14-fold
increase in the drug concentration required for protection.''* In practical terms, once a single resistance-associated
mutation emerges, even a variant with impaired replication capacity, the prophylactic “protective envelope” of lenaca-
pavir is substantially compromised.! The required concentration (85ng/mL) is often higher than what steady-state
twice-yearly dosing provides in many individuals, particularly at the end of the dosing interval.""'*> This suggests that
for lenacapavir PrEP, resistance emergence acts as a critical threshold event where the appearance of a primary mutation
alters the baseline protective profile.' These thresholds underscore that even a partial loss of susceptibility can
dramatically elevate the drug concentration needed for prevention, a finding that directly informs current PrEP

discontinuation protocols and the clinical management of breakthrough infections.''?

The Tail as a Selection Window for Resistance

The integrated PK-PD model identified that wild-type infection with subsequent de novo resistance emergence may occur
within a period of approximately 106 to 235 days after stopping lenacapavir injections, depending on the specific
resistance mutation pathway (Figure 3).* Critically, the mutant selection windows for N74D, all double mutants (eg,
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Figure 3 The lenacapavir pharmacokinetic tail: Protective threshold, mutant selection window, and resistance emergence. (A) Simulated plasma lenacapavir concentration
over 52 weeks after the last 927 mg subcutaneous injection (solid blue line: median; dashed/dotted lines: 5th and 95th percentiles). Horizontal lines indicate the fully
protective threshold for wild-type virus (>10 ng/mL), the 95% preventive concentration (5.8 ng/mL), and the lower bound of the mutant selection window (~0.I ng/mL).
Shaded regions denote full protection (green), partial protection (light green), the mutant selection window (Orange), and sub-therapeutic levels (red). The orange window
(approximately weeks 15-33) is when concentrations fall below the thresholds needed to suppress resistant mutants but remain above 0.1 ng/mL. (B) Horizontal bars
indicate the temporal windows for de novo resistance emergence for individual mutants (Q67H, N74D, Q67H+T 107N, Q67H+N74S, Q67H+N74D) and the composite
window (106-235 days, weeks |15-33). (C) Concentrations required for full protection against key resistant mutants (log scale). Created using Biorender. Data from.'*?
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Q67H+N74D, Q67H+TI107N, Q67H+N74S), and the triple mutant Q67H+K70R+T107N overlap with steady-state
lenacapavir concentrations achieved with twice-yearly dosing.'** This means that during the pharmacokinetic tail,
drug levels may fall into the “mutant selection window”, the concentration range that suppresses wild-type virus but
permits the outgrowth of resistant mutants.*’

Full protection against mutant strains requires substantially higher concentrations than for wild-type virus: 35 ng/mL for
Q67H, 85ng/mL for N74D, 3,095 ng/mL for Q67H+N74D, 218 ng/mL for Q67H+T107N, and 100 ng/mL for Q67H
+N748.2%% Because these thresholds are often not maintained during the tail, de novo resistance emergence becomes
possible once lenacapavir concentrations fall below 10 ng/mL after the last injection.*> Pharmacokinetic modeling reveals
a disproportionate risk for high-fitness mutants; for instance, the selective temporal window for the Q67H substitution
persists nearly twice as long as that for N74D (201 vs 105 days), suggesting a tiered risk profile during the terminal
elimination phase. Seventy-nine days for Q67H+N74D, 96 days for Q67H+T107N, and 86 days for Q67H+N74S in an
“average” individual.' These findings have profound implications for PrEP discontinuation protocols and call for strategies

to manage lenacapavir PrEP discontinuation, including transition to alternative PrEP agents during the tail.***®

Clinical Correlates: Breakthrough Infections and Adherence Lapses

Across two large clinical trials testing long-acting lenacapavir for PrEP, encompassing thousands of cisgender women,
men who have sex with men, transgender women, transgender men, and gender-nonbinary individuals, a total of four
individuals seroconverted across the trial timelines.”>**’ Crucially, these cases must be differentiated by adherence status:
true breakthrough infections under active, on-time dosing remain exceedingly rare, as clinical acquisitions occurred
primarily during periods of documented injection delays or deep within the sub-therapeutic terminal elimination tail
phase rather than under active protective concentrations.

