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of therapeutic strategies that target viral reservoirs, prevent
rebound, and maintain long-term remission. While numerous
interventions have demonstrated partial success, quantitative
frameworks for comparing their curative potential remain
limited. In this study, we established an integrated assessment
pipeline to evaluate HIV-1 cure strategies using humanized
mouse models. A total of 72 HIV-1—infected NOD/SCID/IL2Ry-
null mice were assigned to four intervention arms: suppressive
antiretroviral therapy alone, antiretroviral therapy combined
with  latency-modulating agents, antiretroviral therapy
combined with CRISPR-based proviral targeting, and a
multimodal strategy integrating both approaches. Reservoir
burden was quantified across lymphoid and non-lymphoid
tissues using droplet digital PCR, while viral rebound
probability following treatment interruption was estimated
through longitudinal plasma viral load monitoring and
stochastic modeling. Multimodal intervention resulted in the
greatest reduction in total proviral DNA (61% relative to
baseline), compared with antiretroviral therapy alone (22%)
and dual-therapy arms (34—46%). Rebound modeling indicated
a 3.4-fold increase in median time to viral rebound and a 52%
reduction in rebound probability over 30 days in the
multimodal group. Sensitivity analyses revealed that reservoir
size reduction accounted for approximately 68% of rebound
delay, whereas intervention durability contributed the
remaining variance. These findings demonstrate that
integrated quantitative evaluation of reservoir dynamics and
rebound risk provides a practical framework for comparing
HIV-1 cure strategies and guiding translational prioritization.
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INTRODUCTION

Despite sustained viral suppression under antiretroviral therapy (ART), HIV-1 persists in long-
lived cellular reservoirs distributed across multiple anatomical sites. Lymph nodes, spleen, and
gut-associated lymphoid tissues represent major reservoirs because they contain dense
populations of susceptible CD4" T cells and provide microenvironments that support clonal
expansion of infected lineages. Non-lymphoid compartments can further restrict antiretroviral
penetration and immune surveillance, thereby limiting effective reservoir clearance [1,2].
Comprehensive reviews of curative strategies emphasize that viral persistence reflects a
combination of anatomical shielding, cellular longevity, and proliferative maintenance of
proviruses rather than ongoing productive replication under ART [3]. In addition, infected clones
are not confined to isolated tissues but can disseminate across compartments over time, reducing
the predictive value of single-site sampling for estimating rebound risk [4]. These findings
indicate that durable remission cannot be inferred from plasma viral load alone and requires
integrated assessment of tissue reservoir burden and post-treatment viral dynamics.
Quantification of the HIV-1 reservoir has improved substantially, yet substantial variability
remains across assays and study designs. Droplet digital PCR (ddPCR) and intact proviral DNA
assays offer scalable estimates of proviral burden and have been optimized to reduce technical
bias arising from DNA fragmentation and primer mismatch [5,6]. Nevertheless, sequencing
analyses demonstrate that genetically intact proviruses differ markedly in transcriptional activity
and rebound potential depending on integration site, chromatin accessibility, and host
transcriptional context [7,8]. As a result, reductions detected in a single tissue or by a single
assay do not consistently translate into delayed or attenuated rebound following treatment
interruption, particularly when anatomical sampling is limited or follow-up duration is short [9].
These discrepancies underscore the need for harmonized analytical frameworks that connect
quantitative reservoir measurements with functional rebound outcomes. Curative strategies have
expanded beyond ART alone and now include pharmacologic and genome-directed interventions.
Latency-modulating agents can increase viral transcription and antigen presentation, yet in vivo
reductions of the reservoir remain inconsistent and appear highly dependent on tissue penetration
and cellular phenotype [10,11]. Genome-editing technologies, especially CRISPR-based
targeting of integrated proviral DNA, provide a direct approach to disabling or excising viral
genomes. However, incomplete delivery efficiency and heterogeneous tissue access leave
portions of the reservoir unaffected and capable of reseeding infection [12,13]. Importantly,
many preclinical studies report changes in proviral burden without formally linking these
reductions to quantitative rebound risk under treatment interruption, which complicates cross-
study comparison and translational prioritization [14]. A growing body of literature stresses that
cure-oriented research must integrate molecular, anatomical, and dynamic endpoints rather than
relying on isolated surrogate markers. Analysis of rebound itself presents additional challenges.
Viral rebound is a probabilistic process influenced by the number of replication-competent
lineages, their spatial distribution, and post-interruption growth kinetics. Modeling approaches
demonstrate that time-to-rebound distributions can capture latent reservoir size and growth
parameters more accurately than binary rebound outcomes [15,16]. However, many experimental
reports rely on small cohorts, sparse longitudinal sampling, or single time-point endpoints. Such
limitations reduce statistical power and make it difficult to distinguish true reservoir depletion
from altered viral expansion rates or transient immune effects [17]. Without standardized
modeling approaches, apparent delays in rebound may reflect stochastic variation rather than
durable therapeutic benefit. As multimodal cure strategies become more technically feasible, the
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absence of integrated evaluation pipelines becomes a practical barrier to progress. Numerous
studies quantify reservoir size without assessing rebound probability, whereas others focus on
rebound timing without a compartment-resolved account of reservoir modification. This
disconnect limits the ability to rank interventions objectively or to determine which mechanistic
components drive sustained suppression. A framework that systematically links tissue-resolved
reservoir measurements with modeled rebound dynamics is therefore required to support rational
comparison of candidate cure strategies under standardized experimental conditions [18]. In this
study, an integrated assessment pipeline is established in a humanized mouse model to jointly
evaluate reservoir burden and rebound risk across anatomical compartments. Tissue-level
proviral quantification using ddPCR-based measurements aligned with current methodological
standards is combined with longitudinal plasma monitoring after treatment interruption and
stochastic modeling of rebound kinetics. Four intervention strategies are evaluated under
controlled conditions: ART alone, ART combined with latency-modulating agents, ART
combined with CRISPR-based proviral targeting, and a multimodal strategy integrating both
pharmacologic and genome-editing approaches. By separating quantitative reservoir reduction
from post-interruption viral growth dynamics, this framework enables determination of whether
observed decreases in proviral burden translate into measurable reductions in rebound
probability or delayed time to detectable viremia. The resulting analysis provides a standardized
and quantitative benchmark for comparing HIV-1 cure strategies and clarifies how tissue-
specific reservoir changes influence the durability of viral remission.

