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Abstract

Despite considerable global investment, only 60% of people who live with HIV currently receive
antiretroviral therapy. The sustainability of current programmes remains unknown and key
incidence rates are declining only modestly. Given the complexities and expenses associated with
lifelong medication, developing an effective curative intervention is now a global priority. Here we
review why and where a cure is needed, and how it might be achieved. We argue for expanding
these efforts from resource-rich regions to sub-Saharan Africa and elsewhere: for any intervention
to have an effect, region-specific biological, therapeutic and implementation issues must be
addressed.

Although much effort has been devoted to providing suppressive antiretroviral therapy
(ART) to all of those in need, current trajectories suggest that this goal may not be
attainable. A safe, effective and durable intervention that completely eliminates the HIV
infection (eradication) or that suppresses viraemia in the absence of antiretroviral therapy
(remission) (here we refer to both as a ‘cure”) could serve as an important adjunct in the
control of the HIV epidemic (Fig. 1). Although this seems a daunting goal, the scientific
motivation is clear: long-term remission if not eradication has been observed in at least two
people following transplantation of bone-marrow progenitor cells that lack the viral co-
receptor CCR512; and durable remission occurs in approximately 1% of individuals who are
infected with HIV (elite controllers) and in 5-10% of those who are treated early in infection
and then stop treatment (post-treatment controllers)34. Recent advances in animal models
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suggest that an HIV cure might be induced by some interventions, alone or in combination,
such as through the provision of broadly neutralizing antibodies, the generation of an
effective antiviral CD8* T cell response or the knockout of CCR5.

Despite some progress, a number of fundamental issues remain (Box 1). There is, for
example, no consensus on why a cure is needed. Previous studies have focused on the needs
of the individual, but as ART has become safer, more effective and more affordable, it is
unclear whether a cure will ever compete with current therapies. In this Review, we argue
that the public-health implications of a cure might prove to be at least as important as the
benefits for the individual. There is also no consensus on what a cure needs to do. Will a
partially effective intervention that provides some with the ability to remain healthy in the
absence of therapy for a few years be sufficient, or should we focus our efforts on complete
eradication of the virus? Similarly, will an expensive cure that requires specialized
laboratories be useful, or should we seek to develop an approach that is scalable and that
could address the main unmet needs globally? Achieving a consensus on these fundamental
questions is needed as these decisions will enable the prioritization of competing strategies
going forward®.

Why and where a cure is needed

There are two main considerations driving the desire to cure HIV: to improve long-term
health for individuals who are infected with HIV and to reduce on a community level the
transmission of the virus to other individuals. The interests of these two motivating factors
are generally well-aligned: for a cure to have an impact on either level, it will need to be
safe, effective, durable, scalable and cost-effective. Ideally, it should also protect against
reinfection.

The individual perspective

Many individuals living with HIV are able to obtain and adhere to an effective and typically
well-tolerated treatment regimen of a single tablet once daily. Assuming such treatment
options remain accessible, these individuals have few unmet needs and may not need a cure.
Still, not everyone with access to ART does well. Although current regimens are generally
safe, they are not benign. Increased risk of cardiovascular, kidney and bone disease has been
associated with more-commonly used drugs. Even the recently developed integrase inhibitor
class may have long-term health consequences, including weight gain and obesity®7. Many
individuals developed drug-resistant HIV during the early years of the treatment era;
complex multidrug regimens are often needed to maintain virus control. As people age and
need other medications, polypharmacy has emerged as a concern for nearly all ageing people
who have HIV.

Stigma remains a problem for many people living with HIV and is now recognized as a
major factor that affects health and well-being®. In many communities worldwide, prevalent
social constructs make it highly stigmatizing to take ART and/or to attend HIV clinics®.
Knowledge of HIV infection also affects perceptions of social worth and peer
relationshipsO. It is not yet clear whether an HIV cure can address these challenges, but this
would certainly be the goal.
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The public-health perspective

Effective control of HIV with ART eliminates the risk of transmission (‘undetectable equals
untransmissible”)11:12 and the ability to test and treat with the aim of reducing transmission
is now a universal goal. Currently, approximately half of the infected global population is
believed to be on effective ART13 and—should this treatment scenario not improve in the
future—it is highly unlikely that the epidemic will be contained# (Fig. 2). Although nearly
all countries have experienced progress in the roll-out of ART, the outcomes have been
uneven!®16 and the widespread availability of ART has led to only a modest reduction in
HIV incidence in some communities with a high prevalencel’.

