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ABSTRACT
Antiretroviral therapy (ART) can effectively control human immunodeficiency virus (HIV) 
replication; however, lifelong treatment is required due to viral reservoirs, which fuel viral re-
bound. This necessitates curative interventions that can achieve either eradication of the reservoir 
or durable remission off ART. Advances in technology have fostered development of multi-omic 
techniques encompassing molecular tools, proteomic analyses, imaging, and artificial intelli-
gence (AI)-driven data analysis to understand HIV reservoir biology and persistence. These have 
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informed the investigation of therapeutic interventions such as broadly neutralizing antibodies, 
latency reversal, immune cell augmentation, antivirals, and gene therapy. From April 7–10, 2025, 
experts in the field convened at the Keystone Symposia conference, HIV Cure: Antiretroviral 
Therapy (ART)-Free Control of HIV Infection in Durban, South Africa, to discuss novel strate-
gies for eradication and/or durable ART-free control of HIV.
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INTRODUCTION
Human immunodeficiency virus (HIV) persists despite antiretroviral therapy (ART) due to long-lived 
reservoirs of latently infected cells, the source of viral rebound [1–3]. People living with HIV (PLWH) 
must adhere to a lifelong regimen of ART that can prevent disease progression. Nonetheless, PLWH on 
ART have heightened risks of health complications (such as osteoporosis and cardiovascular disease), 
face a significant pill burden, and often experience stigma and discrimination [4], each affecting their 
quality of life and access to care. In resource-limited settings such as low-middle-income countries 
(LMICs) where the prevalence remains high, universal access to ART has been challenging [5, 6]. 
Thus, an intervention that leads to durable ART-free control of HIV (aka an “HIV cure”) would have 
high impact. The Keystone Symposia on HIV Cure: Antiretroviral Therapy (ART)-Free Control of 
HIV Infection was held in April 2025 in Durban, South Africa, to discuss strategies for eradication 
or durable ART-free control of HIV, with emphasis on the design and implementation of strategies 
for LMICs. Current data on biology of the replication competent reservoir and on novel therapeutic 
approaches were shared among investigators across the world. 

BIOLOGY OF THE REBOUND COMPETENT RESERVOIR
As a definitive property of a retrovirus, HIV integrates a DNA copy of its genome into the host 
cell genome [7, 8]. ART can effectively inhibit viral replication but is not curative, as clearance of 
all HIV-harboring cells does not result [9]. Although there is no consensus on a definition of the 
proviral reservoir [10, 11], it can be described as comprising all cells with integrated HIV proviral 
DNA genomes in the host nuclear genome [12]. These genomes can then be further character-
ized as transcriptionally active or silent, and as intact or defective, based on the cellular state and 
proviral genome integrity. A small proportion of these cells can persist in multiple states and sites 
harboring replication-competent proviral genomes, forming the “rebound competent reservoir” 
[8, 12–14]. While earlier concepts of the biology of the HIV reservoir viewed it as a stable snap-
shot of the viral archive [14], more recent studies have shown it to reflect a dynamic interplay 
between decay and persistence [15], with early treatment resulting in a reduction in its size and 
complexity [16, 17]. There is, however, little understanding of the factors that govern the per-
sistence of such cells and the triggers that facilitate viral rebound from them. 

Distribution of the Viral Reservoir
HIV-1 preferentially infects short-lived activated CD4+ T cells; however, studies have shown 
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infection of other cell types [1, 18–20]. A relatively small proportion of these infected cells may 
persist indefinitely with slow decay rates and a half-life of approximately 44.5 months [21–23]. 
Early studies of the reservoir characterized its composition based on quiescent long-lived resting 
memory CD4+ T cells in peripheral blood [8]. Over the last few decades, several technological ad-
vances to assess proviral persistence have elucidated the cellular and anatomical distribution of the 
reservoir, highlighting unique features in distinct compartments of the hematolymphoid system.

HIV-1 reservoir characteristics in acutely treated adults and children: Implications for HIV cure 
strategies, Kavidha Reddy
Recent studies have challenged the notion of the restriction of the HIV reservoir to CD4+ T cells, 
showing productive infection of non-lymphoid cells, including monocytes and several classes of 
macrophages [12, 20, 24–29]. The HIV reservoir size, landscape, and decay kinetics in lymphocyte 
and myeloid cellular compartments were assessed in early-treated women from the Females Rising 
through Education, Support and Health (FRESH) cohort in Durban, South Africa, who were iden-
tified during hyperacute infection through twice-weekly HIV RNA testing while HIV negative [30]. 
Total, intact, and defective HIV DNA measurements from detection up to 1-year post-treatment in 
peripheral blood mononuclear cells (PBMCs) and sorted memory CD4+ T cell and myeloid subsets 
were performed with additional viral genome sequence analysis in total PBMCs. The study showed 
that HIV DNA was detectable soon after infection, confirming the notion of rapid reservoir seed-
ing. The study also highlighted the fact that central and effector memory T cells were the primary 
reservoir targets and harbored the highest proportion of total HIV DNA, with intact genomes being 
enriched in effector memory cells. Total HIV DNA was also detectable in myeloid cells, suggesting 
that reservoir seeding was not limited to CD4+ memory T cells. The impact of ART on the reservoir 
was assessed and showed that early ART restricted the reservoir largely to CD4+ T cells, whereas 
delaying ART initiation into chronic infection allowed for the establishment of HIV reservoirs in 
myeloid cells. Early treatment also limited viral diversity and accelerated decay of intact genomes 
and could play a key role in strategies aimed at reservoir clearance.

