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Despite the success of antiretroviral therapy (ART) for people living with HIV, lifelong treatment is required and there is no
cure. HIV can integrate in the host genome and persist for the life span of the infected cell. These latently infected cells are
not recognized as foreign because they are largely transcriptionally silent, but contain replication-competent virus that drives
resurgence of the infection once ART is stopped. With a combination of immune activators, neutralizing antibodies, and therapeutic vaccines, some nonhuman primate models have been cured, providing optimism for these approaches now being evaluated in human clinical trials. In vivo delivery of gene-editing tools to either target the virus, boost immunity or protect cells from
infection, also holds promise for future HIV cure strategies. In this Review, we discuss advances related to HIV cure in the last
5 years, highlight remaining knowledge gaps and identify priority areas for research for the next 5 years.

M

odern antiretroviral regimens can effectively block HIV
replication in people with HIV for decades, but these
therapies are not curative and must be taken for life.
However, there is evidence that a cure can be achieved; initially,
this came from a single case study (Timothy Brown, a man living
with HIV who became widely known as the ‘Berlin patient’) following bone-marrow transplantation from a donor who was naturally
resistant to HIV1. On the basis of this inspiring development and
the recognition that not everyone can access and/or adhere indefinitely to antiretroviral therapy (ART), a global consensus emerged
approximately 10 years ago that a curative intervention was a high
priority for people with HIV and would be necessary to bring an
end to the HIV pandemic. Since then, there has been a second case
report of a cure following bone-marrow transplantation2 as well as
evidence of persistence of only defective forms of the virus in certain patients3 and enhanced immune control of the virus by others
after only a short time on ART4—further supporting the notion that
a cure for HIV can be achieved.
An HIV cure includes both remission and eradication. Here, we
define the term remission as durable control of virus in the absence
of any ongoing ART. Eradication is the complete removal of intact
and rebound-competent virus. The minimal and optimal criteria
for an acceptable target product profile for an HIV cure, including
the duration and level of virus control off ART, has recently been
developed and published by the International AIDS Society (IAS),
following wide consultation with multiple stakeholders5.

In 2011 and 2016, the IAS convened expert working groups to
outline a strategy for developing an effective and scalable cure6,7.
Since then, significant progress has been made, and the overall
agenda has evolved. Here, we assembled a group of experts from
academia, industry, and the community (Box 1) to evaluate recent
progress and to outline cure-related research priorities for the next
5 years. The key recommendations for each component of the strategy are summarized in Box 2.

Understanding HIV reservoirs

A shared definition of the HIV reservoir is crucial for researchers,
clinicians, and people living with HIV. Here, we use the term ‘HIV
reservoir’ in the context of eradication or remission, as a representative term for all cells infected with replication-competent HIV
in both the blood and different anatomical sites in individuals on
ART—in other words, all potential sources of viral rebound in the
context of a treatment interruption. Although the source of virus
rebound is still not entirely understood, we now know that virus
can persist in multiple forms, in multiple cells and in multiple sites.
Characterization of the complete HIV reservoir. HIV DNA can
be detected in CD4+ T cells in blood and lymphoid tissue in nearly
all people with HIV on ART. These viral genomes are mainly defective. Only a small proportion (less than 5%) appear to be intact
and potentially replication-competent8. But the HIV reservoir goes
beyond circulating CD4+ T cells; it also includes tissue-resident
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Box 1 | The Global Cure Strategy—forming a consensus

The Global Cure Strategy was created using a full online process
during the COVID-19 pandemic from November 2020 to August 2021. The co-chairs of the initiative identified the major topics which were divided into eight subthemes, each with its own
working group, which included a chair, three scientific experts,
at least one community member, an IAS Research-for-Cure fellow, and an industry representative. Working groups met at least
twice virtually to generate a summary of key advances and recommendations for the next five years. The steering committee
consisted of the chairs of each working group, the co-chairs of
the cure strategy and a community expert, selected for diversity
in geographic background, gender, age, and expertise. We engaged people living with HIV at all levels as well as a wide range
of scientific and nonscientific stakeholders.
The Global Cure Strategy was further refined through a broad,
online stakeholder consultation, including an online survey,
a review by key stakeholders in the field, and interviews with
select experts and opinion leaders (more than 25 respondents).
The survey received 162 responses, primarily from people
working in academia, nongovernmental organizations, and
hospitals or research institutions; 11% of respondents were from
organizations of people living with HIV, and 4% were from
industry. The majority of respondents were working in Africa,
followed by Western and Central Europe, North America,
and Central and South America. The summary and detailed
responses can be found here: https://www.surveymonkey.com/
results/SM-7YYFTZ599/.
CD4+ T cells and cells of the monocyte/macrophage lineage, further
complicating efforts to characterize and quantify it. In vitro, HIV
preferentially integrates into transcriptionally active genes9; however, in people with HIV on ART, many proviruses (defined as virus
that is integrated into the host genome), including intact ones, have
been identified in genomic regions that are silent (known as ‘gene
deserts’), which limits or precludes their reactivation3.
Our initial conception of the HIV reservoir as a static viral
archive has given way to a more dynamic view in which, over time
on ART, certain within-host HIV variants are gradually eliminated
while others persist through various mechanisms, including clonal
expansion of infected cells10–15. Sporadic infection of new cells during ART has been reported16, although there has been no convincing
demonstration that viral sequences evolve during effective ART17,
suggesting that the degree of virus spread is minimal. The sources of
viral rebound following cessation of ART are incompletely defined.
Multiple factors can contribute to viral replication following ART,
including anatomical and microanatomical locations, the infected
cell type, cellular phenotype, the nature of the provirus, the antigen
specificity of the infected cell, the potential for transcriptional activity given the specific integration site, and/or distribution of antiretroviral drugs within tissues (Fig. 1).
We recommend prioritizing efforts to understand integration
sites of the virus during long-term ART and to understand the
inducibility of a provirus on the basis of its chromosomal context.
In addition, large prospective studies incorporating analytical treatment interruptions (ATIs) are still needed to probe clinically relevant
sources of viral rebound and to identify a biomarker that predicts
this. A favorable cure intervention could either prolong the time to
the point when virus is detectable (that is, rebound) in plasma or
reduce the viral ‘set point’ (that is, post-treatment control).
One of the most daunting obstacles to designing more effective methods to target persistent HIV infection is the lack of
biomarkers to unambiguously identify the cells that harbor the
2086