Antiretroviral treatment programmes in many countries are heavily reliant on international
donor partners, raising concerns about the sustainability of these initiatives should the
political and economic climate change. Indeed, UNAIDS estimates that US$26.2 billion in
funding (nearly a 30% increase compared to current funding levels) will be required by the
year 2020 to achieve their “‘90-90-90’ treatment goals (that is, 90% of people living with
HIV should know their status, 90% of those people should be on ART and 90% of those
people should have an undetectable viral load)!8. The global commitment to funding is
stagnating: whereas the compound annual growth rate for global funding in low- and
middle-income countries between 2000 and 2010 was 13%, this number has declined to
1.2% in the last five years.

Theoretically, a short-term, affordable and effective intervention that results in sustained
periods of virus control in the absence of any therapy will reduce the overall strain on
public-health systems, freeing up resources for other healthcare imperatives including other
aspects of HIV prevention and care. Ideally, such a regimen will need to be as safe and
effective as ART—a bar that might not be possible to achieve, particularly in adherent
populations in which treatment response rates now approach 100%. This raises questions of
how such a regimen will obtain regulatory approval and how it will be implemented.
Discussions among key stakeholders will be needed to define in which situations a regimen
that is less effective than ART will be effective and how such an approach will achieve
regulatory approval.

On a global level, approximately 20% of individuals with HIV do not know their status’3
(Fig. 2). Multiple barriers to getting tested exist, including stigma and concerns about being
diagnosed with an incurable disease. The availability of an effective cure might boost HIV
control programmes by encouraging disenfranchised individuals with HIV to proactively
seek testing and treatment for HIV, as has been documented for syphilis!®.

Why ART is not curative

Many of the curative interventions that are currently being explored address virological and
immunological factors that limit the ability of ART itself to cure HIV infection, as described
below.
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As a retrovirus, the HIV genome fully integrates into the host genome and persists for the
lifetime of the infected cell20-22, The vast majority of these integrated genomes appear to be
transcriptionally silent (that is, latent)23. This state of latency—in which viral proteins are
not produced—enables infected cells to escape immune recognition and clearance. Latency
is maintained by multiple mechanisms, including expression of unique and complex
transcriptional pathways that may prevent reactivation24, the upregulation of anti-apoptotic
genes2> and blocks to various post-initiation transcriptional pathways (such as elongation,
polyadenylation and multiple splicing)Z®.

Reservoir dynamics

Approximately 0.01-1% of circulating CD4" T cells contain an integrated genome, only a
small proportion (<5-10%) of which are fully intact?”, and only a small proportion of intact
genomes may be readily inducible and able to support virus replication post-ART27:28,

There is intense interest in further defining the cell populations that are more likely to be
infected. CD32 was reported to be a putative biomarker2?, but subsequent studies have failed
to confirm this finding. PD-1 has been associated with the reservoir in several studies39-32,
Other cell populations enriched for HIV include those that express other checkpoint
receptors®1:33:34 ‘markers of activation or proliferation3®, members of the tumour necrosis
factor family2>:36 and markers of cell adhesion and migration37-38, The virus may also be
enriched in the more differentiated effector memory cell population3®37, such as the T
helper 1 and 17 subsets3%40, As these associations are modest and highly variable, none will
prove useful as biomarkers or as targets for host-directed immunotherapies. These findings,
however, provide insights into how HIV establishes latency.

The fate of latently infected cells is largely dictated by the physiological pathways of T cell
homeostasis?4:30:41-43: infected cells undergo clonal expansion and are then maintained by
those same factors that control the size and diversity of the memory T cell pool*L. During
long-term ART, individual clonal populations wax and wane as the entire reservoir becomes
increasingly clonal in nature?4. Some integration events can disrupt the regulation of cell
growth, leading to massive expansions#243, The local chromatin environment in which the
virus integrates is also important: genomes integrated in largely silenced regions are less
likely to be inducible?®46; indeed, some may be permanently silenced. These silenced
genomes may be selected for and enriched during long-term ART.

Emerging data suggest that the intact genome may decay more rapidly than the defective
genomes?*748, although some studies have argued the opposite?°. It has also been suggested
that the inducibility of intact genomes declines over time as the reservoir increasingly enters
a relative state of deep latency#>47: if confirmed, this would suggest that virus populations
during long-term ART will be less likely to initiate rounds of virus replication after the
cessation of therapy.
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HIV replication

HIV may also persist in the face of suppressive ART owing to low but detectable levels of
virus replication in lymphoid microenvironments®°, although the fact that the virus does not
evolve over time argues that ART can be fully suppressive®L. Even if this is the case, ART
can only prevent cells from becoming newly infected; cells that are already infected must be
eliminated by other means.