Studies, including the above, have focused on adults and highlight the impact of early ART on 
the reservoir and disease progression. Children living with HIV, an understudied demographic, 
may have distinct features as they can initiate ART from birth and have unique immune pro-
files, which may influence reservoir seeding and persistence. In a study of African children with 
perinatally acquired HIV who initiated ART ≤90 days (median=34 days) after birth (Early An-
ti-Retroviral Treatment in Children - EARTH cohort), the total reservoir in peripheral blood was 
assessed over 4 years to describe factors associated with reservoir size dynamics. Here, the study 
also showed significant reservoir decay due to early treatment with pre-ART viral load and initial 
reservoir decay rates predicting the total reservoir size after 3 years. Notably, a smaller reservoir 
was observed in females, underscoring the need to understand if and how sex differences play 
a role in the mechanisms of HIV reservoir control. The study also identified children with sus-
tained, virological and immunological control, characterized by undetectable viral load and high 
CD4+ T cell counts and undetectable HIV-1 DNA reservoir. These children may have a greater 
likelihood of ART-free viral control due to undetectable circulating reservoir-harboring cells and 
limited immune disruption and could be good candidates for future analytical treatment inter-
ruption trials directed at HIV cure.
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Mechanisms of HIV persistence in tissues - single cell multi-omic and spatial transcriptomic 
approaches, Ya-Chi Ho
The mechanisms that underlie HIV persistence in tissues are distinct from those found in the 
peripheral blood [18, 31], with tissue-resident memory T cells (TRMs) providing informative 
insights into tissue microenvironments and their impact on the differentiation, effector function, 
migration, proliferation, and survival of HIV proviral reservoir-harboring cells. To assess HIV per-
sistence in tissues, gut-derived CD4+ and CD8+ T cells in 10 PLWH (suppressed on antiretroviral 
therapy) and 5 people living without HIV (PLWoH) were analyzed to capture viral, transcriptional 
and cellular profiles using DOGMA-seq [32, 33] and TREK-seq [34, 35]. The results showed high-
er BACH2 in long-lived TRM CD4+ and CD8+ T cells suggesting that BACH2 drives long-lived 
memory phenotype in T cells. HIV-specific CD8+ T cell proliferation was greater in response to 
interferon type 1 (IFN-1) than BACH2, and HIV infection was also more prominent in TRMs in 
the B-cell follicle, which lacks IFN-1 and CD8+ T cells, creating a tissue microenvironment that 
may promote HIV persistence. The study found that BACH2 is the leading transcription factor 
that shapes gut TRMs into long-lived memory in CD4+ TRMs and that restrains interferon-driven 
effector functions in CD8+ T cells. Although HIV integration into BACH2 promotes the prolifer-
ation of HIV-infected cells [36, 37] and represses transcription [38, 39], this study demonstrated 
that effects of the high BACH2 transcription factor activity in TRMs promotes HIV persistence in-
dependent of HIV proviral integration sites. This creates a potential target for interventions aimed 
at addressing viral persistence.

Molecular drivers of HIV-persistence and CD8+ T cell dysfunction in human lymphoid tissues during 
ART-suppressed subtype C infection, Zaza M. Ndhlovu
Several studies have demonstrated the HIV persistence in the lymph nodes (LNs) in PLWH while 
they are on suppressive ART [31, 40–42]. A cutting-edge study utilizing spatial transcriptomics 
and high-plex imaging examined the localization of HIV infected cells and CD8+ T cell function-
ality within the LN tissue microenvironment—germinal centers (GCs) and B cell follicles (BCFs). 
Here, 10 individuals with suppressed viral loads, 5 with ongoing viremia, and 3 individuals living 
without HIV were assessed. The study showed that most HIV-infected cells in LNs were germinal 
center T follicular helper (GC-Tfh) cells localized within BCFs, and approximately 8% of these 
cells were CD68+ macrophages. These findings were corroborated by the presence of proviral 
DNA in both CD4+ T cells and macrophages. Interestingly, although the majority of CD8+ T cells 
express CXCR5 and thus have the potential to enter GCs, they resided outside the follicles. HIV 
reservoir-harboring (p24+) cells in LNs appeared to be resistant to immune pressure, with adja-
cent CD8+ T cells showing lower granzyme B production and a unique pattern of epigenetic reg-
ulation of granzyme B and perforin genes in comparison to CD8+ T cells in the peripheral blood. 
A distinct NKG2A+ subset expressing low granzyme B levels was identified within the follicles of 
PLWH regardless of HIV suppression status, suggesting a localized, yet functionally constrained 
response. A spatial transcriptomics analysis using the GeoMax platform in areas with HIV+ 
cells also showed that HIV infection was associated with transcriptional changes in the immune 
microenvironment, particularly in genes involved in immune regulation. Using these innovative 
approaches, HIV cure research can be advanced through identification and characterization of 
non-circulating reservoir sanctuaries and inform the targeting of their clearance. 
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MEASURING AND CHARACTERIZING THE RESERVOIR 
The HIV reservoir remains a primary barrier to curative efforts and a key feature of HIV per-
sistence [9]. This necessitates accurate and precise tools for its measurement so that strategies 
aimed at the development of a functional cure or complete viral eradication can be evaluated. 
The quantitative viral outgrowth assay (QVOA) was the first method used to measure replica-
tion-competent and inducible HIV reservoirs in resting CD4+ T cells [1, 3, 43]. Although it is still 
considered the gold standard, it has several drawbacks, including expense, its time-consumption, 
the need for large cell numbers, and its underestimation of total reservoir size, as only 1% of latent 
cells are reactivated under conditions of the protocol [23, 44]. Over the last few decades, several 
other methods have been developed to address these challenges, including cutting-edge culture 
protocols, sequencing, polymerase chain reaction (PCR), spatial omics, and modelling and arti-
ficial intelligence-based tools, all of which are pushing the boundaries and facilitating a deeper 
understanding of viral persistence.

Molecular Approaches to Reservoir Characterization
Advances in PCR techniques have propelled the field, allowing for more rapid and accurate mea-
surements of HIV DNA and/or RNA as a proxy for reservoir size. PCR-based assays can be de-
signed to measure several forms of integrated and extrachromosomal HIV DNA, viral transcripts, 
and host-viral junctions as integration sites.

Sequencing-based approach to HIV DNA assessment
Traditional approaches to characterize proviral genomes were based on single-genome sequenc-
ing (SGS) of genomic fragments of HIV DNA using the Sanger sequencing platform. This ap-
proach provided insight into the diversity of proviruses but was limited in utility due to failure to 
capture viruses with large deletions and mutations in primer binding sites. Additionally, the assay 
overestimated the size of the potentially replication-competent reservoir [23, 45]. To address these 
limitations, the near Full Length Individual Proviral sequencing assay (FLIP-Seq) was developed 
[46–48]. This assay employs limiting dilution single genome amplification (SGA) of the near full 
length HIV genome using a nested PCR with subsequent next-generation sequencing (NGS), al-
lowing for a more robust distinction of intact and defective genomes [45]. A companion assay, the 
Matched Integration site and Proviral Sequencing (MIP-Seq) assay, targets both the provirus and 
the host-viral junction and has been developed to further describe the chromatin environment 
of potentially replication-competent genomes [49–51], an environment that could influence the 
transcriptional activity of such genomes.