rebound-competent reservoir. Recent work has demonstrated that
the viral reservoir is preferentially enriched in cells that express
programmed death-1 (PD-1) and other immune checkpoint markers, activation markers such as HLA-DR, and chemokine receptors such as CCR6 and CXCR3, but there is no phenotypic marker
specific for the reservoir18–21. Specific biomarkers of the reservoir
are needed, particularly to assess the impact of cure interventions.
Furthermore, understanding how HIV persists in specific tissue
sites and relevant local cell populations, such as those in the brain,
gastrointestinal tract liver, or genital tract, will be important, given
that the mechanism for persistence in each site may be distinct, and
therefore different approaches may be required to eliminate each of
these reservoirs.
There is growing evidence that some defective proviruses can
produce transcripts and proteins (including novel viral RNAs and
chimeric viral proteins) that in turn can elicit immune responses
and perhaps contribute to chronic inflammation22–25. This may be of
high relevance to end organ complications, such as HIV-associated
neurological disease26. If the production of RNA and proteins from
these defective proviruses proves to have clinical relevance, then
their removal may be necessary to ensure long-term health.
A major mechanism of HIV persistence is the proliferation
of cells that were infected prior to ART, resulting in large clonal
populations of infected cells that arise as a result of the site of HIV
integration27,28, response to antigen29,30, or homeostatic drivers31.
Characterization of these presumably physiological expansions
might lead to the development of therapies aimed at interrupting
proliferation of infected cells. It will be important to determine
to what degree these expanded clones are transcriptionally active,
whether they are an important of post-ART viral rebound, and
whether they have some innate survival advantage that prevents the
cells from being effectively cleared by the host.
Recent studies have provided some evidence for preferential survival of infected cells with proliferative advantages or with deeper
viral latency. Prosurvival and immune-resistance profiles may be
particularly important in infected cells that persist despite expression of viral RNA or proteins32–34. Opportunities likely exist for collaboration and cross-fertilization of concepts with the cancer field,
where the clonal dynamics of tumors have been extensively studied in relation to prosurvival and immune-resistance advantages,
such as the work being done on lung cancer through prospective
genetic studies in TRACRx (https://clinicaltrials.gov/ct2/show/
NCT01888601).
Biological sex can influence HIV pathogenesis, the immune
response to HIV infection, and response to antiviral therapy35.
Furthermore, in some but not all studies, women’s reservoirs have
been shown to be less transcriptionally active and less inducible than
those of men36–40. Sex, therefore, is a critical variable that should be
considered as new therapies to target the reservoir are developed.
Quantification of the HIV reservoir. Significant progress toward a
cure for HIV depends on having sensitive, specific, and quantitative
measures of persistent virus that can be applied to various anatomical compartments41. Achieving this has been challenging, however,
owing to the many sources and heterogeneous properties of persistent, replication-competent HIV. The reservoir can be quantified
using assays that measure viral nucleic acid (total and integrated
DNA, intact and defective DNA, or different forms of RNA), virus
protein (p24), or viral inducibility (by measuring HIV RNA or virus
replication following activation in vitro). Each approach has advantages and limitations, and assay outcomes may not always be interchangeable, comparable, or even correlated8.
Several groups have developed droplet digital PCR-based assays
that discriminate genetically intact proviruses from a large background
of defective proviruses, which are slightly less accurate but more
high throughput than full genome sequencing42,43. The application
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Box 2 | Key research goals to be addressed in the next 5 years

Understanding HIV reservoirs
• Define and characterize the sources of the replication- and
rebound-competent viruses during ART
• Define the phenotype of cells harboring intact HIV genomes
• Define the clinical significance of defective yet inducible
proviruses
• Define the mechanisms of clonal proliferation
• Determine if infected cells that persist on ART are resistant to
cell death
• Define the impact of sex and other factors on the reservoir and
virus-specific therapies
HIV reservoir measurement
• Develop and validate a high-throughput assay to quantify the
rebound-competent reservoir
• Develop assays that quantify integration sites
• Develop assays that account for key qualitative differences in
viral transcripts
• Develop methods to quantify HIV protein expression in cells
and tissues
• Develop imaging modalities that quantify the size, distribution, and activity of the reservoir in tissues
• Define the link between the cellular reservoirs, residual plasma
viremia, and the rebounding virus
• Develop assays for point-of-care and eventually at-home
viral-load monitoring
Mechanisms of virus control
• Identify the mechanisms that contribute to SIV/HIV control
• Define the role of HIV-specific antibodies, B cells, and the
innate immune response in virus elimination or control
• Define the viral dynamics and biomarkers associated with
post-treatment control
• Optimize human organoid models, as well as mouse and
nonhuman primate models, for cure- and remission-related
studies
Targeting the provirus
• Develop improved strategies to reverse latency
• Develop strategies to permanently silence the provirus

of these assays to large clinical cohorts has demonstrated that there
is a modest decrease in the frequency of cells with intact provirus
over years on ART44–46. These assays have largely been optimized
for subtype B virus, the major HIV subtype found in the United
States and Europe. Yet there are over ten subtypes worldwide, some
of which have evolved different mechanisms for immune evasion
and persistence47. Pan-subtype-specific assays will need to be developed, and challenges related to cost and scalability remain. Research
in this field should ideally culminate in harmonization across laboratories and crossvalidation of results. Future work will need to
expand from quantification of virus in blood to quantification in
tissue, particularly the more accessible tissues such as lymph nodes
and gut mucosa.
Understanding the proviral landscape (defined as the degree of
intactness, its transcriptional activity, and its location) is crucial, as
these characteristics almost certainly influence the degree to which
a provirus will rebound48. Over the last decade, several assays have
been developed to analyze the exact location at which the virus integrates and whether the integrated virus is intact or defective. The
ability to analyze single cells for integration site, viral sequence, and