2.Materials and Methods

2.1 Samples and study subjects

Humanized NOD/SCID/IL2Ry-null mice were used as the study model. Seventy-two animals
were included. All mice received transplants of human CD34" hematopoietic stem cells and were
confirmed to have stable human immune cell engraftment before HIV-1 infection. After
infection, mice were maintained on suppressive antiretroviral therapy until plasma viral RNA
remained below the detection limit for at least four consecutive weeks. All animals were housed
under the same conditions. Plasma, lymph nodes, spleen, bone marrow, and brain tissues were
collected at fixed time points.

2.2 Experimental design and control groups

Mice were randomly assigned to four groups. The groups received antiretroviral therapy alone,
antiretroviral therapy with latency-modulating agents, antiretroviral therapy with CRISPR-based
proviral targeting, or a combination of both additional interventions. All groups followed the
same suppression period before treatment interruption. Latency-modulating agents and CRISPR-
associated ribonucleoprotein complexes were given during viral suppression according to
predefined schedules. After the intervention period, all treatments were stopped at the same time.
This design allowed comparison of reservoir reduction and rebound behavior across treatment
strategies with matched baseline conditions.

2.3 Measurement methods and quality control

Proviral DNA in tissue samples was measured using droplet digital PCR with primer—probe sets
targeting conserved HIV-1 sequences. Plasma viral RNA was quantified after treatment
interruption using quantitative reverse transcription PCR. Each sample was tested in triplicate.
Samples showing high variability or poor amplification were excluded. Negative controls,
reference standards, and calibration samples were included in every run. All extraction and
amplification steps followed the same procedures to limit technical variation.
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2.4 Data processing and mathematical modeling
Proviral DNA copy numbers were normalized to cell counts or tissue mass. Reservoir reduction