PCR-based detection of HIV DNA
Proviral genome sequencing provides key insights into HIV reservoir characteristics and enables 
high resolution description of persisting proviruses and their chromatin environment. However, 
these methods are limited by cost and high sample requirements [23, 45]. In the intact proviral 
DNA assay (IPDA), estimates of the HIV reservoir size and composition have been widely ex-
plored by quantitative amplification of conserved regions of the HIV genome, eg, LTR-gag in total 
HIV DNA, and psi and env [17, 21, 52, 53]. Advanced platforms using droplet digital PCR have 
further increased the efficiency and accuracy of these measurements by enabling direct quanti-
fication of the target regions. Several studies highlighted here have employed these techniques 
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singly or in multi-omic approaches to assess proviral characteristics, dynamics under viral sup-
pression, and sources of viral rebound post ART interruption. 

Spatial and Multi-omic Tools in Understanding Reservoir Persistence
Tools such as spatial transcriptomics allow for the identification of gene expression by measuring 
mRNA transcripts at a cellular and/or subcellular level. Spatial profiling captures cytokine gra-
dients, distances between HIV-infected cells and immune effectors, aspects of their functional 
status, and cell-cell interactions [24]. These tools have been used to study HIV-infected cells in 
intact tissue sections, assessing changes in tissue microenvironments and their impact on HIV 
persistence with unprecedented resolution. By integrating the above tools into multi-omic stud-
ies, which can further be enhanced using AI foundation models to analyze the multidimensional 
data, the identification of biomarkers that can predict viral rebound can be accelerated. This will 
also add to the safety of studies that test interventions aimed at achieving ART-free control of 
HIV infection, as it would allow for early detection of viral recrudescence. 

Decoding tissue-specific dynamics of SIV rebound in nonhuman primates, Jacob D. Estes
To better understand the kinetics and spatial localization of rebounding viruses, rhesus macaques 
(RMs) were infected with the barcoded SIVmac239M virus and, after 68 to 70 weeks of suppres-
sion on ART, barcode-specific viral RNA expression in tissues was assessed early (5 and 7 days) 
after treatment interruption. The study employed extensive necropsy tissue sampling from ani-
mals on ART, quantitative tracking of vRNA and vDNA matched barcodes in individual tissues 
(n=413) that established a 99% confidence prediction interval for the spectrum of viral activation 
during ART. To further understand initial tissue site sources of rebound, multi-omic spatial in situ 
tools were used to quantify the distribution, frequency, clustering, and relative viral RNA expres-
sion levels of SIV RNA+ cells in tissue. Molecular barcode analysis was able to precisely identify 
tissues that reflect rebound-origin sites in most animals with low viremia (1-30 SIV RNA copies/
mL) after ART discontinuation and to show that these rebound-origin tissues were enriched in 
gastrointestinal tract-draining lymph nodes (GDLNs). To understand the early host responses 
to viral rebound, laser capture tissue proteomics on GDLNs from animals necropsied on ART 
compared to off ART was performed, showing significant differential protein expression patterns 
(851 up-regulated and 74 down-regulated) in rebound-origin GDLNs compared to matched 
GDLNs on ART. Top pathways upregulated in rebound-origin GDLNs included those associated 
with innate immune system, IFN signaling, antiviral interferon stimulated genes, cytokine signal-
ing, RNA metabolism, and host proteins associated with response to HIV infection. An analysis 
of GDLNs from animals that were off ART but aviremic (<1 SIV RNA copy/mL) revealed many 
overlapping differentially expressed proteins/pathways, but to a lesser extent than rebound-origin 
GDLNs, suggesting host responses may be a sensitive measure of tissue viral rebound that is be-
low the limit of detection of molecular or spatial viral methods. These results indicate that distinct 
tissue sites differentially restrict/promote post-ART viral rebound and that host responses may be 
a sensitive measure of viral rebound prior to detecting virus in the plasma. The study highlighted 
utility of novel multi-omic approaches using nonhuman primate (NHP) models in biomarker dis-
covery and showed how immune responses may provide an early signal of viral rebound, which 
could inform clinical trial design.
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Technological advancements for high-dimensional spatial analysis of tissue viral rebound using a NHP 
SIV model, Sizun Jiang
The recently developed PANINI technology [54] represents another methodological break-
through in the field, allowing for the simultaneous detection of SIV/HIV viral DNA, RNA, and 
protein in conjunction with high-dimensional spatial proteomics platforms such as CODEX 
[55]. The integration of these multiple data modalities provides unprecedented resolution of 
viral and host interactions within tissue microenvironments. This technology has been applied 
in several ongoing NHP studies using the chronically SIV-infected RM model. Here, RMs were 
studied under suppressive ART followed by analytical treatment interruption (ATI), allowing for 
spatiotemporal analysis of the tissue microenvironment response to ART and then to the impact 
of viral rebound. Although the complex nature of the generated datasets presents a significant 
computational challenge, AI foundation models can help identify signature patterns predictive 
of post-ART viral kinetics, including ones designed specifically for spatial proteomics data [56]. 
Preliminary results have also suggested that phenotype, function, structure, and specific spatial 
arrangements of immune cells relative to virally infected cells may predict rebound trajectories 
with greater accuracy than conventional metrics. Unique clusters of these cells were differentially 
enriched during ART vs during different phases of ATI. These foundation models may be key in 
rapidly scaling our understanding of therapeutic strategies that target HIV tissue reservoir clear-
ance and also facilitate the identification of candidate biomarkers predictive of viral rebound. 
This may be invaluable in reducing dimensionality of multi-omic data and allow for selection of a 
panel of a combination of molecular, transcriptomic, proteomic, and metabolic markers that can 
be integrated into studies requiring close monitoring of the effect of interventions.