In PURPOSE 1, which enrolled over 5,300 cisgender adolescent and young women in South Africa and Uganda,
two seroconversions occurred among 2,134 participants receiving lenacapavir injections every 26 weeks.?”> The
overall HIV incidence among participants receiving lenacapavir was 0.07 per 100 person-years, compared to
1.98 per 100 person-years for the F/TAF arm and 1.94 per 100 person-years for the F/TDF arm.*> One infected
participant had received all injections on schedule and was diagnosed with chlamydia at week 52 before testing
positive for HIV at week 65.%° The second participant missed the 26-week injection, transitioned to open-label oral
PrEP at week 82 while HIV-negative, but seroconverted at week 95, 16 months after the last lenacapavir
injection.®*

In PURPOSE 2, which enrolled 3,295 cisgender men, transgender women, transgender men, and gender-nonbinary
individuals, two HIV infections occurred in the lenacapavir group.”>*’ Overall, 99.9% of participants did not acquire
HIV infection across the study timeline.”>*’ Data from implementation tracking highlight the clinical communication
challenges posed by even rare seroconversions among potential users.””

The contrast between the CAPELLA and PURPOSE study cohorts is highly instructive but requires careful
qualification. In the CAPELLA trial, evaluating heavily treatment-experienced individuals living with multidrug-re-
sistant HIV-1, lenacapavir combined with an optimized background regimen (OBR) led to treatment-emergent capsid
resistance in 19% (14/72) of participants.'>?! The key difference is viral load context. In treatment (CAPELLA),
lenacapavir confronts billions of virions daily, with a high probability of pre-existing minority variants.'> In PrEP
(PURPOSE), the drug faces only a few hundred virions at the portal of entry, a scenario where resistance selection is
statistically rare.?

However, the PK tail introduces a unique selective window. When an individual discontinues lenacapavir and enters
the tail, drug levels fall into the mutant selection window.' If exposure occurs during this period of sub-therapeutic
coverage, low-level viral replication could potentially occur at mucosal surfaces, altering the selective pressure profile
without replicating the high baseline viral load environment seen in active treatment failure.'

While this modeling-based risk has not been extensively documented in clinical prevention practice, it underscores
the rationale for implementing structured, evidence-based discontinuation protocols to preserve future treatment
options."* These rare trial seroconversions demonstrate that the spatiotemporal limits of long-acting protection represent

real-world clinical implementation factors that warrant systematic stewardship.'>-*'*3

Clinical Pharmacology: Advances and Applications 2026:18 htps: 11



Chris-Uchendu et al

The Resistance Paradox: High Barrier but Low Fortress?

In vitro Resistance Selection: Key Mutations and Pathways

Lenacapavir in vitro resistance selections have identified seven resistance-associated mutations (RAMs) in HIV-1 capsid
associated with reduced susceptibility: L561, M661, Q67H, K70N, N74D, N74S, and T107A/N.'42° Phenotypic char-
acterization of these mutants in single-cycle assays indicates that most RAMs are associated with reduced replication
capacity (RC). Q67H leads to a 4.6-fold reduction in susceptibility to lenacapavir and 58% RC compared with wild-type
virus; M661 shows >2000-fold reduced susceptibility and only 1.5% RC.*'* In multi-cycle assays, four of ten mutants
lacked measurable infectivity, particularly the M661 and M661+Q67H mutants, suggesting that the most highly resistant
variants are also severely replication-impaired.>'**' The specific fold-resistance shifts and corresponding replication
capacities for these key lenacapavir resistance-associated capsid substitutions are detailed in Table 3.'

