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Despite the dramatic improvements that have resulted from combination antiretroviral treatment, longterm efficacy, toxicity, cost, and the requirements for life-long adherence remain as formidable
challenges. Also, there is emerging consensus that persistent HIV-associated disease occurs, even
among patients who have achieved an optimal virologic response to antiretroviral therapy. Hence,
strategies aimed at achieving complete viral eradication may be needed in order to fully restore health
among HIV infected individuals.

The development of an effective and scalable cure for HIV would also have obvious public health
benefits. Given the challenges in developing an effective HIV vaccine, perhaps the only way to truly
curtail the global epidemic is to cure for the disease.

Even if complete eradication of all virus in an

individual proves impossible—as most believe to be the case—a less rigorous but still desirable
outcome might be achieving durable control of virus in the absence of therapy. This “functional” cure
would likely dramatically reduce the risk of subsequent transmission.

The primary objective of this review is summarize for a diverse audience ongoing efforts for achieving
what is clearly a daunting but perhaps not impossible task: the life-long eradication of replication
competent HIV from an infected individual.

Theoretical and practical barriers preventing progress in

this area are highlighted.

How should HIV eradication be defined?
There is no consensus on how to define a cure in the context of HIV infection. Perhaps the most
desirable outcome is a sterilizing cure, in which all replication competent virus is removed from an
infected person. The chance of an eventual recrudescence of viral replication in cured patient in this
case would by definition be zero. As discussed below, the existence of long-lived latent reservoirs of
HIV makes this outcome with any currently proposed approaches unlikely. Even if such an outcome
was achieved, it may prove impossible to prove it with existing technologies.

There is no way to

prove the lack of residual virus given the multiple possible reservoirs, many of which are difficult in
humans to access.[1, 2]

A far more likely outcome is a functional cure, generally defined as the lack of detectable viral
replication in the absence of ongoing antiviral therapy.

This can be defined in several ways.

One

possibility is to use the cancer model, in which a functional cure might be defined as the lack of viral
replication (and disease) for at least five years in the absence on any ongoing therapeutic
intervention. From a practical perspective, the primary outcome for any future eradication study will
be the lack of viral recrudescence in absence of therapy for a pre-defined period of time.
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Do functional or sterilizing “cures” ever occur naturally?
There is no known case of an HIV seropositive individual who subsequently seroreverted in the
absence of therapy (there are, however, rare cases of patients treated during early HIV infection
whose HIV antibodies subsequently declined).[3] It is hence unlikely that a sterilizing cure—in which
there is no residual antigen or replication—occurs naturally. It should be noted, however, that some
investigators have found evidence of very low levels of HIV DNA in exposed, serogenative
individuals.[4-6]

No one has been able to document the containment and eventual eradication of

replication competent virus in these individuals, but it would be exceedingly difficult prove transient
infections even if it were a common event.

If a functional cure is defined as the lack of detectable viremia in absence of therapy for several years,
then a functional cure clearly happens naturally, albeit rarely.

A small subset of HIV seropositive

individuals (probably less than 1%) are able to spontaneously control replication competent virus and
maintain undetectable plasma HIV RNA levels for years to decades (“elite” controllers). As essentially
all elite controllers have some evidence of persistent viremia, it is unlikely that any have truly been
cured, at least as defined by the more rigorous definitions.[7-10] Replication competent virus is often
easy to detect in these individuals. [11-17].

Several groups have recently been able to identify sufficient numbers of these individuals to allow
careful and detailed investigation. To date, convincing evidence has pointed to several potential virus
and host factors.[18] Approximately 50% have clear evidence of strong HIV-specific CD8 responses,
as defined by the presence of certain class I alleles (e.g., HLA B5701) or presence of high numbers of
HIV-specific CD8+ T cells.[19-24] Other host related factors associated with control include NK cells
[25], low CCR5 expression [26], skewed HLA-C expression [27] and perhaps low immunoregulatory
responses.[24]

Another potential naturally occurring model for HIV eradication are those who have repeated high
level exposures to HIV, yet do not seroconvert. Transient, occult infection may occur in such patients,
as evidenced by the detection of exceedingly low levels of HIV and/or the presence of detectable HIVspecific T cell response.[4-6, 28]

A compelling argument has recently been made that occult

infection is not uncommon. Among at risk HIV uninfected individuals enrolled in the STEP trial,
exposure to a T cell vaccine resulted in higher risk of acquiring HIV infection. Since such a vaccine is
more likely to enable the establishment of an infection once transmissions occurred (rather than
increasing the risk of transmission), it seems reasonable to postulate that occult transmission events
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are non uncommon.[29] The mechanisms that account for eradication of HIV at the earliest stages
may have implications for eradicating established infection.