Circulating non-viral biomarkers of the rebound competent reservoir, Anna Farrell-Sherman
The identification of circulating biomarkers of viral rebound after interruption of ART would help 
to define kinetics and mechanisms of rebound and thus be of critical importance in assessing the 
effectiveness of HIV cure strategies [14, 57]. An intensive longitudinal study was established to 
explore HIV rebound after treatment interruption in 20 PLWH; 7 were viral controllers (VCs) be-
fore initiation of ART. PBMCs and plasma were collected from participants at baseline and then 
3 times per week from the time of treatment interruption through treatment reinitiation. Gut and 
lymph node tissue samples were collected at select timepoints. Multi-omics analyses, including 
pharmacokinetics, single cell transcriptomics, whole blood transcriptomics, plasma proteomics, 
plasma metabolomics, characterization of T cells and monocytes by flow cytometry and CyTOF, 
CD8+ T cell epitope mapping, reservoir measurements, and rebound viral sequencing, were 
applied to assess potential biomarkers of rebound defined as a VL=200 copies/mL. Samples taken 
within 7 days before rebound (proximal to rebound) were compared to those taken during the 
ATI but more than 7 days before rebound (distal to rebound). Differences in monocyte subset 
composition, plasma metabolomic profiles, and whole blood transcriptomic profiles between 
distal and proximal timepoints were observed. The study found an increase in CD16++ antivi-
ral monocytes and an upregulation of inflammatory, antiviral, and antigen-presentation genes, 
including tumor necrosis-factor-α (TNF-α) and IFN-α-associated pathways. These changes in the 
immune landscape close to the time of rebound present a unique opportunity to develop bio-
markers of imminent viral recrudescence with an early window of detection, making them more 
informative than close viral load monitoring in interventional studies that employ ATI. Addition-
ally, a comparison of circulating plasma molecules showed metabolic markers that distinguished 
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VCs and NCs, suggesting that early immune responses differ between individuals who control 
viremia compared to non-controllers. There is still ongoing work to validate these and understand 
the biological pathways underlying these immune responses, but the results have significant im-
plications for development of biomarkers aimed at predicting ART-free viral control. 

THERAPEUTIC APPROACHES FOR CONTROL
An ideal approach towards achieving ART-free virus control would be the development of a “sin-
gle-shot” intervention that is safe, effective, durable, scalable, affordable, accessible, and accept-
able and one that can also prevent reinfection [58]. Multiple approaches have been proposed and 
investigated, including broadly neutralizing antibodies, enhancing anti-HIV cellular immune re-
sponses, compounds to reduce or restrict the replication-competent reservoirs, and gene therapy. 

Broadly Neutralizing Antibodies
Broadly neutralizing antibodies (bNAbs) are antibodies that target conserved regions of the HIV 
envelope glycoprotein and that can neutralize the virus across multiple clades, making them a 
potential therapeutic (reviewed in [59]). Many bNAbs have advanced into clinical trials, and 
combinations of bNAbs have been tested and demonstrated some efficacy in viral control. There 
remains the need to address issues such as resistance-associated mutations and the half-life of 
bNAbs (reviewed in [60]). 

The use of long-acting broadly neutralizing antibodies to confer HIV viral control: Results from the RIO 
study and Gut Sub-study, Ming Jie Lee
The effectiveness of 2 long-acting bNAbs (LS-bNAbs), 10-1074LS [61–64] and 3BNC117LS 
[65–69], on viral control in the absence of ART was tested in the RIO study [70]. In a 2-stage dou-
ble-blinded study, 68 participants who started ART during primary or early HIV infection were 
enrolled and underwent ART interruption after treatment with these 2 bNAbs or normal saline. 
Results from the first stage comparing bNAbs vs placebo showed, after a single combination dose, 
the participants receiving the antibodies were 91% less likely to experience viral rebound than 
those in the placebo group by week 20. Some participants rebounded early (within 20 weeks), 
some experienced delayed viral rebound, and some (39% of all participants who received LS-
bNAbs) remained off ART for more than 72 weeks. Of the latter group, 3 participants demonstrat-
ed sustained viral suppression after the time when the predicted bNAb concentrations fell below 
10 μg/mL. While LS-bNAbs were detected in rectal biopsies up to 24 weeks after a single dose, tis-
sue exposure was nearly 8-fold lower for both bNAbs when compared to blood. Some participants 
experienced viral rebound prior to 20 weeks after treatment interruption, despite being screened 
for 10-1074 predicted resistance-associated mutations, highlighting the need for better screening 
protocols. The participants also experienced viral rebound at serum LS-bNAb concentrations 
substantially higher than 10 μg/mL, the previously reported efficacy threshold, demonstrating the 
need for further investigation

Combination approaches for HIV cure in resource-limited settings, Thumbi Ndung’u
A phase 2a clinical trial of the safety and efficacy of 2 bNAbs (VRC07-523LS [71–73] and 
CAP256V2LS [74–78]) and a Toll-like receptor-7 agonist (vesatolimod) [79–82] was conducted 
in 20 women from the FRESH cohort [83] who initiated treatment during the hyperacute phase 
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(NCT05281510). The regimen was found to be generally safe and well-tolerated with no serious 
adverse events, although 80% of participants experienced mild infusion-related reactions. Three 
distinct ATI outcomes were observed based on time to meeting ART restart criteria, namely: early 
restart (<16 weeks), delayed restart (16-44 weeks), and long-term delayed restart or post-treat-
ment control (>44 weeks). Studies are ongoing to understand the mechanisms associated with 
these outcomes. This African HIV cure trial conducted in women, who are underrepresented in 
HIV cure research, demonstrates that complex trials can be performed in LMIC settings through 
multistakeholder collaboration. 

Combination approaches towards eradication or control of HIV, Steven G. Deeks
When ART is interrupted, drug levels fall to subtherapeutic, and local foci of HIV replication 
then ensue with unique replicating variants rapidly becoming systemic. Then, virus levels increase 
exponentially, reaching peak viremia within days before eventually diminishing to a host-medi-
ated set-point [84–86] (reviewed in [87]). The post-ART dynamics in those who are destined to 
control HIV without intervention has been less well-described but likely follows a blunted version 
of this same pattern [81]. 

Although there is no single definitive study, the collected experience across several small, exper-
imental studies suggests that bNAbs administered at the right time slow the rate of viral expan-
sion, reduces the level of peak viremia, and eventually leads to lower-setpoints, at least in some; 
in the interruption studies, the initial slope of the rebound is lower in post-ART controllers than 
non-controllers, and even lower in the post-bNAb controllers [69, 88–91]. Accordingly, the im-
pact of bNAbs apparently plays out early, when the virus is first beginning to spread.