Subtype Analysis and Pan-Genotypic Activity

Resistance selection experiments across HIV-1 subtypes Al, AE, AG, B, C, D, F1, G, and H demonstrated that wild-type
susceptibility to lenacapavir (ECso 21-115 pM) was observed across all subtypes tested.'>* Resistance selections in
non-B subtypes led to the emergence of the same mutations with a similar timeframe as in subtype B.*° The most
prevalent capsid mutations selected across all subtypes were N74D (9 of 25 cultures), Q67H (4/25), and T107N (4/25),
while M661, K70R/S, and N74H were also observed.'*?® These datasets confirm that lenacapavir functions as a potent

pan-genotypic inhibitor of HIV-1 capable of maintaining high direct efficacy across globally diverse viral landscapes.>'*

Clinical Resistance Emergence and Cross-Resistance
The M66I variant was the most prevalent capsid substitution identified in patients receiving lenacapavir to treat
multidrug-resistant HIV-1 infections, and structural studies have elucidated the mechanistic basis for this
resistance.”’% After two years of lenacapavir treatment in the Phase 2/3 CAPELLA study of heavily treatment-exper-
ienced people with multidrug-resistant HIV-1, lenacapavir plus an optimized background regimen (OBR) led to HIV-1
RNA suppression (<50 copies/mL) in 82% of participants.'?

Treatment-emergent capsid resistance occurred in 19% (14/72) of participants, including capsid mutations M661,
Q67H/K/N, K70H/N/R/S, and/or N74D/H/K.'*! Importantly, these resistance events were all associated with functional
lenacapavir monotherapy, meaning participants were effectively receiving lenacapavir without a fully active OBR due to

Table 3 In vitro Susceptibility and Replication Capacity of Key Lenacapavir Resistance-associated Capsid Mutations

Mutation Fold-Resistance Replication Capacity Notes
(ECso Shift) (% of Wild-Type)
Mé661 >2000-fold ~1.5% Most prevalent in CAPELLA; severely impaired fitness
Q67H 4.6-fold 58% Common in in vitro selections; requires 21-35 ng/mL for
protection
N74D Not directly reported (see | Impaired (74% of mutants show reduced Frequently selected (9/25 cultures); requires 85 ng/mL for
notes) infectivity) full protection
K70N Not quantified Reduced (part of multi-mutant Observed in CAPELLA (K70H/N/R/S)
combinations)
TIO7N Not quantified Reduced Selected in 4/25 cultures; often appears with Q67H
L56V 72-fold Diminished (primary T-cells) Rare natural polymorphism; high-level resistance
N57H 4,890-fold Diminished (primary T-cells) Very high-level resistance but poor fitness

Q67H+NT74D (double)

Not directly reported

Severely impaired

Requires >3,000 ng/mL for protection; rarely emerges

Q67H+TI107N (double)

Not directly reported

Impaired

Requires 218 ng/mL for protection
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extensive pre-existing baseline resistance.'? Notably, seven participants with lenacapavir-resistance variants reattained
HIV-1 RNA <50 copies/mL upon OBR resumption or change while maintaining lenacapavir therapy.'?

Critically, mutants with resistance to lenacapavir were found not cross-resistant to protease inhibitors, and lenacapavir
susceptibility was similar across isolates with diverse HIV-1 subtypes (A, Al, AE, AG, B, BF, C, D, G, H), with ECs, values
ranging from 124 to 357 pM compared to 290 pM for wild-type control.'**° All viruses with lenacapavir RAMs remained
sensitive to other HIV drug classes, including protease inhibitors, reverse transcriptase inhibitors, and integrase inhibitors.*'*
This absence of cross-resistance preserves future treatment options for individuals who acquire lenacapavir-resistant HIV

while receiving PrEP or develop resistance during treatment, a critical consideration for public health implementation.