What would a functional cure look like?
The study of elite controllers is important not only because they might provide insights into potential
mechanism for a “functional cure” but because they might be informative regarding the overall
prognosis once durable control is achieved.

The vast majority of controllers do well clinically and

most meet the standard definition of “long-term non-progression” (i.e., they maintain a normal CD4+ T
cell count and fail to develop AIDS for more than 10 years).

A significant subset, however, exhibit

clear evidence of immunologic progression, and up to 10% may progress to AIDS even as the viral
load remains undetectable.

Heightened immune activation—which may be related in part to a potent

HIV-specific immune response—is associated with disease progression among elite controllers (as it
is among non-controllers).[30, 31] There are also emerging data suggesting that the heightened
inflammatory response which is observed in some elite controllers may result in premature
atherosclerosis and perhaps early heart disease.[32]

These observations suggest that persistent

disease may occur in patients who achieve a “functional” cure, particularly if that cure is associated
with persistent inflammatory responses.

Viral dynamics: how long does HIV persist in absence of replication?
Antiretroviral therapy prevents de novo infection of target cells. Theoretically, once full suppression is
achieved, eradication will occur once all pre-existing cellular reservoirs decay to the point that either
no virus is present, or the level of residual virus is too small to ignite subsequent rounds of viral
replication.[33]

Although controversial (see below), most evidence suggests that current HAART

regimens are fully suppressive, or that the degree of residual viral replication during HAART is not
sufficient to maintain life-long infection.

The effectiveness of HAART has therefore allowed careful

characterization of the HIV cellular reservoirs.
Viral dynamics during HAART Most of our understanding regarding the nature of where and how
HIV replicates comes from careful measurements of viral dynamics during HAART.

These studies

showed that there are at least two and as much as four distinct phases of viral decay. Plasma HIV
RNA levels decline by 100 fold in the first two weeks of HAART (first phase). This decline most likely
reflects the rapid loss without replacement of the proliferating short-lived activated CD4+ T cells.
Plasma HIV RNA levels then decline at a much slower rate (second phase). Although never proven
experimentally, this second phase decay likely reflects the progressive loss of longer lived T cells,
macrophage/monocytes and perhaps other cells. The original characterization of this second phase
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decay suggested that it might be possible to clear all pre-existing viral reservoirs in two to three
years.[33] The first well publicized “cure” paradigm was based in large part on these observations.

With the development of more sensitive assays, it soon became clear that a third and much longer
phase of decay exists.

Replication competent virus can be readily found in resting memory cells

even after years of otherwise effective HAART.[34-36]

The rate at which this virus population

declines has been estimated to be approximately 44 months, suggesting that it would take many
decades of fully suppressive HAART to eradicate the virus.[37]

As recently argued by Palmer, Coffin and colleagues, there may even be a fourth phase of decay.[38]
Using an ultrasensitive quantitative viral load assay, it was observed in a cohort of protease inhibitortreated patients that (1) the majority of patients had detectable plasma HIV RNA levels ( 1 copy
RNA/mL), even after 7 years of HAART, (2) the level of residual viremia decays in a non-linear
manner after the first year (suggesting a third and possibly a fourth phase of decay), (3) the putative
third phase decay likely reflects the gradual loss of infected resting memory CD4+ T cells, given that
the half-life of this phase was similar to that observed for resting memory T cells by Siliciano and
colleagues[37], and (4) the fourth phase of decay (if it exists) has a half-life that may be infinite (i.e.,
no decay), or very long, thus arguing that eradication with standard HAART regimens is impossible.
Tissue versus blood sampling. The vast majority of HIV is thought to reside in tissues, with the
colonic mucosa perhaps the single largest reservoir.

Cross-sectional studies have consistently

shown that the amount of virus in gut tissue is much higher than in blood (as defined by proportion of
CD4+T cells that harbor HIV).[2, 39]

Given logistical challenges in obtaining tissue over time, there

have been few studies which have attempted to quantify the rate of viral decay in mucosal tissues. In
one 15 patient study involving serial rectosigmoid biopsies, the decay of cellular HIV DNA levels was
negligible (estimated half-life of over two years) and not statistically significant from zero.[40]

It has been argued that residual virus in gut likely reflects ongoing replication, because the proportion
of cells which are “resting” and hence latently infected is thought to be very small.[40, 41] If true, then
the dynamics of HIV decay may be very different in mucosal tissues than in blood. The high level
microbial translocation that persists during HAART almost certainly causes elevated local mucosal
inflammation; this could provide an environment that could support persistent viral replication.[42, 43]
For these reasons, ongoing and future efforts at eradicating HIV will likely require intensive,
longitudinal sampling of the gut mucosa, which is expensive, technically challenging and potentially
risky to the study participant.
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Acute versus chronic HIV infection. The vast majority of studies addressing viral dynamics during
HAART focused on patients who initiated HAART after many years of untreated HIV infection. The
amount of HIV in reservoirs—as defined by proviral DNA and presence of replication competent
HIV—is higher in patients who initiate HAART during chronic infection compared to those who initiate
HAART during acute/early HIV infection.[44, 45] Given that the major barrier to eradication may be
the size and characteristics of this reservoir, many have argued that if a cure is to be achieved, it will
be in patients who started therapy during acute infection.