•
•

Determine the impact of targeting the provirus at the time of
initiation of ART
Define the role of viral subtype on the effectiveness of interventions that target the provirus

Targeting the immune system
• Develop ‘reduce and control’ approaches
• Develop immune modulators
• Conduct clinical trials to determine whether combination
immunotherapies will result in safe and durable HIV remission
Cell and gene therapy
• Define the level of antigen expression needed to enable recognition of infected cells by immunotherapies
• Develop gene-editing strategies that target the provirus
• Develop strategies for sustained production in vivo of antiviral
antibodies
• Leverage advances in other biomedical fields to develop safer
and more scalable approaches
Pediatric remission and cure
• Characterize the establishment, persistence, and potential for
preventing or reversing HIV latency in infants and children
on ART
• Develop assays to monitor and identify biomarkers to predict
the efficacy of HIV-1 cure therapeutics
• Test HIV immunotherapies and other strategies in infants and
children
Social, behavioral, and ethical aspects of cure
• Expand community/stakeholder engagement and capacity
building
• Develop HIV cure research with equity, representation, and
scalability considerations
• Establish standards for the safe conduct of clinical research
• Integrate social, behavioral, and ethics research as part of HIV
cure trials
• Build capacity for basic discovery research and clinical trials in
high-burden, resource-limited settings

transcription is a major advance48; however, these assays are expensive and low throughput. Technological advances are required to
apply this more broadly to clinical samples, including assessment of
interventions that target the reservoir.
Cell-associated viral RNA (CA-RNA) provides a measure of the
total transcriptional activity of proviruses within a given sample.
Several assays have recently been developed that quantify different
RNA species, including total, elongated, unspliced, polyadenylated,
and multi-spliced RNA, and these stand to give higher-resolution
insights into the impact of therapeutic intervention49. An important unmet need is to develop approaches to distinguish transcripts
arising from defective versus intact proviruses. Another shortcoming hampering broad use of RNA assays is the fact that they are
subtype-sensitive. Overall, our ability to study the biology of transcriptionally active proviruses and the role of transcriptional activity as a potential biomarker needs to be further explored.
Since HIV protein expression is also required for recognition by HIV-specific T cells and other immune-based therapies,
measuring and characterizing viral proteins in cells and tissues is
an important step to understanding HIV persistence and might
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Fig. 1 | Multidimensional nature of the HIV reservoir. The HIV reservoir can be defined across a number of dimensions, including: (1) anatomical and
microanatomical locations, (2) cell type (for example, CD4+ T cell or macrophage), (3) cell functional profile (activated or resting; resistance to killing),
(4) pool of proviruses with a particular functional profile (for example, interferon-alpha resistant) or (5) triggering event (for example, response to
stimulation with a particular antigen), and (6) integration-site features of the rebounding virus.

prove to be a critical determinant for the efficacy of therapies
that target the HIV-infected cells directly (for example, chimeric antigen receptor (CAR) T cells or broadly neutralizing antibodies). Quantification of the p24 protein with ultrasensitive
enzyme-linked immunosorbent assays can determine the efficacy of therapies that target the reservoir directly. Ultrasensitive
p24 assays have emerged as useful tools25, but drawbacks include
low levels of sensitivity compared with nucleic acid detection,
overestimation of the replication-competent reservoir, and the
requirement for specialized instrumentation25,50. Detection of viral
envelope protein (the target of many therapeutic interventions for
an HIV cure) also remains a challenge. Future strategies should
leverage advances in single-cell techniques and new approaches
to imaging tissue using super-resolution or expansion microscopy,
together with multi-omics approaches.
Substantial progress in other fields of medicine has been made in
using advanced imaging techniques to quantify rare diseased cells
in tissues. On the basis of some preliminary success in nonhuman
primate models51, efforts to use radiolabeled HIV-specific tracers
and sensitive imaging modalities (for example, positron emission
tomography, PET) have been initiated52. Similar efforts aimed at
characterizing sites of inflammation or expression of specific surface markers that are associated with HIV persistence should also
be a priority.
Several studies have attempted to identify sources of rebound
virus by probing phylogenetic linkages with the proviral sequences
present in various anatomical and cellular compartments. Success
has been limited, however, in part owing to the challenging
nature of obtaining full-length sequences from the limited number of infected cells in blood or tissue, as well as from plasma
with low level viremia53. Strategies that can enhance enrichment
of infected cells and/or depth of viral sequencing together with
high-throughput low-cost single-cell analyses are likely to advance
the field. As the RNA in circulating virions is a well-accepted surrogate marker for untreated HIV disease, this measurement could
be an effective tool to characterize the rebound-competent population of HIV-infected cells.
Currently, any impact of a therapeutic intervention on the viral
reservoir can only be determined with an ATI. A tool for very
2088

early detection of viral rebound post-ART using a nonvirological
marker—such as measures of the innate immune response54—could
be very valuable. In addition, better ways to monitor viral load that
do not require frequent healthcare appointments will be needed5.
This should include the development of home-based tests that may
not necessarily require high sensitivity as long as testing is performed frequently55. Finally, emerging evidence suggests that virus
replication during an ATI may be associated with some long-term
adverse events56, so careful follow up of participants in ATI studies
will be necessary.