These observations argue that a strong host-response needs to be present at the time the virus first 
begins to replicate and spread (the virus:host “intercept”). Emerging data argue that both innate 
and adaptive immune responses during this period are essential. Indeed, in a small pilot study of 
SIV neutralizing antibodies administered during an interruption, only those animals with a pro-
tective major histocompatibility complex exhibited a response (defined as partial control of SIV at 
setpoint). In the FRESH [83] study of 20 young women receiving bNABs, having a protective hu-
man leukocyte antigen (HLA) allele (class I or II) was strongly associated with a better outcome. 

In terms of the HIV cure agenda, these observations, and others, argue that an effective immune 
response will need to be primed and ready when virus first begins to spread, even before it is de-
tectable systemically. Efforts to induce such responses are underway to target this critical period.

Elicitation of durable HIV bNAbs from genome-edited B cells as an approach to achieve a functional 
cure, James E. Voss
Traditional vaccination strategies have failed to elicit bNAb responses due to limitations imposed 
by the human repertoire of B cell antigen receptors (BCRs) (reviewed in [92]). Taking another 
approach, a precision genome-editing strategy that expands the repertoire to include bNAb genes 
in the form of immunoglobulin (Ig) heavy chain-reprogrammed B cells has been developed [93]. 
These cells express antibody transgenes using cell-endogenous regulatory elements and Ig con-
stant gene exons. This allows for their formatting as functional BCRs that can signal B cell ex-
pansion and differentiation or as soluble secreted forms of all isotypes from differentiated plasma 
cells in vivo. In wild-type B6 mice, reprogrammed B6 cells produced boostable VRC01[94–96] 
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responses following immunization with multimeric HIV envelope immunogens, with stable 
serum levels near effective antiviral concentrations, and the reprogrammed vaccinated repertoire 
was isotype-switched and somatically mutated. In Indian RMs, VRC01-reprogrammed B cells 
survived autologous adoptive transfer and generated high serum levels (1 µg/mL). These cells 
were detected in the periphery, though not as germinal center B cells; serum antibody levels were 
transient, and the response could not be boosted. Although yet to be clinically translational, this 
approach is anticipated to combat existing issues with conventional bNAb therapeutics.

AAV-vectored delivery of HIV bNAbs for tackling pediatric HIV infection, Mauricio Martins
Late diagnoses, limited ART access, and ART adherence remain challenges for children living 
with HIV-1 (CLWH) [97, 98], underscoring the need for alternative strategies to achieve durable 
virologic suppression. Although a single administration of adeno-associated virus (AAV) vectors 
expressing recombinant bNAbs can enable sustained antibody production [99–101] (reviewed 
in [102]), anti-drug antibodies (ADA) are usually generated, limiting feasibility and preventing 
re-administration. Reasoning that ADAs may not be generated by the usually tolerant neonatal 
immune system, the effect of the AAV/bNAb strategy on preventing virus rebound in perinatally 
simian-HIV (SHIV)-infected infant RMs following ATI was tested. The therapeutic efficacy of 
AAV-vectored delivery of the HIV-1 bNAb 10-1074 [64] and the immunoadhesin eCD4-Ig [103] 
was evaluated. In 2 independent studies, AAV vectors were administered alongside ART, initi-
ated at either week 1 (study A) or week 3 (study B) post-infection. All AAV-treated macaques 
developed stable eCD4-Ig expression, while 10-1074 levels fluctuated due to ADA. Following 
ATI at week 30, all 6 control monkeys in each study rebounded within 3 weeks. In contrast, of 
the AAV-treated macaques in studies A and B, ≥80% maintained ART-free control of viremia 
(P=0.0002, 0.0017, respectively), in some cases for >1.5 years. Post-ATI controllers continued to 
harbor rebound-competent virus, as evidenced by loss of virologic suppression following experi-
mental depletion of CD8+ lymphocytes or AAV-expressed IgG molecules. These findings demon-
strate that a single AAV vector administration during early ART initiation can sustain HIV-1 IgG 
expression at levels sufficient to prevent viral rebound following ATI. If validated in clinical trials, 
this approach could offer a practical strategy to reduce virologic failure in CLWH.

Immunological Control of the Virus
Many immune-based strategies that seek to achieve durable viral control aim to elicit an effective 
HIV-specific CD8+ T cell response. To be effective, these interventions should promote less ex-
haustible T cell responses targeting antigens less likely to escape (reviewed in [104]). It is not clear 
which therapeutic interventions augment the function of HIV-specific CD8+ T cells in humans, 
nor is it known what qualities of HIV-specific CD8+ T cells determine control of the virus after 
ART is stopped.

Eliciting effective HIV-specific CD8+ T cell responses, Rachel L. Rutishauser
In a placebo-controlled study of a T cell-based DNA therapeutic vaccine administered to people 
with HIV on ART (NCT03606213), new HIV-specific T cell responses elicited by the vaccine 
demonstrated a greater in vitro proliferative capacity than did responses that were pre-exist-
ing and boosted. A transcriptional signature associated with a robustly boosted clonotype (32x 
increase in frequency after vaccination) was identified, marked by higher expression of the T cell 
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memory-associated genes SELL and LEF1 as well as an effector marker, GNLY, in the cells prior to 
vaccination. 

It is not clear how CD8+ T cell proliferative responses are associated with control of viral rebound 
after stopping ART. In a proof-of-concept combination immunotherapy clinical trial in 10 people 
with HIV given a DNA/modified vaccinia Ankara vaccine regimen (targeting conserved elements 
in Gag; reviewed in [105]) followed by the administration of 2 bNAbs and a Toll-like receptor 9 
agonist, followed by the bNAbs given again at the time of an analytical treatment interruption, a 
larger burst of activated, cycling (Ki-67+) CD8+ T cells with high expression of the T cell memo-
ry factor, TCF-1 [106], was found to be associated with lower viral load set points. Taken togeth-
er, these studies suggest that the efficacy of T cell-based therapeutic strategies may be enhanced 
by eliciting new T cell responses and promoting a more memory-like differentiation state of 
HIV-specific CD8+ T cells with high proliferative capacity. Understanding favorable anti-HIV 
CD8+ T cell responses lays a foundation ground for the design of effective immunotherapeutic 
approaches.