Host clearance mechanisms

The capacity of the immune system to clear infected cells is also likely to be an important
factor that contributes to the persistence of HIV52, During acute infection, the virus evolves
rapidly to escape the immune system and these mutants are retained in the reservoir®3. The
numbers of HIV-specific CD8* T cells during ART are low (as expected given low antigen
levels), often dysfunctional (as defined by expression of PD-1 and other markers) and often
target HIV variants that have already escaped immune recognition®-57. The administration
of ART during acute HIV infection may prevent many of these abnormalities from
emerging, but cells are often not sufficiently primed to be effective8-60, Many of the
immunotherapies that are under development for an HIV cure seek to reverse these defects.

How to define a cure

The ideal outcome for any curative intervention would be the complete eradication of all
replication-competent HIV particles—that is, a sterilizing cure (Fig. 1). As it will not be
possible to prove that all infected cells that have replication-competent HIV have been
eliminated®?, a potentially cured individual will never really know whether any virus
particles persist that can restart a systemic infection. Indeed, in several cases of very early
ART treatment or allogeneic bone marrow transplants, the virus was no longer detectable yet
rebounded within weeks to months after ART interruption®2-65 As an infected cell can
initiate acute viraemia at any given time, new point-of-care or preferably at-home tests that
can reliably determine whether the virus has rebounded may prove to be necessary for any
strategy that is less than 100% effective®6. This inability to predict whether and when a rare
infected cell will initiate an episode of acute viraemia argues for interventions that confer
durable host-mediated control of a residual reservoir.

Most strategies that are currently being pursued seek to durably induce a state in which the
virus is maintained at such low levels that it can no longer cause disease or be transmitted to
others (Fig. 1). Operationally, such a functional cure or state of durable virus remission will
probably be defined as the sustained maintenance of a viral load that is less than the level of
quantification with standard assays (for example, 40-50 copies of RNA per ml of plasma for
some yet-to-be-defined period). Of note, remission strategies that achieve a low but
persistently detectable level of viraemia may provide important benefits for individuals who
are unable to adhere to standard regimens, including those with multidrug resistance or
disenfranchised individuals who are unable to access or adhere to therapy.
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How to measure a cure

A major barrier to the development of curative interventions is the lack of a well-validated
surrogate biomarker for the total reservoir of replication-competent virus in the body. This is
especially crippling for ‘go/no-go’ decisions at the proof-of-concept stage and a key
impediment to the initiation of investment in this new therapeutic area by biotechnological
or pharmaceutical companies.

Although HIV DNA can be readily measured in the CD4* T cell compartment of ART-
suppressed individuals, most of it (>95%) is defective and unable to contribute to new
rounds of infection within the host or be transmitted to others?’. Assays that directly
quantify or estimate the circulating reservoir of replication-competent virus are under
development8”, but the degree to which these approaches quantify viruses that can initiate
new rounds of infection (the rebound-competent viral reservoir) has yet to be determined.
Additionally, it is not clear whether and to what extent any measurement using blood will be
able to quantify the level and disposition of viral reservoirs that are contained within tissues,
where the vast preponderance of the replication-competent pool resides®8. Novel approaches
that quantify the virus within tissues directly (for example, using biopsies or imaging using
labelled anti-HIV antibodies) or indirectly (for example, by assessing the host response to
the virus by quantifying antibody titres) are in development89.70,

Short of an unexpected breakthrough across the above barriers, the only way to determine
the effectiveness of a putative curative intervention is to interrupt treatment with ART and
then measure either the time-to-rebound (test of cure) or the level of set-point viraemia after
rebound. The former approach is relatively safe if the viral load is measured frequently
(usually weekly) and ART is resumed immediately upon the detection of rebound®2.63.71,
Defining the post-interruption set point is more informative but far more complicated.
People who are destined to control their virus in the absence of therapy may first experience
a rapid but transient burst in viraemia372, which can cause harm to the immune system of
the individual and poses risks to sexual partners’3. Strategies that aim to reduce the risk to
participants and their sexual partners have been developed’®.

What a cure needs to achieve

Cure research remains focused in academic medical centres located in low HIV burden,
resource-rich countries. As such, there has been limited public discussion on the
practicalities of product development, particularly as they relate to sub-Saharan Africa.
Failure early on to define a target product profile (TPP) risks developing a strategy that fails
to be effective. In principle, a TPP should provide a broad outline of the minimal attributes
of an effective therapy, guiding drug development while engaging all stakeholders, including
the community, the regulators, the funders, the implementers and industry (Box 2).

An unresolved question is whether a cure will need to compete with and potentially replace
ART. If this is the case, it will have to be as safe and effective as standard ART regimens,
including emerging long-acting formulations—a high bar that is unlikely to be reached by
currently available interventions (for example, CCR5A32 bone-marrow transplantation).