Mechanisms and models of virus control

Natural control in people living with HIV. Individuals who naturally control HIV in the absence of any therapy and can maintain a
viral load of <50 copies/ml (known as ‘elite’ controllers) have been
the focus of intense investigation for years. Research in this area
is increasingly focused on those controllers who exhibit remarkably stringent control (‘exceptional’ controllers)57,58, some of whom
might be considered true cures48,59, and those who became controllers after ART interruption (post-treatment controllers)60,61. In
exceptional controllers, the frequency of infected cells is extremely
low, often below the limit of detection of most standard assays for
HIV DNA57,59, there is no intact virus48 and the site of HIV integration may be distinct48; an agreed definition for an exceptional
controller is needed.
Virus-specific CD8+ T cells targeting particularly vulnerable
or conserved epitopes are generally recognized as the key mediator of elite control; such cells are rare in post-treatment controllers
and have not yet been characterized in exceptional controllers4,62.
Further characterization of the various controller phenotypes (elite,
exceptional, post-treatment) should remain a priority; the identification of unique and potentially informative phenotypes should also
be pursued, including individuals on ART who have very small reservoirs62. Functional multi-omics studies and emerging single-cell
technologies should help to determine the mechanisms involved in
exceptional, elite, and post-treatment control. Better animal models
of exceptional and post-treatment control would greatly enhance
the field, giving access to tissue and the opportunity for longitudinal
assessment of virus control63.
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Virus elimination and control will likely require a coordinated
immune response involving more than just T cells. Recent data suggest that autologous antibodies targeting archived viruses as well
as interferon sensitivity might influence which virus populations
emerge post-ART54,64,65. Studies in simian immunodeficiency virus
(SIV)-infected nonhuman primates that naturally control infection
have provided indirect evidence that natural killer (NK) cells might
be able to effectively control virus in tissues66. Better insights into
the role of antibodies, natural killer cells, and innate immunity in
post-treatment and/or post-intervention control are needed.
The interplay between the virus and immune system during
acute infection or immediately after the interruption of ART is
largely unknown, at least in humans. During acute infection, those
destined to become controllers typically have an initial period of
poorly controlled viremia61,67. For post-treatment controllers, virus
control is often achieved more rapidly after cessation of ART than
after primary infection61,68. We need to understand the viral dynamics associated with eventual post-ART control/remission, as this
will inform how a treatment interruption should be conducted. It is
likely that biomarkers other than the plasma HIV RNA level might
allow for the development of safer and more cost-effective strategies
for interrupting ART.
Animal models of control. The role of humanized mouse models
in cure research is still evolving. Recent studies showing similar
effects of latency-reversing strategies in mice and the less scalable
nonhuman primate model are encouraging69,70. Given that access
to nonhuman primates for cure studies will likely remain a barrier,
ongoing optimization, standardization, and validation of mouse
models should be prioritized.
An important discrepancy in translating cure-related findings
from SIV-infected nonhuman primates to people with HIV lies in
the duration of ART. Although effective ART regimens with integrase inhibitors have been optimized in nonhuman primates, high
costs, and treatment-related toxicities necessitate relatively shorter
study durations (less than 1–2 years of ART). One possible solution would be for primate research centers to maintain colonies of
SIV-infected nonhuman primates receiving very-long-term ART to
be directly assigned for studies.
There is ongoing debate about the most appropriate virus to be
used in cure-related studies in nonhuman primates. Investigations
utilizing broadly neutralizing antibodies or select vaccines directed
against the HIV-1 envelope necessitate infection with a virus that
expresses HIV envelope proteins (simian-human immunodeficiency virus, SHIV). However, SHIV infections with some strains
are characterized by post-treatment control in the absence of any
intervention71, while others can induce significant disease progression72. Therefore, the specific strain used can limit the generalizability of the model. Although SIV infection of nonhuman primates can
cause more significant disease progression than HIV infection of
people, early ART for SIV infection can limit rapid disease progression and is therefore a useful model for cure studies73. Developing
immunotherapies that target the SIV envelope in addition to SHIV
should also be pursued.
A major recent advance has been the development of genetically
barcoded SIVmac239 strains74. Because the barcode ‘tags’ are easily
quantified and also passed on to progeny virus, this model allows
for tracking of clonal dynamics, providing more precise insights
into how interventions affect seeding of the reservoir, viral reactivation during ART, or viral recrudescence after ART interruption.

Therapeutic interventions

Targeting the provirus. Since the discovery that HIV can establish a latent infection with minimal HIV transcription, a range of
approaches has emerged that specifically target latently infected
cells. These include pharmacological modulation of epigenetic