Harnessing immunogenetics in the pursuit of pediatric HIV remission, Caroline T. Tiemessen
The HLA region is the most diverse of the human genome, and genetic polymorphisms in HLA 
genes influence both adaptive and innate immunity (reviewed in [107]). To more broadly assess 
factors that may restrict HIV-1 reservoir size and HIV control in ART-treated adolescents with 
perinatally acquired HIV-1 infection, 20 adolescents living with HIV (ALWHs) on ART and 10 
adolescents living without HIV (the CHANGES-30 cohort) were enrolled at ~10 years of age. A 
child from South Africa, born in 2007 with perinatal HIV, who demonstrated post-treatment con-
trol and whose viral reservoir and immunological responses were characterised at 9.5 years of age, 
was used as the reference in this analysis [108]. ALWHs were selected based on the cycle thresh-
old (Ct) values of their viral reservoirs. Those with the largest Ct values (smallest reservoirs) were 
longitudinally well-controlled on ART, whereas those with among the smallest Ct values (larger 
reservoirs) were poorly controlled (viral load >1000 RNA copies/mL) and started ART late com-
pared to the well-controlled group. This approach of selecting ALWH from either extreme al-
lowed identification of protective or deleterious factors associated with HIV-1 reservoir size. The 
31 ALWHs were HLA genotyped for 11 loci (HLA class I -A -B, and -C and HLA class II-DRB1, 
-DRB3, -DRB4, -DRB5, -DPB1, -DQB1, -DPA1, and -DQA1) using GenDx NGSgo-MX11-3 kits 
(sequenced on an Illumina NextSeq platform, analyzed using NGSengine software). 

Using the complete HLA profile from 9 of the loci (DRB4 and DRB5 excluded) of the refer-
ence South African (SA) child (18 individual HLA alleles), the well-controlled group shared 
significantly more HLA alleles with the SA case than those poorly controlled (P=0.0265). The 
well-controlled group was enriched (defined as a difference between well- and poorly con-
trolled groups of at least 3 individuals out of 10 possessing a particular allele) for select alleles 
at 6 loci (5 HLA class II, one HLA class I), while poorly controlled ALWH were enriched for 
select alleles at 4 HLA loci (3 class II, one class I). No HLA class I alleles known to be associat-
ed with HIV control were enriched in either group. Lastly, there was an enrichment of allotypes 
that engage with NK cells in the well-controlled group, warranting further investigation of the 
role of NK cells in HIV reservoir control.
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Anti-HIV CAR-T cell therapy, Cissy Kityo
Chimeric antigen receptor (CAR) T cells that are engineered to express surface CD4 and/or 
bNAbs are being pursued as a strategy to target HIV-infected cells, and multiple CAR-T cell trials 
are being advanced into clinical trials (reviewed in [109]). A phase 1 trial tested for safety and 
persistence of CAR T cells that expressed a gp120-specific CAR moiety with siRNA for immune 
checkpoint molecules [110]. M10 CAR T cells with a CAR molecule to target gp120 (m36.4 to 
mD1.22) and 10E8scFv-Fc (bNAb) and follicle-homing receptor, CXCR5, were tested in a phase 
1 clinical trial [111]. DuoCAR-T cells with 2 different CAR structures with multiple binding sites 
are also being extensively studied [112–114], and a LVgp120duoCAR-T construct has advanced 
into a clinical trial to assess safety and its effect on the reservoir (NCT04648046). Preclinical 
models are assessing bNAb-secreting HIV specific T cells, an innovative approach to strengthen 
immune responses [115].

One of the challenges of CAR T cells is the complex and costly manufacturing process, posing a 
barrier to widespread access. There are efforts to develop allogeneic (“off-the-shelf ”) CAR T cell 
products [116] to address such barriers. Advancements in automated cell engineering and manu-
facturing protocols and cost-effective bioprocessing technologies can help overcome these hur-
dles. Recognizing the transformative potential of cell and gene therapies such as CAR T cells for 
HIV cure, the Global Gene Therapy Initiative (GGTI) was established in 2020 [117]. The initiative 
aims to drive research collaboration among scientists, clinicians, and policymakers, accelerate 
regulatory advancements supporting gene therapy approvals, and secure funding strategies to 
support HIV gene therapy research, especially in regions like sub-Saharan Africa that bear a dis-
proportionate burden of the HIV pandemic. 

In vivo HSC gene therapy of HIV/AIDS and SCD with helper-dependent adenovirus vectors, Chang Li
Conventional hematopoietic stem cell (HSC) gene therapies are based on ex vivo strategies involv-
ing HSC harvesting, culture and modification of the cells in a laboratory, and re-infusion of trans-
duced HSCs following myeloablation. These complex procedures require centralized facilities and 
are associated with high cost barriers for broad applications. In vivo transduction of mobilized 
HSCs with helper-dependent adenovirus vectors (HDAd) expressing therapeutic transgenes has 
been developed to treat sickle cell disease, and work is also ongoing to attempt HIV cure [118]. 
An HDAd vector carrying an optimized HIV decoy receptor, eCD4-Ig [103], was developed and 
led to sustained serum eCD4-Ig expression after in vivo transduction in NHP; serum levels were 
subtherapeutic for protection against viral challenges with SIVmac239. Precision base editing of 
CCR5 was performed with HDAd-BE-CCR5KO vectors to knockout CCR5 (reviewed in [119]). 
R5 HIV-1 infection was inhibited in CD4+ T lymphocytes differentiated in vitro from the trans-
duced CD34+ cells. In a humanized mouse model, in vivo transduction and selection generated 
50% on-target CCR5 editing, which reduced viral load. In vivo transduction of NHP cells with 
HDAd-Combo (a combination vector with both eCD4-Ig gene addition and CCR5 knockout that 
is equipped with an autoexpansion module) increased base editing at the CCR5 site, indicating a 
functional in vivo selection mechanism. The safety profile and protection against escalating doses 
of viral challenges will be evaluated in this animal. Its further characterization in animal models 
will be crucial for the advancement into clinical translation.