Prevalence of Pre-Existing Resistance-Associated Mutations in Global Populations
Using a high-resolution co-crystal structure of lenacapavir in complex with a capsid hexamer, researchers identified 29
binding site residues within five angstroms of lenacapavir and analyzed each for naturally occurring polymorphisms
across a multiclade collection of >10,000 unique HIV-1 gag sequences.””'* Eleven of these capsid (CA) residues,
including five (M66, Q67, K70, N74, and A105) previously associated with lenacapavir resistance when mutated, were
invariant across these sequences.”'® The remaining 18 residues showed one or more substitutions with a >0.5%
prevalence, for a total of 54 CA polymorphisms.**'*

When evaluated via site-directed mutagenesis assays, 74% of these natural polymorphisms caused significantly
impaired viral infectivity, and 96% demonstrated negligible changes (less than threefold shifts) in direct suscept-
ibility to lenacapavir.”'* While CA substitutions L56V and N57H conferred high-level resistance to lenacapavir
(72-fold and 4,890-fold, respectively), both variants showed diminished replication capacity in primary T-cells
relative to wild-type virus.>*>® These structural surveillance statistics prove that pre-existing natural sequence
diversity capable of undermining lenacapavir efficacy is exceedingly rare in global populations, ensuring high

single-agent efficacy in treatment-naive individuals entering prevention networks.”'*3?

Cross-Resistance and the Preservation of Future Treatment Options

A critical feature of lenacapavir’s resistance profile is the absence of cross-resistance with other antiretroviral drug
classes.''® The CAPELLA resistance analyses confirmed that lenacapavir-resistant mutants remained fully
susceptible to the protease inhibitors darunavir and atazanavir.'”> More broadly, lenacapavir-associated drug-resis-
tance mutations do not compromise the effectiveness of WHO-recommended therapies, as there is no cross--
resistance between lenacapavir and other licensed antiretroviral drugs, including nucleoside reverse transcriptase
inhibitors, non-nucleoside reverse transcriptase inhibitors, integrase strand transfer inhibitors, and entry
inhibitors.>'® This property is essential for preserving future treatment options in the event that an individual

acquires lenacapavir-resistant HIV while receiving PrEP or develops resistance during treatment.'??!

Synthesis and the Unanswered Questions

Integrating the Three Paradoxes: A Unified Framework

The three spatiotemporal vulnerabilities examined in this review, mucosal tissue PK gaps, the PK tail dynamics, and
molecular resistance emergence, are not independent but interact in clinically meaningful ways (Figure 4). An individual
who discontinues lenacapavir PrEP enters the PK tail, during which mucosal drug concentrations (already poorly
characterized) decline below fully protective levels.

If that individual is subsequently exposed to HIV during this window, the sub-therapeutic drug concentration may
theoretically select for resistant variants, particularly if the infecting strain carries pre-existing polymorphisms that reduce
susceptibility. While such an event is statistically rare given the low prevalence of natural polymorphisms in the
lenacapavir binding site and the severe replication impairment of most resistant variants, the consequences for the
affected individual are substantial: acquisition of lenacapavir-resistant HIV that may limit future treatment options using
the capsid inhibitor class.
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Figure 4 The three spatiotemporal paradoxes of lenacapavir PrEP. Three overlapping domains define the limits of lenacapavir’s twice-yearly protective envelope. Blue
circle (Tissue Compartment Paradox): absence of human mucosal PK data, unknown genital/rectal concentrations, reliance on serum surrogacy. Orange circle (PK
Tail Paradox): 10-12 week half-life, 106-235 day mutant selection window, risk of de novo resistance after discontinuation. Red circle (Resistance Paradox): 19%
treatment-emergent resistance in CAPELLA (functional monotherapy), severely impaired fitness of most RAMs (eg, M66l: 1.5% replication capacity), rare natural
polymorphisms. Pairwise overlaps highlight specific research gaps (tissue-tail, tail-resistance, tissue-resistance). Central triple overlap represents the spatiotemporal
limit of protection, where breakthrough infections and de novo resistance may occur. Addressing these converging limits is essential for safe and effective lenacapavir PrEP

implementation. Created using Biorender.

The Implementation Challenges of Long-Acting PrEP

The very properties that make lenacapavir revolutionary, its extraordinary half-life and slow-release kinetics, also introduce

unique implementation and monitoring challenges. Unlike daily oral PrEP, which features a rapid drug washout upon cessation,

a subcutaneous injection exposes the individual to months of gradually declining drug concentrations after discontinuation. This

extended elimination phase introduces a prolonged exposure period that requires active clinical monitoring. Pharmacokinetic-

pharmacodynamic modeling estimates indicating a 106-235 day window for potential resistance selection post-discontinuation

emphasize that stopping long-acting PrEP is a continuous process rather than a discrete event, requiring structured clinical

management. !