Nature. Author manuscript; available in PMC 2021 April 17.
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As modern ART regimens are remarkably safe and well-tolerated, any intervention
associated with serious toxicities will probably be unacceptable to most stakeholders. With
regard to efficacy, short-term failures in which a cure is administered and then quickly found
to have failed could easily be managed by continuing or resuming ART. Long-term failures
in which the virus rebounds after an unpredictable period of time would potentially be
disastrous. In this setting, a burst of viraemia may go unnoticed for months, leaving the
person and his or her sexual partner(s) at risk. Modern cure studies generally have indefinite
periods of close monitoring to avoid this scenario®3. Inexpensive at-home diagnostics that
are able to rapidly detect rebound might be needed when a curative strategy is implemented.

Other factors are probably also important. If a cure leaves an individual susceptible to
reinfection, then at least one model suggests it will rarely ever be effective from a public-
health perspective, given that those who acquire HIV once will presumably have sustained
exposures and risks for acquiring the infection a second timel4. The ‘Berlin patient’, for
example (one of the two known cases in whom HIV is potentially cured), has disclosed
publicly that he is now taking pre-exposure prophylaxis (PrEP); in other words, he has
switched from a three-drug to a two-drug regimen and is not living in a state of ART-free
viral suppression.

A critical consideration for resource-limited settings will be ease of administration.
Healthcare systems in most low- and middle-income countries are already strained by the
existing disease burden and will not be able to cope with cure strategies that require the
administration of multiple products, inpatient evaluations, a specialized infrastructure or
extensive cold chain management.

Finally, a curative intervention will only have a global influence if it is cost-effective. In the
context of the epidemic in Zimbabwe, for instance, an accessible intervention would only
make sense financially as a replacement for ART if it costs less than US$1,400 and enables
ART interruption in 95% of treated individuals with a rate of viral rebound of approximately
5% per year’®. For South African people with access to effective therapy, only a safe and
highly effective curative intervention would be cost-effective’S.

How to achieve a cure

Early ART

There are five broadly defined approaches to achieving an eradicative cure or remission:
early ART, genetic modifications, ‘shock-and-kill’, ‘block-and-lock’ and immunotherapy.

Starting therapy immediately after the diagnosis of infection with HIV preserves immune
function, limits virus diversification, minimizes HIV-related complications in the treated
individual and prevents transmission to others by lowering viraemia®®:7?. Although early
ART may also prove to be curative (as suggested in a study of non-human primates)’8,
experience to date suggests that this will not often be observed in adults who are infected
with HIV. Thus, in a carefully performed study of ten adults in Thailand who started ART in
the first few weeks after infection, the virus rebounded almost immediately after ART was
interrupted®2. Similarly, an individual who started pre-exposure prophylaxis immediately

Nature. Author manuscript; available in PMC 2021 April 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ndung’u et al.

Page 8

(probably within a day or two) after a recent infection nevertheless experienced viral
rebound once ART was discontinued®3.

Although immediate ART will probably never cure an adult, it might under some
circumstances provide benefits to infants. In the well-known case of the ‘Mississippi baby’,
for instance, an infant was infected in utero, born with a viral load of approximately 20,000
copies of RNA per ml, started on ART within 30 h of her birth, stopped therapy 18 months
later and then experienced 30 months of virus-free remission before the occurrence of
rebound®®. This case raises the possibility that treatment in infants might prove curative if
started earlier or maintained longer.

Even if not curative, early ART appears to reshape the association between the virus and the
immune system, allowing some people to eventually control their virus in the absence of
treatment. Approximately 5-10% of those treated early during the course of disease develop
a state of ART-free viral remission34. These so-called post-treatment controllers generally
start ART in the first few weeks to months of their infection, remain on ART for several
years and then stop therapy for various reasons®. Less commonly, post-treatment control can
occur in perinatally infected children who begin ART treatment soon after birth?9:80.

Genetic modifications and cell therapy

There are two known cases in whom HIV is potentially cured: the Berlin patient® and the
‘London patient’2. In each case, an HIV-seropositive patient with cancer received fully
ablative chemotherapy and an allogeneic stem-cell transplant from donors who naturally
lacked CCR5 (CCR5A32/A32), a co-receptor used by many circulating virus strains to enter
CD4* T cells. Once 100% chimaerism was achieved, all available CD4* T cells were
resistant to new infections and the virus was unable to spread to uninfected cells. Although
associated with multiple toxicities and high cost, these cases have provided proof-of-concept
evidence that genetic and/or cellular modifications of the affected host might lead to a state
of durable viral remission.