or signaling pathways involved in HIV transcription to reactivate
latent HIV such that the cells can be targeted and eliminated (‘shock
and kill’) or to permanently silence HIV transcription (‘block and
lock’)75–77. Recent reports have demonstrated that HIV latency is
heterogeneous and that latency reactivation is stochastic, implying
that a combination of agents targeting various pathways controlling
HIV transcription may be necessary to achieve either robust silencing or latency reversal49,78–80.
A clear limitation of the ‘shock and kill’ approach comes from
the discovery that only a fraction of proviruses is intact and among
these, only some are inducible by a potent stimulus such as T cell
stimulation, let alone by far less potent latency-reversing agents
(LRAs)8,81–83. Furthermore, cells containing reactivated latent HIV
may also be relatively resistant to killing by cytotoxic T cells84.
Complicating the situation even more, CD8+ T cells appear to suppress HIV transcription and can blunt the effect of LRAs70.
Although LRAs tested in humans can induce HIV RNA expression
and virion production in vivo, they have failed to reduce the size of
the reservoir, even when combined with immunotherapeutic strategies designed to enhance clearance of infected cells85–90. This could
be due to poor antigen induction by LRAs or insufficient clearance
of these targets by immunotherapies (Fig. 2). Furthermore, many
of the tested LRAs have off-target effects. Newer approaches for
delivery of LRAs to reduce toxicity, enhance potency, and improve
targeting, potentially leveraging advances in nanomedicine, should
be explored. Greater potency could potentially be achieved using
LRAs in combination, however, care is needed in these clinical trials, given that unexpected toxicities can emerge—as was recently
demonstrated in the evaluation of high-dose disulfiram and vorinostat91. Finally, LRAs will likely need to be partnered with therapies
that enhance the clearance of cells expressing viral proteins, such as
immune-enhancing strategies or proapoptotic drugs92.
Permanently silencing the HIV promoter by suppressing factors that promote HIV transcription has also emerged as a strategy
to target the provirus. The concept is to therapeutically drive HIV
into a permanently silenced epigenetic state that resists reactivation
(‘deep latency’). The Tat inhibitor didehydro-cortistatin A (dCA)
blocks HIV reactivation from human CD4+ T cells in vitro through
epigenetic repression; treatment with dCA in ART-suppressed
humanized mouse latency models induces a measurable delay in
virus rebound76,93. Gene therapy can also play an important part in
permanent silencing of the provirus using short interfering RNA or
other modalities94. Thus far, these approaches have yet to be successfully translated into human trials.
Further exploration of the therapeutic potential of permanently
silencing the reservoir (‘block and lock’), presumably as part of a
combinatorial cure approach, is a high research priority. Some pathways that might be targeted include mTOR, HSF1, and others95–97.
Efforts to screen for drugs that suppress HIV transcription are
encouraged,96,98,99 with the goal to rapidly move into preclinical and
clinical studies100,101.
With a recent report indicating that the HIV reservoir is stabilized at the start of ART initiation, efforts should be devised to
inhibit this stabilizing effect and/or to enhance reservoir turnover
during ART, where such interventions are ideally delivered at ART
initiation102–104.
Most methods to target the provirus have been developed using
subtype B. Thus, while conserved mechanisms govern latency
across the different virus subtypes, differences at the level of the
promoter may impact responsiveness to various stimuli. Therapies
targeting the provirus should be evaluated across multiple HIV subtypes including recombinants.
Targeting the immune system. There is a robust and growing toolbox of immune therapies that might be advanced to
proof-of-concept testing. Arguably, the most impactful innovation
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Fig. 2 | Optimizing latency reversal. Reversing latency is an important component of revealing HIV-infected cells, allowing for conversion of a latently
infected to a productively infected cell. a, Currently available LRAs reverse latency in only a subset of infected cells, and, when used alone, do not
sufficiently eliminate these. b, Enhancing the efficacy of an LRA can be achieved with increased potency, targeted delivery or through using combinations
of LRAs. c, Ultimately, depletion of the reservoir will require combining an LRA with other interventions, such as immunotherapy or a proapoptotic drug.

to date is the isolation and development of broadly neutralizing
antibodies for clinical use, but advances have also been made in the
development of therapeutic vaccines, vaccine adjuvants, and other
immunotherapies. When used in combination in nonhuman primates, these immune therapies have resulted in sustained post-ART
control71,105. When used alone, most of these approaches have had
limited effectiveness in people, although some promising results are
emerging88,106,107. Combination clinical trials have recently started
and are ongoing. Although the combination of either vorinostat or
romidepsin (HDAC inhibitors that can increase viral transcription
through epigenetic modification) together with different HIV vaccines showed no or minimal reduction in the HIV reservoir107–109,
results from other studies including a combination of Toll-like
receptor agonists, LRAs and broadly neutralizing antibodies are
eagerly awaited (NCT03837756; NCT04319367; NCT03041012).
As it may be challenging to reactivate and eliminate all latently
infected cells, or to induce deep irreversible latency in all cells, it
seems unlikely that these approaches will be curative by themselves.
By reducing the reservoir, however, they might make strategies
aimed at controlling the virus long term post-ART more effective. This overall approach of 'reduce and control’ is supported by
observations in elite and post-treatment controllers, and theoretical
modeling110. Multiple approaches that might result in control of a
small reservoir are being developed. Assessment of therapeutic vaccines including live vector vaccines such as adenovirus 26, modified vaccine Ankara, and also a cytomegalovirus in nonhuman
primate models have been particularly promising, with a subset of
animals achieving eradication of virus71,111. Such studies have not
yet been performed in people. Research to develop and test novel
immunogen and vaccine designs with broad, potent and durable
immunity should be prioritized. Given the recognition that autologous neutralizing antibodies might contribute to reservoir control64, novel vaccine approaches aimed at the induction of broadly
2090

neutralizing antibodies—including germline targeting112—should
also be prioritized.
Immune stimulators, immunomodulators, and novel immunotherapies (such as cytokine formulations, Toll-like receptor agonists, immune checkpoint inhibitors or agonists, and novel vaccine
adjuvants), used alone or more likely in combination with other
approaches, hold promise but have undergone relatively limited
testing in HIV-cure studies in people so far106,113–115.
With the exception of a few anecdotal cases116, immunotherapy
in people with HIV has yet to recapitulate the promising advances
made in nonhuman primates. Combination of various therapies
will almost certainly be needed (Fig. 3). Conducting such studies is
feasible108,117; it is expected that initial clinical research will be intensive in nature and designed to identify strategies that might then
be tested in well-powered, controlled clinical trials. Defining the
mechanisms and potential biomarkers associated with remissions/
cures in the preclinical and clinical setting should remain a priority.
Determining which combinations to study, and how to define the
optimal doses and strategies, poses a significant challenge from a
methodological and regulatory perspective. As immunotherapies
for HIV move into the clinic, careful attention will have to be paid
to immune-related adverse events, including cytokine-release syndrome and autoimmunity.
Cell and gene therapy. Cell and gene therapy clinical trials for
people with HIV, although safe so far, have been small in scale and
with no clear demonstrations of efficacy. The interest in gene therapy for an HIV cure was inspired by the elimination of intact virus
in Timothy Brown (also known as the Berlin patient) and Adam
Casteljo (also known as the London patient), who both received
stem-cell transplants from a CCR5-negative donor1,2 to treat their
underlying malignancies. CCR5 is a co-receptor that is needed by
most strains of HIV to enter a cell; a reduction in the size of the
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Combination interventions:

bNAbs

Vaccines CAR T cells

Gene therapy

LRAs

Immunomodulatory agents, for
example cytokines, TLR agonists.

ART interruption
followed by:
• Regular monitoring for HIV RNA
in plasma
• Additional monitoring: immune
responses, reservoir size and
composition

Viral load

ART during acute or early
HIV infection, leading to:
• Reduced inflammation and
immune activation
• Limited viral diversification
• Preserved functional immune
responses
• Lower reservoir burden and
complexity

50 copies/ml
Time
ART initiated early
Infection

ART interrupted

Fig. 3 | Strategies for immunotherapy. Strategies that will enhance immune-mediated clearance of latently infected cells include early initiation of ART
and the administration of combined interventions at the time of suppressive ART (colored arrows) or during the treatment interruption phase, which will
allow for increased antigen presentation. Given that there is no biomarker that can predict viral rebound, analytical treatment interruptions are used to
determine whether the intervention has had a clinically meaningful impact. The overarching goal is to either delay viral rebound by at least months or
years or reduce the set point of virus replication (that is, the stable level of viral load that the body settles at), preferably to a level of <200 copies/ml.
The dashed colored lines represent different potential favorable outcomes from a cure intervention. bNAbs, broadly neutralizing antibodies; LRA, latency
reversing agent; TLR, Toll-like receptor.

reservoir has also been reported following stem-cell transplantation
to people with HIV from donors who are CCR5-positive118,119, but
the HIV reservoir can’t be completely eliminated, irrespective of the
CCR5 status of the donor. In the case of CCR5-negative stem-cell
transplantation, the absence of CCR5 in the donor cells is thought
to protect the newly transplanted cells from infection, at least with
CCR5-dependent HIV strains. Interestingly, in both cases of cure
following stem-cell transplantation of CCR5-negative cells, defective virus has been detected, but not intact or replication-competent
virus120,121. These reports have prompted researchers to evaluate
CCR5-targeted gene editing as a potentially safer path to cure in
people living with HIV on ART, given the high mortality rate and
significant morbidity associated with stem-cell transplantation.
Timothy Brown unfortunately died in early 2020 owing to recurrence of his leukemia, but remained HIV-free until his death.
Ex vivo gene editing of CCR5 using zinc finger nucleases and
re-infusion of CCR5-modified T cells has not yet prevented viral
rebound following ATI122,123, possibly because insufficient cell
numbers were engineered and/or engrafted with first-generation
editing tools and cell culture protocols and/or because CCR5 disruption alone cannot shift the balance in favor of post-treatment
control in the presence of persistently infected cells. More recently,
gene therapies have shifted to creating effectors, including chimeric
antigen receptor (CAR) T cells, which can recognize and eliminate
HIV-infected cells (Fig. 4). Other approaches include the use of
novel delivery systems to deliver genes to local tissues, resulting in
the sustained production of systemically acting antivirals such as
broadly neutralizing antibodies124,125 and CD4 mimetics126. Finally,
attempts are being made to directly target integrated proviruses with
technologies such as CRISPR–Cas9 and recombinases127,128. This
approach remains conceptually challenging in view of the disparate

locations of latently infected cells, the absence of specific markers to
target delivery, the heterogeneity of proviral sequences (the majority
of which are defective), and the risk of off-target effects.
Many emerging cell and gene therapies are designed to target viral
proteins/epitopes that are expressed in abundance on the surface of
tumor cells, for example CD19 for the treatment of lymphoma129.
Various forms of the HIV viral envelope protein (gp120 trimers and
monomers, gp41) are expressed on the surface of infected cells, while
multiple peptides are presented via HLA molecules. These antigens
are expressed at levels well below that of many cancer antigens now
being successfully targeted in the clinic. Cell-based therapies such as
CAR T cells, once infused into the patient, will only persist and differentiate if there is sufficient antigenic exposure; however, the levels
of antigen during ART may be too low130. Removal of ART after infusion of CAR T cells (or similar products) could be used to expand
these cells in vivo, or more potent latency-reversing agents could be
used to enhance envelope protein expression. In addition, novel adjuvants could expand CAR T cells even when the antigen burden is low,
as was recently demonstrated in the nonhuman primate model131.
The challenges here are primarily those of delivery to relevant
cells. In addition to developing methods to target specific cells,
which are common problems faced by all potential in vivo gene
therapies, targeting latent proviruses also presents the problem of a
lack of robust cell surface markers to identify cells harboring such
proviruses. Progress in both of these areas will be needed to develop
strategies to deliver gene-editing reagents to latently infected cells.
Some promising in vivo delivery strategies for CRISPR–Cas9 have
included adeno-associated virus to target the SIV virus in nonhuman
primates on ART127, as well as using engineered CD4+ cell-homing
messenger RNA (mRNA)-containing lipid nanoparticles in mouse
models of HIV infection132.
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Ex vivo gene therapy

Gene modification of T cell
(to target HIV envelope)