http://www.PaiJournal.com


www.PaiJournal.com

Pathogens and Immunity - Vol 10, No 2� 209

Other Approaches

Inhibiting the anti-apoptotic factor, BCL-2, as an approach to targeting HIV persistence, 
Thomas A. Rasmussen
There is increasing evidence that HIV persistence is sustained through intrinsic resistance to 
cell death of latently infected cells (reviewed in [120]). BCL-2 overexpression has been shown 
to be a prominent feature in HIV-infected cells that are resistant to killing, and the inducible 
HIV reservoir has been found to be disproportionately present in BCL-2hi CD4+ T cells [121, 
122]. Venetoclax (an inhibitor of BCL-2) has been shown to selectively deplete cells containing 
intact HIV-DNA in CD4+ T cells from PLWH on ART and to delay the time to viral rebound in 
HIV-infected humanized mice following discontinuation of ART [123]. Based on these data, the 
first clinical trial of venetoclax in PLWH on ART (The AMBER Study, EudraCT 2022-001677-31) 
is currently being conducted in Denmark and Australia. This phase 1/2b dose escalation trial is 
designed to establish the safety of venetoclax in PLWH on suppressive ART and to test whether 
inhibition of BCL-2 can sensitize latently infected cells to die. 200mg and 400 mg dose-escalation 
cohorts are completed. Venetoclax was generally well tolerated. In both dose groups, there was a 
transient reduction in CD4+ T cell counts. There were no major changes in the composition of 
memory CD4+ T cell subsets and only minor changes in the expression of activation and ex-
haustion markers across memory CD4+ T cell subsets. Enrollment into the 600-mg dose group is 
currently ongoing, with data on the impact of venetoclax on the intact and functional HIV reser-
voir pending.

The role of mRNA therapeutics to reverse HIV latency, Sharon R. Lewin
One strategy to eradicate latent HIV is to activate viral transcription, followed by elimination 
of infected cells through virus-mediated cytotoxicity or immune-mediated clearance; however, 
current latency-reversing agents have shown limited potency and specificity (reviewed in [120]). 
To address these issues, an mRNA-lipid nanoparticle (LNP) technology platform was utilized to 
develop 2 HIV-specific latency reversal agents, including mRNA encoding for Tat or clustered 
regularly interspaced short palindromic repeats (CRISPR) activation machinery (reviewed in 
[124, 125]). A new LNP formulation (called LNP-X) was used to efficiently deliver mRNA to rest-
ing CD4+ T cells in the absence of cellular toxicity or activation [126]. Compared to the Onpattro 
LNP formulation (summarised in [127]) that has been licensed for the treatment of a rare form 
of amyloidosis, LNP-X had higher association with the target cell and more efficient endosomal 
release of the RNA, enabling expression of mCherry in over 80% of resting cells [126].

LNP-X encapsulating an mRNA encoding exon 1 of the HIV Tat protein increased HIV tran-
scription in latently-infected cell lines and ex vivo in CD4+ T cells from PLWH on antiretrovi-
ral therapy [126]. In these primary cells, Tat mRNA delivered by LNP-X increased production 
of cell associated multiply spliced transcripts (~110 fold above dimethyl sulfoxide control) and 
HIV RNA in supernatant to levels comparable those after stimulation with Phorbol 12-myristate 
13-acetate [126]. Surprisingly, there was no decline in intact proviral DNA. LNP-X further en-
abled the delivery of CRISPR activation machinery together with guide RNAs that bind the HIV 
LTR and increased cell-associated HIV RNA transcripts above background, though the magni-
tude of increase was modest [126]. Using CRISPR activation to increase expression of the host 
gene CD25, only 25% of cells were expressing the host gene, demonstrating that more efficient 
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delivery of CRISPR activation mRNA is needed [126]. Finally, when Tat mRNA was delivered 
together with CRISPR activation mRNA to a latently-infected cell line, there was a synergistic 
increase in activation of the LTR [126]. The impact of these next generation HIV-specific mRNA 
latency-reversing agents in vivo is currently under investigation.

Silencing the transcriptionally active HIV reservoir, Melanie M. Ott
Persistent viral transcription can drive chronic immune activation through multiple mechanisms: 
engaging innate nucleic acid sensing pathways, generating viral proteins that induce inflam-
matory responses, and driving expansion of the viral reservoir through antigen-driven clonal 
expansion of HIV-specific infected T cells (reviewed in [128, 129]). In the concept of “curative 
ART,” conventional ART is complemented with a transcriptional inhibitor to suppress chronic 
inflammation and delay viral rebound. The naturally derived compound didehydro-cortistatin A 
(dCA) is a potent Tat inhibitor [130], disrupting the feedback mechanism of the virally encod-
ed Tat protein on HIV transcription. In both in vitro and in vivo models, dCA supplementation 
with ART accelerated viral suppression and inhibited viral rebound after treatment interruption 
[131]. Other promising Tat inhibitors currently under investigation are therapeutic approaches 
to induce permanent changes in the viral chromatin structure, including CRISPR-based silencing 
strategies. While this is still preclinical, complementing current ART regimens with HIV tran-
scriptional inhibitors offers a strategy to silence the viral promoter, potentially reducing viral gene 
products below inflammatory thresholds, permitting both direct and indirect mechanisms for 
durable viral control. 

Mitochondrial dysregulation and HIV latency: A metabolic pathway to a functional cure? Ujjwal Neogi
The application of context-specific Genome-Scale Metabolic Models (GEMs) enables an in-depth 
mapping of metabolic fluxes at bulk and single-cell resolution [132]. These models uncover dis-
ease- and cell-specific metabolic alterations, setting the stage for targeted interventions. By ap-
plying the metabolic models, recent studies on elite controllers (ECs) and long-term PLWH have 
revealed a novel immunometabolic target [133][134]. By integrating data from several cohorts 
(eg, India, Cameroon, Sweden, Denmark, and the Netherlands) and applying multi-omics anal-
ysis, immune-phenotyping, and metabolic modeling, a druggable molecular network regulating 
α-ketoglutarate (AKG) homeostasis was identified. This was disrupted in PLWH on ART and may 
drive the persistence of latent HIV through metabolic reprogramming in myeloid lineage cells.

Metabolic modeling predicted disrupted AKG homeostasis due to mitochondrial biogenesis in 
the pre-monocytic latent cell line U1 cells during viral activation, and metabolic measurements 
confirmed increased glycolytic activity and altered the citric acid (TCA) cycle intermediates. This 
metabolic reprogramming drove U1 cells towards an M2-like anti-inflammatory macrophage 
phenotype, resembling the phenotype seen among PLWH. While still exploratory, these findings 
suggest metabolic events are among the drivers of immune dysfunction in ART-treated PLWH, 
and novel interventions should also aim to restore the metabolic balance that can aid HIV cure 
strategies.
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Figure 1. Therapeutic approaches for ART-free control of HIV. Many approaches have been investigated 
to achieve ART-free control of HIV, including those using broadly neutralizing antibodies, strategies to 
improve anti-HIV cellular responses, and other interventions such as Tat-based therapeutics, targeting 
metabolic pathways and apoptosis induction by the BCL-2 inhibitor, venetoclax. Of note, many strategies 
involved gene editing approaches, such as AAV delivery of broadly neutralising monoclonal antibodies, 
CAR moieties, CCR5 knockdown, and the use of CRISPR to induce or silence transcription of latent HIV 
and to genetically reprogram B cells. 