Given these cases, the question arises of whether there are safer and more scalable ways to
achieve the same result. The two transplant cases and limited studies in animal models81:82
argue that, if CCR5 can be safely disrupted in T cells (including key progenitor cells), a cure
may be achievable. As there are a number of approaches to genetically edit or suppress the
function of CCR583, a major hurdle is the manner of delivery, which ideally would be done
in vivo and not require ex vivo manipulation and transplantation. Given the strong interest in
developing in vivo gene-editing strategies in other areas of medicine84, it seems likely that a
safe and scalable delivery approach will eventually be able to target gene-modifying systems
to appropriate, long-lived cell populations in vivo, precisely and safely disrupting or
inhibiting the function of CCR5 and leading to an effective cure. CCR5 may be an ideal
candidate for such a technology as its disruption would probably prove to be safe and
effective. There may be a threshold below which the frequency of susceptible cells is
insufficient to support systemic infection8®, arguing that even incomplete editing will be
curative.
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Although editing CCR5 is attractive, the limitations of this approach are not trivial. Many
individuals have viruses that utilize CXCR4 for cell entry. Indeed, one recipient of an
allogeneic stem-cell transplant from a donor with homozygous deletion of CCR5 stopped
therapy and exhibited rapid rebound of a pre-existing CXCR4-utilizing variant®.
Furthermore, although individuals who are homozygous for the CCR5A32 allele generally
do well, it remains unknown whether disruption of this pathway by gene modification will
be safe.

Gene-editing approaches that target and excise the integrated provirus would also be
potentially curative8”. Nucleases that are specific to conserved areas of the provirus have
been developed and validated in vitro, although selection for virus populations that are
resistant to editing can occur. Combination approaches that target multiple sites in the virus
may be needed, just as a combination of antiretroviral drugs is necessary to prevent HIV
resistance88. Delivering a universally effective combination of gene-editing enzymes to all
cells in the body that are infected with replication-competent viruses will be challenging but
necessary for this strategy to work.

Alternatively, novel genetic modifications that lead to an eradicative cure or remission might
be delivered. Theoretically, if a cell can be re-engineered to produce an effective antiviral
response indefinitely, then a state of durable control will be achieved. In a proof-of-concept
study, SHIV-infected rhesus monkeys were infected with adeno-associated virus vectors that
encoded three potent neutralizing antibodies against HIV; in one animal, high levels of the
antibodies were durably produced, resulting in sustained control of the virus8®. Efforts to
repeat this in humans have been slowed by the development of anti-drug antibodies to the
vector0,

Studies of individuals who naturally control HIV in the absence of therapy (elite controllers)
have demonstrated that functional HIV-specific CD8" T cells that target vulnerable regions
of the virus can control the virus for years, suggesting that this mechanism may be harnessed
for a functional cure. Although early attempts to re-engineer CD8" T cells to express a
chimeric antigen receptor (CAR) that targets HIV failed®l, more mature versions of this
technology are now being used for the management of B cell malignancies®? and actively
repurposed for studies researching an HIV cure93-95, Barriers that will need to be overcome
include limited sensitivity (the density of virus proteins on the surface may be too low to be
readily recognized), limited persistence of the CAR-T cells in vivo, escape mutations and
safety.

Latency reversal

With the hope that the induction of viral proteins could lead to immune-mediated
recognition and destruction of infected cells, attempts have been made to reverse latency
(called shock-and-kill or ‘kick-and-kill”). Multiple first-generation latency-reversing agents
have been studied in the clinic, and several have been shown to stimulate the transcription of
HIV mRNA%-98 and perhaps even the production of viral particles®9:100. A second
generation of approaches has focused instead on non-specific inducers of T cell activation,
for example, Toll-like receptor (TLR) agonists191.102, Given the complexity and
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heterogeneity of the reservoir®®, it seems likely that combinations of approaches may be
needed103-105,

A fundamental problem with latency reversal is that, in the absence of the concomitant
generation of other factors (for example, an immune response that can suppress viraemia), it
may be necessary to eliminate most if not all of the reservoir. Although one model predicts
that a 10,000-fold reduction in the reservoir will be needed to prevent virus rebound08,
recent clinical data suggest that even with exceedingly small and undetectable reservoirs the
virus will rebound within months®3. As complete or near-complete elimination may prove to
be impossible with latency-reversing agents alone, these approaches are now being proposed
as a way to reduce the size of the reservoir to a more manageable level, possibly enhancing
the effectiveness of other (for example, immune-based) strategies (Figs. 1, 3). This approach
is analogous to tumour debulking in cancer therapeutics.

Deep latency

In studies carried out ex vivo, it has been found to be difficult to induce some proviruses out
of latency?728, suggesting that inducing a state of deep latency might contribute to a cure.
During long-term ART, intact genomes may become enriched in non-genic chromosomal
regions that are less likely to support efficient transcription of the viral genome*®. Viral
genomes that are therapeutically placed into such a state of deep latency would be
effectively eliminated as a source of virus recrudescence. For example, didehydro-cortistatin
Al107 (a Tat inhibitor) caused a modest delay in virus rebound post-ART in a humanized
mouse model198. As with the latency reversing approach, it seems likely that this approach
(generally referred to as block-and-lock) might work best to reduce the effective reservoir
size, thus enhancing the efficacy of other approaches.