The clinical implication of these dynamics is that standard plasma-based monitoring may provide an incomplete

picture of localized tissue protection. This highlights a translational rationale for developing tissue-informed pharmaco-

kinetic frameworks that account for potential discrepancies between serum and mucosal drug levels. Until empirical

tissue distribution parameters are fully characterized, managing individuals who miss doses or discontinue long-acting

regimens represents an operational challenge regarding the precise assessment of localized protection.

A Research Agenda for the Spatiotemporal Limits

Based on the gaps identified in this review, a focused research agenda is proposed:

Priority |: Mucosal PK Studies

A phase 1 or 2 study quantifying lenacapavir concentrations in female genital tract (cervicovaginal fluid, cervical tissue,

endometrial tissue) and male colorectal tissue, with comparison to paired plasma samples, is urgently needed. These data

should inform PBPK models and establish tissue-specific protective thresholds.
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Priority 2: PK Tail Management Protocols

Clinical trials evaluating strategies for managing lenacapavir discontinuation, including bridging with oral PrEP,
cabotegravir long-acting, or other agents during the tail, should be prioritized. The optimal duration of bridging and
the drug(s) most suitable for this purpose require empirical investigation.

Priority 3: Population-Level Resistance Surveillance
As lenacapavir PrEP scales globally, population-level molecular surveillance for emerging capsid resistance mutations
should be implemented, particularly in settings with high HIV incidence and limited genotypic resistance testing capacity.

Priority 4: PBPK Model Validation
Existing PBPK models predicting mucosal lenacapavir concentrations require validation against empirical tissue PK data
before they can be used to guide dosing or discontinuation protocols.

Priority 5: Next-Generation Diagnostics for the Tail

We currently utilize short-acting diagnostics (4th-gen Ag/Ab tests) to monitor a long-acting therapeutic. This creates
a distinct operational paradox: during the PK tail, standard serology may fail to detect low-level viremia promptly,
potentially allowing resistant variants to fixate while the patient remains seronegative. This vulnerability presents
a rationale for implementing High-Sensitivity RNA Surveillance (LOD < 10 copies/mL) as an optimized supportive
monitoring strategy for individuals entering the terminal elimination phase.

Priority 6: Implementation Equity & Public Health Risks

Implementation research must address the structural dynamics of regional access. Investigating how pricing barriers in
middle-income countries influence adherence, informal markets, or fragmented drug use will help identify the operational
factors that could generate the sub-therapeutic selective pressure required for the emergence or global dissemination of
capsid-resistant strains.

Living Review Framework and Future Directions

Given the rapid pace of lenacapavir research, with at least two major ongoing clinical trials (NCT05009394 for TMR vs.
RPNI and the PreventPAP trial) and a once-yearly formulation in Phase 1 development, this narrative review should be
considered a “living” document. The field requires: (1) empirical mucosal PK data to resolve tissue distribution
uncertainties; (2) prospective clinical registries to track real-world breakthrough events and resistance emergence
profiles; (3) implementation science evaluations of optimized discontinuation and bridging protocols; and (4) structured
global health tracking to ensure equitable access mechanisms match programmatic rollout demands globally.

Implications for Clinical Practice and Public Health
Guiding PrEP Implementation: Risk Stratification and Monitoring

For clinicians prescribing lenacapavir PrEP, several evidence-based recommendations can be made despite current data
gaps. First, HIV testing immediately prior to the first injection is essential to exclude undiagnosed acute infection, as
initiating lenacapavir during acute infection could select for resistance. Second, individuals who miss a scheduled
injection by more than two weeks should receive oral PrEP bridging until the next injection or until a decision is
made to discontinue.**>*

Third, discontinuation should be managed actively: individuals stopping lenacapavir should receive alternative PrEP
(oral or cabotegravir long-acting) for at least six months after the last injection to cover the PK tail. Fourth, breakthrough
infections during on-time dosing, though rare, warrant thorough resistance testing to inform subsequent treatment and

prevention options.