UNIVERSAL ACCESS TO CONTROL

The Africa HIV Cure Consortium: Partnerships for Discovery, Development, and Roll Out of HIV Cure 
Initiatives in Africa, Albert Machinda
The Africa HIV Cure Consortium (AHCC) is a pioneering Pan-African initiative, which grew 
out of the public-private partnership known as the HIV Cure Africa Acceleration Partnership 
(HCAAP) [135] and is focused on ensuring African leadership in the discovery, development, and 
delivery of an HIV cure. Recognizing Africa’s disproportionate HIV burden and paucity of HIV 
cure research, the AHCC is built on the principle that people in Africa must not only participate 
but lead the global HIV cure agenda. The consortium is uniting a diverse group of African stake-
holders, framing its work through a Pan-African lens to ensure local ownership, sustainable solu-
tions, and lasting impact. Launched in 2024 with support from the Gates Foundation and Aids-
fonds, the AHCC unites global partners to establish a sustainable HIV Cure ecosystem grounded 
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in African leadership, policy integration, and community engagement. With 7 founding organi-
zations, including the Centre for Infectious Disease Research in Zambia (CIDRZ), African Alli-
ance, Sub-Saharan African Network for TB/HIV Research Excellence (SANTHE), AIDS Vaccine 
Advocacy Coalition (AVAC), International AIDS Society (IAS), the HIV Cure Africa Acceleration 
Partnership (HCAAP), and the Global Gene Therapy Initiative (GGTI), the consortium brings to-
gether expertise from multidisciplinary areas such as clinical research, advocacy, and civil society.

The consortium utilizes a 3-pronged partnerships model: partnerships for discovery, develop-
ment, and roll-out. In the discovery phase, partners like SANTHE and GGTI are leading African 
research networks and clinical trials. For development, HCAAP shapes target product profiles 
for scalable cures, while AVAC strengthens community understanding and advocacy. During 
roll-out, CIDRZ coordinates policy integration and consortium governance, while partners such 
as the African Alliance embed cure strategies into national HIV plans. Global allies like IAS and 
AVAC further amplify African voices within international regulatory and scientific platforms, 
including the Africa Centres for Disease Control and Prevention (CDC) and the World Health 
Organization African Region (WHO AFRO). Crucially, the AHCC prioritizes community en-
gagement and ethical trial design, ensuring that cure research reflects local realities, is accepted by 
affected populations, and is delivered in an ethical manner. 

Recent activities highlight AHCC’s momentum: the West and Central Africa HIV Cure Agenda 
meeting in Cameroon (May 2025), the Research-for-Cure Academy in South Africa (June 2025), 
piloting a novel HIV Cure Curriculum in Zambia (June 2025), and a high-level Cure Agenda 
Roundtable in Rwanda (July 2025). 

Community Engagement for HIV Cure, Patrick Mdletshe
Communities play a vital role in shaping and advancing scientific research, particularly in the 
context of HIV. A future HIV cure carries profound meaning for communities. It is not only 
about freedom from lifelong treatment or the burden of daily pills, injections, and the risk of 
drug resistance. A cure would also represent an end to stigma and discrimination, offer hope for 
relationships and family life, reduce economic strain, and provide healing from the emotional 
trauma carried by many living with HIV. Most importantly, it would restore dignity and empower 
individuals to fully participate in society.

Communities must not be viewed as junior partners in research or for compliance. Instead, they 
should be treated as equal collaborators. Lessons from past failed interventions (eg, the under-
whelming uptake of pre-exposure prophylaxis despite its proven effectiveness) underscore what 
happens when communities are not fully engaged. For acceptance of and equitable access to novel 
therapeutics, community engagement that respects community priorities is inevitable. A truly 
effective research process must include community voices from the beginning. Communities 
are faced with many challenges; a holistic approach is important, prioritizing the mental health 
and well-being of participants, respecting the role of community advisory boards as meaning-
ful platforms for dialogue and not just formalities, and acknowledging socio-economic realities, 
including the risks of exploitation due to unemployment. Community members bring more than 
consent; they also bring commitment, experience, and insight. For research to succeed and for in-
terventions to be accepted, the community must work in true partnership with all other members 
of the team working to develop a cure for HIV. “Nothing About Us Without Us.”
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CONCLUSION
The 2025 Keystone Symposia on HIV Cure: Antiretroviral Therapy (ART)-Free Control of HIV 
Infection provided insights into research aimed at exploring the factors that govern the biology 
of the replication-competent reservoir. Novel therapeutic approaches were discussed, aiming to 
develop safe and effective curative interventions for HIV that can be delivered acceptably to all 
in need. Characteristics of the HIV reservoir were explored, evaluating replication competency, 
cellular activation and metabolic state, location, and the environment in peripheral blood and 
tissues. Therapeutic strategies, including bNAbs, immune modulation, and gene therapy, were 
discussed. Hand in hand with innovative strategies in biomarker discovery for evaluation of effec-
tiveness of curative interventions, a keen focus on community-informed research in implementa-
tion of these studies was observed.

The symposium facilitated discussion and exchange of ideas as to how we might realistically 
achieve HIV cure. The meeting also underscored the need for community engagement as a key 
component of research aimed at cure and the need to address the translational gap in LMIC to 
assure that curative interventions, if developed, are accessible where most needed. It also stressed 
the necessity for multistakeholder engagement and leadership in the regions. Biomarkers of viral 
rebound will help test therapeutic interventions. Critically, a cure must be safe, effective, durable, 
accessible, affordable, and acceptable and should include strategies to prevent reinfection upon 
subsequent exposure.

Although ART has greatly improved the quality of life of PLWH, it is not curative and presents 
socio-economic challenges. Given the current state of ART provision and delivery to areas of 
the world where HIV disease is prevalent [136], now more than ever, there is a need for curative 
interventions that can be brought to all in need, enabling better health, preventing transmission 
to those now uninfected, and ultimately ending the pandemic 
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