Immunotherapy

Propelled by revolutionary advances in the field of oncology, multiple ongoing or planned
clinical trials are testing various immunotherapies in people with HIVV109. Most of these
studies have targeted CD8* T cells and multiple factors probably account for the fact that all
have failed. The size of the reservoir in some people may be too largel10. Many of the initial
CDS8™ T cell responses target highly variable regions of the virus, resulting in rapid selection
of escape mutants®3. Sustained exposure to the antigen drives T cells towards a
dysfunctional state marked by upregulation of PD-1 and other regulatory pathways. These
immuno-dominant and dysfunctional responses that target escaped epitopes are typically the
first to be expanded therapeutically with vaccines and other approaches!1. HIV infection
induces a potent inflammatory response that is reduced but not eliminated by ART; this
inflammatory state induces counter-regulatory responses that prevent T cells and other
effectors from working optimally. Finally, some of the reservoir resides in the B cell
follicle32, an anatomical space from which CD8" T cells, natural killer (NK) cells, and other
effector responses are typically excluded. For an immunotherapeutic regimen to work, it
may be necessary to breach these barriers (Figs. 1, 3).

There are, however, examples of success, particularly in the non-human primate model. A
re-engineered replication-deficient CMV vector with simian immunodeficiency virus (SIV)
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inserts induced an unusual (MHC class I1- or MHC-E-restricted) T cell response of
unprecedented breadth!12. Although the vaccine failed to prevent SIV acquisition, it did lead
to control and eventually the elimination of the infection in approximately 50% of exposed
animals!13, The administration of broadly neutralizing antibodies to infant macaques either
cleared or prevented the establishment of a latent reservoirll4. A therapeutic vaccine and a
vaccine adjuvant (a TLR7 agonist) induced post-ART remission mediated by CD8* T cells
in a subset of SIV-infected monkeys1®. In ART-treated macaques, a TLR7 agonist alone
was shown to induce the expression of SIV RNA, a reduction of viral DNA, the activation of
innate and adaptive immune cells and viral control for more than two years191, A broadly
neutralizing antibody that targets the viral envelope combined with the same TLR7 agonist
either eliminated the reservoir or generated a post-ART state of remission16. Finally,
therapies using broadly neutralizing antibodies during acute SHIV infection induced
subsequent remission!?, possibly though a ‘vaccinal effect’, as described below. These
approaches are now being translated into clinical studies.

Arguably, broadly neutralizing antibodies have been the linchpin in most of the successful
immunotherapeutic studies. When used in combination, broadly neutralizing antibodies have
a potent antiviral effect that is comparable to that of ART218, In contrast to ART, however,
broadly neutralizing antibodies can theoretically clear reservoir cells by stimulating
antibody-dependent cellular toxicity and other Fc-receptor-dependent cytotoxic effects.
Antibody-antigen immune complexes can also activate Fc receptors on antigen-presenting
cells and induce a sustained T cell effect (a vaccinal effect). A combination of two
antibodies may have induced long-term remission in two individuals through such an
effect!18, A newer generation of antibodies that bind to two or three sites on the viral
envelope (bi-specific and tri-specific antibodies) has been shown to be effective in a
macaque model1? and the use of such antibodies is moving towards clinical applications.
Dual-specific antibodies that bind to HIV and the T cell surface receptor CD3 have the
potential to stimulate T cells to target and eliminate HIV-infected target cells!20.

Therapeutic vaccines—fuelled by innovations in adjuvants, immunogen design and delivery
modalities such as novel DNA and RNA systems, viral vectors and ex vivo loading of
dendritic cells—are showing promise in the treatment of cancer and chronic infections,
including HIV12L, Most of these vaccines are designed to target conserved or vulnerable
regions of the HIV virus122,

Borrowing heavily from the oncology field, ongoing studies are testing agents that directly
stimulate or redirect immune responses (for example, the cytokine IL-15 and TLR agonists),
or that reverse the dysfunction of T cells that is induced by chronic exposure to HIV (for
example, inhibitors of PD-1 and CTLA-4). These agents are inherently activating and hence
might have the added benefit of reversing latency. PD-1 inhibitors, for example, induce virus
production ex vivol23 and may enhance HIV-specific T cell responses in vivol24, thus
resulting in a combined shock-and-kill effect.

Non-specific therapies that reverse the chronic inflammatory state of treated HIV might
induce a more-effective immune response. Inhibitors of IL-10, IFNa.,, TGFB, mTOR, IL-1p,
JAK-STAT, and other pathways are being tested in animals and/or people. Although most of
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these approaches are being pursued as potential strategies to reduce the burden of
inflammation-associated co-morbidities in treated HIV disease, some might plausibly
enhance the ability of the adaptive immune system to reduce or control the reservoir.