Global Access Dynamics and the Affordability Interface
The pricing of lenacapavir represents one of the most contentious issues in global HIV prevention.”®> While generic
production costs are estimated at just $25 per person annually, the U.S. list price for lenacapavir is $28,218-
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$42,250 per year, a markup of over 1,000-fold.*>->® Gilead’s voluntary licensing agreements with six generic manufac-
turers cover 120 low-income countries, but upper-middle-income countries with significant HIV burdens remain
excluded, including Argentina, Brazil, Mexico, and Peru, four countries that hosted the pivotal PURPOSE 2 trial.>> >’
More than one in four new HIV acquisitions occur in the 26 countries and territories excluded from Gilead’s license
agreements, prompting activist organizations to file patent oppositions and demand a $40-per-year universal price.*>"->®
Without broader access commitments, the populations with the highest HIV incidence, young women in sub-Saharan
Africa, transgender individuals, and men who have sex with men in excluded middle-income countries, will remain
unable to benefit from this transformative technology.*® From a resistance perspective, lenacapavir pre-exposure
prophylaxis is unlikely to drive population-level lenacapavir resistance, given the rarity of breakthrough infections and
the reduced replication capacity of most lenacapavir-resistant variants, which likely reduces their transmission
potential.*'%°*%° However, these marked disparities in economic accessibility introduce distinct implementation risks.
Scientific success without global access can result in localized programmatic bottlenecks. The exclusion of middle-
income manufacturing hubs presents an operational challenge that can influence regional selective pressures. In settings
where the drug is unaffordable, individuals may turn to informal markets, counterfeit formulations, or sub-optimal
regimens, creating the sub-therapeutic exposure conditions that facilitate resistance emergence.’™>> Ensuring equitable,
structured distribution networks is therefore a critical operational objective to safeguard the long-term clinical utility of

the capsid inhibitor class globally.

Limitations of the Review

This synthesis is primarily constrained by its reliance on predictive pharmacokinetic-pharmacodynamic (PK-PD)
modeling data and in vitro virological assays, as longitudinal human mucosal tissue cohorts and empirical real-world
datasets characterizing lenacapavir tail discontinuation remain sparse through mid-2026. While a structured, systematic
search strategy was executed across five major biomedical databases to minimize selection bias and map global yields
transparently, narrative syntheses are inherently subject to data interpretation limits, and long-term population-level
resistance impacts will require continuous verification as clinical implementation scales globally.

Conclusions

Lenacapavir represents a landmark advance in HIV prevention, offering twice-yearly subcutaneous dosing with near-
perfect clinical efficacy. Its unique multistage mechanism, favorable safety profile, and absence of cross-resistance with
existing classes position it as a transformative tool for ending the HIV epidemic. However, the success of this molecule is
contingent upon our ability to manage the spatiotemporal limits of its protective envelope.

As lenacapavir moves from the controlled environment of clinical trials to real-world implementation, we must move
beyond the era of “serum surrogacy” toward a more nuanced, tissue-informed stewardship of the pharmacokinetic tail.
The research agenda proposed in this review, emphasizing mucosal PK quantification, ultra-sensitive diagnostic surveil-
lance, and global access equity, is not an obstacle to implementation, but the necessary foundation for a durable and
equitable scale-up.

Ultimately, the clinical community must recognize that unlike oral PrEP, which permits rapid drug washout upon
cessation, lenacapavir involves a pharmacological commitment of nearly 12 months. This necessitates that the clinical
decision to initiate dosing be treated as a definitive clinical contract, including a pre-planned “exit strategy” or bridging
protocol to protect both individual outcomes and the long-term utility of the capsid inhibitor class. Only through this
rigorous framework can lenacapavir fulfill its promise as a definitive tool in the global HIV prevention strategies.
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