PBMCs
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In vivo gene therapy
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AAV
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CCR5 gene
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Gene expression
(such as CRISPR–
Cas9 or bNAbs)

CCR5
negative
PLWH on ART
Re infuse
Expansion of CAR T cells
CAR T cell therapy

Ex vivo gene editing

Fig. 4 | Strategies for gene therapy. Examples of ex vivo (left) and in vivo (right) gene therapy approaches that have been tested in people with HIV on
ART. Ex vivo strategies include gene editing to either delete or inactivate CCR5 or HIV provirus in CD4+-enriched T cells using gene-editing tools such as
zinc finger nucelases (ZFN) or CRISPR–Cas9. Alternatively, autologous T cells can be modified to express a CAR that can recognize HIV envelope, and this
can then be reinfused into the participant. In vivo strategies, on the other hand, do not require external manipulation of cells; nanoparticles or viral vectors
(such as adeno-associated virus (AAV)), which encapsulate mRNA or DNA, respectively, for the relevant gene to be expressed are administered directly
to the patient. These approaches have recently been successful using lipid nanoparticles that contain mRNA encoding CRISPR–Cas9135 or for expression of
anti-HIV broadly neutralizing antibodies such as PG9 or VRC07 (ref. 125). PBMCs, peripheral blood mononuclear cells; PLWH, person living with HIV.

Long-term in vivo secretion of antibodies or antibody-like molecules can be achieved following gene therapy vector delivery of antibody cassettes to tissues such as muscle and liver, where enhanced
production of antibodies is needed, rather than specific delivery to
infected CD4+ T cells. This can be achieved through direct intramuscular injection leading to uptake in the muscle or, alternatively,
intravenous injection, which will allow for uptake in the liver.
Ectopic expression of these antibodies in liver or muscle cells fails to
recapitulate aspects of natural antibody production, such as responsiveness to antigen and ongoing somatic hypermutation. Therefore,
editing the B cell Ig locus itself to express antibodies presents an
alternative and attractive gene-editing strategy133,134.
Sustained production of these antivirals could result in sustained (perhaps lifelong) control of the virus. Many barriers to
success exist. Antidrug antibodies that target and clear the vectors
often form rapidly125, limiting the ability to deliver multiple doses.
Advances in mRNA encapsulation within lipid nanoparticles may
potentially revolutionize delivery of gene therapy, allowing for
delivery of mRNA encoding CRISPR–Cas9 and related guide RNAs
in vivo, as has recently been successfully demonstrated in the treatment of transthyretin amyloidosis135. Also, antibodies targeting
multiple antigens will likely need to be produced at high levels to
prevent virus replication and escape.
Advances in T cell manufacturing are expected, driven by cancer CAR T cell therapies, which will also benefit HIV therapies.
Similarly, advances occurring in gene therapy treatments for genetic
diseases, such as hemoglobinopathies, are catalyzing safer and nongenotoxic conditioning for HSPC transplants, for example based
on drug–antibody conjugates. Practicality will also be enhanced by
moving toward using allogeneic off-the-shelf products.
Gene and cell therapies now require a shift towards a practical focus, identifying ways to expand use, reduce costs, and allow
deployment in resource-limited settings. This could be achieved
through abbreviated ex vivo cell manufacturing, including automated closed-system devices (‘gene therapy in a box’), to produce product in a place-of-care setting136. While still in the early
stages of development, in vivo gene therapy also presents exciting
possibilities to significantly expand access by eliminating the need
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for external manipulation of cells and associated technological
requirements.

Pediatric remission and cure

The unique context of perinatal HIV infection necessitates
pediatric-specific strategies to achieve ART-free remission in
children. The case of the Mississippi child, who started therapy
~30 hours after birth and achieved remission off ART for 27 months
before virus rebounded137,138, raised the possibility that remission for
children can be attained. Subsequent reports of early-treated pediatric cases with long-term (>12 years) virological control off ART
have provided examples of post-treatment control in children139,140.
The nature of the reservoir in children is unique from that in
adults. For example, naive CD4+ T cells are a more important reservoir for the virus in children141,142. Further development of infant
nonhuman primate models for evaluating ART and cure strategies
will contribute to our understanding of the HIV reservoir and how
to target it in the unique setting of infancy and immune development, but an understanding of the limitations of this model is also
crucially important141–145.
Many of the recent advances in understanding HIV persistence
during ART in adults, including frequency and transcriptional activity of intact virus, clonal expansion, sites of proviral integration, and
inducibility, need to be applied to studies of children. Optimizing
methods that can be adapted to small blood volumes are also needed.
In the context of childhood infection, clarity is needed on how
latency is established in naive T cells, susceptibility of these cells
to latency reversal, propensity for T cells to clonally expand, and
the relative contribution of clonally expanded cells to viral rebound
following cessation of ART. It is still unclear whether integration sites and reactivation potential are different in children, and
whether these change with age. Given that initial studies suggest a
less-inducible reservoir in cases of perinatal infection146, it is especially important to determine how to maximize latency reversal in
children. The optimal timing of these interventions (for example, at
the time of early ART initiation) could potentially limit the pool of
infected cells that persist on ART; such approaches can be explored
in a nonhuman primate model.
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As in adults, better tools are needed to assess the impact of cure
interventions in children, including quantification of HIV persistence and in-depth cellular immune profiling. There is a particular
need for noninvasive tools, such as total body imaging, to assess
central nervous system and other tissue-based reservoirs. It will
also be important to identify biomarkers for post-treatment control,
including the degree of reduction or alteration in the composition
of the latent reservoir that may be predictive of pediatric remission
or cure147. Finally, preclinical studies in infant nonhuman primates
that test new interventions to reduce or eliminate persistent HIV
and/or induce viral remission after ART interruption are needed to
inform the development of HIV remission and cure intervention
strategies. Early therapy alone is insufficient to reliably achieve a
cure or long-term remission in children. Novel approaches, including earlier administration and use of more potent antiretroviral
drugs, therapeutic vaccines, or other immunotherapeutics, such as
broadly neutralizing antibodies and/or innate-immune-enhancing
agents, will be necessary.