was calculated as the relative change from baseline:
Re B-T
B
where B is the baseline proviral DNA level and T is the value measured after intervention. Viral
rebound risk over time was described using a stochastic survival model:
P(t)=1-e™
whereP(t) is the probability of rebound by time t, and A is the rebound rate parameter. Model
fitting was performed separately for each treatment group.
2.5 Statistical analysis and ethical approval
All statistical analyses used two-sided tests. Differences in proviral DNA reduction and rebound
timing were examined using parametric or nonparametric methods as appropriate. Model
parameters were reported with confidence intervals. A p value below 0.05 was considered
statistically significant. All animal experiments were approved by institutional oversight
committees and followed established guidelines for the care and use of laboratory animals.
3.Results and Discussion
3.1 Multimodal intervention led to the largest reduction in proviral burden
All intervention arms showed a decrease in proviral DNA relative to baseline. The magnitude of
reduction differed across strategies. Antiretroviral therapy alone reduced total proviral DNA by
22%. Dual-therapy arms achieved intermediate reductions ranging from 34% to 46%. The
multimodal arm showed the greatest decrease, with a 61% reduction. Analysis by tissue indicated
that most of the measurable decline originated from lymphoid compartments, while non-
lymphoid tissues contributed less [19]. This distribution matches prior observations in
humanized mouse studies, where immune-rich tissues account for most detectable reservoir
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Figure 1.Humanized mouse model used to trace tissue-specific sources of HIV-1 reservoirs contributing to viral rebound.
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3.2 Rebound-risk modeling distinguished burden reduction from rebound delay

Treatment interruption revealed differences not fully explained by tissue burden alone. In the
multimodal group, the median time to viral rebound increased by 3.4-fold compared with
antiretroviral therapy alone. The probability of rebound within 30 days decreased by 52%. In
contrast, the dual-therapy arms showed smaller changes in rebound timing despite measurable
reductions in proviral DNA. These results show that reservoir size alone does not fully determine
rebound behavior. Instead, rebound reflects both the number of replication-competent proviruses
and their post-interruption growth dynamics [20,21]. The modeling approach follows established
rebound frameworks that treat rebound as a time-dependent event rather than a binary outcome
(Fig.1).
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Figure 2.Estimated probability of viral rebound over time after treatment interruption under different intervention strategies in
humanized mice.

3.3 Reservoir reduction accounted for most rebound delay, with durability playing a
secondary role

Sensitivity analysis was used to separate contributors to rebound delay in the multimodal arm.
Reduction in reservoir size explained approximately 68% of the observed delay. The remaining
variance was associated with intervention durability. This separation clarifies why single-
mechanism approaches often yield partial benefit. Latency-modulating agents can transiently
increase viral expression but may not sustain long-term depletion. Genome editing can reduce
intact proviral genomes but may leave untreated niches [22]. The multimodal strategy addressed
both factors, which explains its stronger effect on the rebound-risk curve.

3.4 Integrated ranking altered strategy comparison across intervention arms

Ranking strategies by proviral DNA reduction alone placed the two dual-therapy arms close to
each other. Ranking by rebound timing alone increased separation between strategies and
favored the multimodal arm. The integrated assessment reconciled these views by reporting
reservoir burden and rebound risk within the same quantitative frame. This approach allows
comparison based on tissue-wide depletion, modeled rebound probability over a fixed interval,
and the balance between depletion and durability. The results suggest that evaluation of cure
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strategies should move beyond single endpoints and adopt combined metrics when setting
translational priorities [23].
4.Conclusion
This study proposes a unified approach for evaluating HIV-1 cure strategies by combining
measurements of tissue reservoir burden with quantitative analysis of viral rebound after
treatment interruption in a humanized mouse model. Comparison across intervention arms shows
that the multimodal strategy, which integrates latency modulation with CRISPR-based proviral
targeting, achieved the greatest reduction in total proviral DNA and the longest delay in viral
rebound. Modeling results indicate that most of the rebound delay was explained by reduced
reservoir size, with intervention durability contributing a smaller but measurable effect. These
findings show that reservoir depletion and rebound control capture different aspects of
therapeutic impact and should be assessed together. By linking biological changes in the
reservoir to functional rebound risk, this work provides a practical framework for ranking cure
strategies on a shared quantitative basis. Nevertheless, the reliance on a humanized mouse model
and a limited follow-up period restricts direct translation to human infection, and further studies
in larger cohorts and more complex systems are needed to evaluate long-term durability and
clinical relevance.
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