To facilitate the entry of CD8" T cells and NK cells into the B cell follicle, agents that
deplete B cells (rituximab) or that enhance the migration of CD8" T cells (IL-15) are being
tested as adjuncts for immunotherapies in animal studies!25. By slowly reducing the
inflammatory state that maintains inflamed follicles and the production or replication of the
virus32126 Jong-term ART might prove to be the most effective way to deal with this
potential barrier.

Combination approaches

Most studies of curative interventions that are now in the clinic are designed to test safety
and to provide proof-of-concept that a relevant pathway is effectively targeted, and it is not
likely that any of these approaches will effect an eradicative cure or remission when used
alone. There is accordingly an evolving perspective that the field should more rapidly
advance combination therapies that are designed to achieve a complete cure or
remission127:128_ A popular combination approach is to reduce the reservoir to levels that a
therapeutically enhanced immune system can control (‘reduce and control’; Figs. 1, 3).
Clinical trials using analytical treatment interruptions are increasingly being used to study
these combination approaches’®.

What is nheeded to achieve a scalable cure

Research on a cure in those areas of the world where the need is greatest is essentially non-
existent. From a biological perspective, there are many virological, immunological and
socioeconomic factors that are unique to Africa and elsewhere that might conceivably affect
the impact of a cure intervention129130 (Box 3). The HIV-infected populations in resource-
rich areas are older and predominantly male, whereas in Africa they are younger and
predominantly female. Recent evidence suggests that ART will have differential toxicities in
these populations®’ and that sex influences reservoir activity and the immune responsel31,
From an implementation perspective, failure to develop an intervention that is effective,
affordable and easy to administer risks limiting the ultimate impact of the strategy, and
failure to engage communities early on in the research process could result in delays in
implementation that cost lives when a product becomes available.

The lack of adequate clinical and laboratory infrastructure is a major barrier to expanding
the cure agenda to Africa. Currently, most HIV clinical research sites in Africa perform
observational cohort studies or late-stage clinical trials of ART or vaccines, with little
involvement in early-stage clinical research. If resource-poor, high-burden areas such as
Africa are to play a more prominent part in this endeavour, the laboratory and clinical
infrastructure needed to support this kind of research will require substantial improvement.
Considering the previous experience with antiretroviral drug research in Africa, these are not
insurmountable problems.
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Although HIV treatment with ART has improved public health worldwide and resulted in a
decrease in the incidence of HIV in most countries, lifelong treatment poses financial,
logistical, health and psychosocial challenges. A safe, effective, scalable and cost-effective
intervention that is fully curative or that allows for a sustained period of virus control in the
absence of any therapy would provide a powerful adjunct for the eventual control of the
epidemic. Although research towards developing such an intervention remains in its infancy,
recent observations provide insight, suggest progress and prompt continued interest in
experimental medicine studies and small early-phase clinical trials of promising strategies.
Ultimately, for an intervention that leads to an eradicative cure or remission of HIV disease
to reshape the course of the epidemic, these studies will need to be conducted in
communities that are most likely to benefit from such research.
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Box 1
Unresolved questions

The road to an HIV cure will be long and unpredictable. There are, however, several
important issues that can be acknowledged and addressed.

The nature of a curative intervention.

Complete eradication of the virus from an individual is the ideal outcome of a cure
intervention; however, short of aggressive interventions (for example, haematopoietic
stem-cell transplantation), this may not be possible, at least with current technologies.
Short of such a cure, the induction of a durable immune response (leading to sustained
ART-free remission) is appealing. Such a response must be primed, expanded and
topologically disposed to prevent viral spread as soon as it begins. Ideally, it would
prevent rebound of the virus from endogenous sources and block viraemia upon re-
exposure. It is likely that combination approaches will be required and, given the
distribution of the epidemic around the world, curative interventions of this type must be
safe, effective and scalable to be truly effective. It is hoped that future advances in gene
targeting and editing in vivo may eventually lead to a more definitive and scalable cure.

The clinical evaluation of candidate cures.

At present, treatment interruption is the only way to discern the effect of most
interventions. Although strategies have been developed to address associated risks to the
treated individual, such interruptions also pose substantial risks to sexual partners, and
there is no consensus about the mitigation of these risks. A high priority now is to
identify circulating non-viral biomarkers that can predict the rebound of infectious virus.
Ideally, such biomarkers would ultimately form the substrate of diagnostic tests that
could be used by individuals to detect the failure of a candidate cure—that is, viral
rebound—should it occur.
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Box 2

Efforts are underway to identify those characteristics of a curative intervention that will
be necessary for the intervention to be effective. It is expected that the first generation of
cures will be expensive, require access to advanced technologies and have limited
scalability. For a cure to truly alter the course of the global epidemic, a number of factors
will need to be considered, all of which contribute to the target product profile (TPP).
The minimal and optimal characteristics of a cure TPP should be discussed among all
stakeholders as early in drug development as possible. Here we discuss the factors and
associated characteristics that should be considered for an intervention to be effective.