Social, behavioral, and ethical aspects of cure

Research directed toward an HIV cure intertwines critical social,
behavioral, and ethical aspects that must be incorporated in
the scientific agenda. This research takes place within particular social contexts and communities that shape its permissibility
and appropriateness. Accordingly, affected communities must be
meaningfully engaged throughout the research process; social and
behavioral factors must be interrogated and taken into account
because they affect research feasibility, community support for the
research, and the well-being of participants and other stakeholders.
Research must also address the many ethical issues associated with
developing a therapy, particularly since viable options for treatment
are already available. Sufficient funding for research toward social,
behavioral, and ethical aspects of a cure and for community involvement is therefore essential.
Substantial progress using more conceptual and normative
approaches has also been made regarding the ethical issues associated with the interruption of ART148,149. Similarly, there has been
attention focused on acceptable risk thresholds for research150.
Finally, given the important role of treatment as prevention, efforts
have focused on the ethics of partner-protection measures151.
Community engagement in HIV cure research is still suboptimal in many settings, being mostly been limited to advisory boards
typically comprised of scientifically literate individuals. Capacity to
discuss HIV cure research and to evaluate its potential implications
for local and global communities must be built within diverse community groups. Communities should be empowered and supported
through education and engagement at all levels of the research
process to help shape the HIV cure research agenda and allow for
potential study participants to have a voice in trial design152.
Since HIV cure research is highly complex and nuanced, there is
also a need to ensure understanding of it among other key stakeholders, including Institutional Review Boards (IRBs) and clinicians. For
example, IRBs need to appreciate the implications of ATIs for partners who they may not see as within their remit, and clinicians need
to understand the rationale for ATIs in the research setting.
Attention must focus on broad representation (for example, age,
race and ethnicity, gender and sexuality, geographic location, risk
behaviors) in research. Diversity in participation is essential during
the development of interventions aimed at complete HIV elimination or durable ART-free control. This necessitates research directed
at understanding the reasons for under-representation of certain
groups of people in HIV cure research. For example, cisgender and
transgender women, as well as individuals of some racial and ethnic backgrounds, are less likely to participate in HIV-cure-focused
clinical trials153. This highlights the need for more nuanced and
theoretically engaged research to understand how gender, race, and

other characteristics shape engagement with HIV cure research154.
At the same time, legal and social considerations unique to each
context must be identified and addressed. For example, local laws,
stigma, and access to healthcare affect research involving the interruption of ART.
There is also a need to better define ethical considerations
involved in the selection of populations of interest in which promising cure strategies will be tested. For example, should priority be
given to testing new interventions in individuals who initiated treatment during acute infection over those who began treatment during
chronic infection? What are the best means to identify and manage
the ethical considerations in pediatric HIV cure research? In addition, what measures ought to be taken to ensure that recruitment is
not skewed toward people with HIV in resource-limited settings?
Further, ethical questions of equity and justice related to the distribution of safe and effective cure interventions must consider acceptability, scalability, and cost-effectiveness. The COVID-19 pandemic
has raised unique considerations for research participants, staff, and
communities155. Given the rapidly changing nature of the pandemic
and the availability of COVID-19 vaccines and other treatments,
there is a need to continually revise and assess the safety and feasibility of HIV cure research efforts.
During the study design phase, early engagement is needed in
communities where research is being considered in order to determine the nature and acceptability of research-related risks. Similarly,
stakeholder perceptions should be elicited to guide the development
of target product profiles (the minimal and optimal characteristics
of a new therapeutic intervention), as recently done for an HIV
cure5. In especially complex clinical studies, formative research
should be used to help develop a robust, informed consent process.
Furthermore, nested social and behavioral research (basic, elemental, supportive, integrative) is needed to enhance understanding of
the actual experiences of trial participants as well as of sexual partners of participants. These data will help provide a check on current
practices, as well as provide a foundation for future efforts aimed at
improving them.

Conclusion

Several of the key topics addressed in the previous sections are
prerequisites for the development of successful cure strategies and
interventions. To date, most HIV cure research has been restricted
to high-income countries with relatively low HIV burden and has
most often engaged men who have sex with men. HIV strains are
genetically and biologically diverse, and host mechanisms of antiviral immunity required for durable control may differ by sex, geography, and ethnicity. Basic discovery research and clinical trials in
resource-limited settings must be strengthened and will require
enabling infrastructure development and capacity building.
In the next decade, we expect to see a greater understanding of
HIV reservoirs, an increasing number of clinical trials and hopefully reports of individuals who achieved long-term remission with
less intensive and more widely applicable strategies. On the basis
of the current understanding and lessons from ART, it is likely that
combinations of these approaches may be the first approach to be
implemented. Inclusion of knowledge from fields such as oncology
and COVID-19 could also greatly facilitate progress. Finally, open
and responsible communication about trials and realistic expectations will remain important. Although safety is the highest priority, with increasing number of clinical trials, there is an increase in
the possibility of adverse events which will need to be appropriately
managed while allowing the field to advance.
This global scientific strategy, in combination with the recently
developed target product profile5, will assist with guiding the field
toward a widely applicable, acceptable, and affordable cure. The
establishment of the HIV Cure Africa Acceleration Partnership152
will hopefully enable broader engagement and facilitate rapid
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implementation of any successes into low- and middle-income settings. Fortunately, the resources for such work remain available,
and the field is highly committed to making the long-term commitments necessary to develop an effective and scalable remission
or cure strategy.
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