TPP of a potential cure

Clinical effect. The desired outcome (such as remission or the elimination of
viral reservoir) and efficacy threshold should be well-defined.

Indication. The target populations to be included (for example, adults and
children with HIV viral load < 100,000).

Re-exposure and reuse. The number and frequency of doses required for the
cure to be effective and the requirements for pretreatment.

Dosing and administration. In addition to the number and frequency of
doses required for the cure to be effective and the requirements for
pretreatment, the treatment route (such as infusion or oral administration)
should be considered.

Storage and handling. The supply chain (for example, cold storage),
formulation (such as the need for compounding) and shelf life need to be
assessed.

Follow up. Clinical monitoring, biomarker testing (such as viral load) and
confirmatory testing (test of latent reservoir) need to be carried out.

Contraindications. Comorbidities (such as chronic kidney disease),
concurrent therapies, social factors (that is, adherence to the treatment
regime) and other conditions (such as pregnancy) need to be taken into
account.

Safety and toxicity. Side effects (such as nausea, diarrhoea and mood
disturbances) and toxicity (to the renal or hepatic system, for example) need
to be assessed.

Cost. The goal price in target markets needs to be such that this intervention
will reach those people with the highest need.
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Box 3

Unresolved questions regarding cure studies in sub-Saharan Africa

Arguably, an effective strategy for a HIV cure is most urgently needed in sub-Saharan
Africa, where the prevalence and incidence of HIV are highest. However, most studies
that have tried to find a HIV cure have been conducted in low-burden, resource-rich
countries. Unless this research imbalance is corrected, there is a potential to develop cure
strategies that may not work in all populations, or that may prove difficult to scale and
implement in those communities in which the need is greatest. Some of the critical
questions that need to be addressed are:

1.
2.

10.

What do those individuals living with HIV in Africa want from a cure?
Who are the target populations that might best benefit from a cure?

What are the characteristics of an intervention that lead to an eradicative cure
or remission that would be best suited to these target populations?

What will a cure need to cost to be accessible and affordable?

What kind of interventions can be practically given in non-urban healthcare
clinics?

Will the HIV subtype have an effect on the effectiveness of current cure
interventions?

Will therapies developed for subtype B (for example, vaccines and antibodies)
need to be redesigned for other subtypes?

Will persistent inflammation be a concern? Will common prevalent co-
infections (for example, with tuberculosis, malaria and helminthic worms)
affect or preclude the use of immunotherapy?

Are the replication-competent reservoirs that are found among African people
qualitatively and quantitatively similar to those studied elsewhere (for
example, in the United States and Europe)? In particular, might differential
aspects of age, gender, race and concomitant co-infections have an effect?

Will there be a practical, scalable, affordable and acceptable method available
for detecting failure (that is, rebound viraemia), should that occur?
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Fig. 1 |. Pathways towards a cure.
There are two broadly defined pathways for a treatment-free period of virus control. a,

Eradication. The ideal outcome for a curative intervention would be the complete eradication
of all replication-competent virus; gene-editing, latency reversal and block-and-lock
approaches are all aimed at reducing the reservoir size and, if fully effective, could lead to
complete eradication of the virus within an individual.

b, Remission. Given observations made in elite and post-treatment controllers, a more
plausible strategy may be to reduce the reservoir to more manageable levels while also
enhancing immune control. Multiple combination approaches are now being pursued. CTLs,
cytotoxic T lymphocytes.
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Fig. 2 |. The cascade of treatment and control.
According to the most recent UNAIDS estimates, of the 37.9 million people living with HIV,

only about 79% have been diagnosed and only about 53% are on effective therapy. It is
estimated that about 1% are doing well in the absence of therapy (‘elite’ control and rarely
‘post-treatment control’). Only two individuals are believed to have been cured.
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Fig. 3|. HIV remission pathway.
Many strategies that are currently in development are aimed at achieving durable control,

rather than complete eradication. All interventions require individuals to first control HIV
with ART. Interventions that are aimed at reducing the reservoir size (shock-and-kill, block-
and-lock) are then initiated, followed by combination approaches to enhance immune
control. ART is eventually interrupted, followed by an expected transient period of transient
viraemia and eventually control of HIV. Post-ART monitoring of viral load may prove to be
the most challenging and expensive component of this strategy.
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