The strongest data supporting early HAART comes from the work of Chun et al. Seven individuals
were treated with HAART post-seroconversion but within the first 6 months of their infection.

The

latent reservoir—as measured by the frequency of resting CD4+ T cells carrying replication competent
virus—decayed rapidly, with a half-life of 4.6 months. The time to complete eradication was estimated
to be approximately seven years, assuming that all ongoing viral replication was inhibited and that the
rate of decay remains constant.[46]

The observation that residual virus can often be found among

acutely infected patients who subsequent receiving long-term HAART argues against this optimistic
prediction [43, 45], as do data suggesting biphasic rates of decay in this population.[44, 47]

Are current HAART regimens fully suppressive?
The preceding discussion regarding viral dynamics during HAART have shaped ongoing strategies
aimed at HIV eradication. It should be emphasized, however, that these each of these studies
assumed that HAART was fully suppressive. It is also possible that the residual virus that is often
observed during long-term HAART reflects a new steady-state in which low amounts of viral
replication continue to replenish the reservoir.

This raises a central and highly debated question: is all virus replication effectively prevented by
HAART, or are there residual rounds of replication? Strong arguments have been made for both
sides.

Observations supporting the thesis that HAART is indeed fully effective include: (1) HAART

works indefinitely, with limited if any evidence that drug resistance evolves over time in patients with
detectable plasma HIV RNA levels [48, 49], (2) viral sequences obtained over time generally fail to
exhibit any evidence of ongoing viral evolution [50], although this is controversial[51-54], and (3) the
inherent potency of a regimen does not have a clear effect on steady-state HIV RNA levels (assuming
a level of < 50 copies RNA/mL is achieved), arguing that the primary determinant of the steady-state
is the size of the reservoir, rather than the degree of incompletely suppressed viral replication.[55]
Collectively, these observations suggest that residual viremia during HAART likely reflects the gradual
release of viral particles (and hence viral RNA) from stable cellular reservoirs, without subsequent
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productive infection of new targets.

If true, the current regimens are unlikely to result in viral

eradication during the typical life-span of an infected adult.

Observations arguing that HAART is only partially suppressive include: (1) plasma HIV RNA levels
are stable over years, suggesting that new sources of viral production need to be generated to
replace the loss of older sources, (2) inflammation levels remain well above normal levels during longterm HAART[56] and may decline when antiviral drugs are added to a stable regimen[57], (3) HIV
cDNA episomes—which are likely labile and reflect recent infection events—can be found in long-term
HAART treated patients[58], (4) the proportion of cells harboring replication competent virus persists
at high levels in gut tissue during otherwise effective HAART.[2, 59, 60] and (5) short-lived activated T
cells harbor more virus than resting T cells during long-term HAART, with some evidence of ongoing
cross-infection between these two cell populations.[61]

These observations—none of which are

definitive—argue that with more effective HAART, the rate of viral decay may be accelerated, leaving
open the possibility that more potent antiretroviral regimens may in fact result in eventual eradication.

Perhaps the optimal manner to determine the effectiveness of HAART is to intensify a stable regimen
with an additional agent, and to carefully measure residual HIV RNA levels before and after
intensification. Again, the data from these types of experiments are controversial and inconsistent. In
the first study, Havlir and colleagues added abacavir to a stable regimen, and observed a rapid
decline in virus (of note, patients in this study were taking an unusual regimen and had a high median
pre-intensification viral load).

More recently, two independent groups (Maldarelli and colleagues at

NCI; Siliciano and colleagues at Johns Hopkins University) performed similar single arm
intensification studies in which either a protease inhibitor or NNRTI was added to a stable regimen.
There was no clear change in plasma HIV RNA levels in these studies, leading the investigators to
conclude that current regimens are indeed fully suppressive.

Each of these studies was limited by

(1) a small sample size, (2) the lack of a control arm, (3) the reliance of blood sampling (most residual
virus replication is in tissues), (4) the relatively short term follow-up, and (5) the use of agents that
may not have sufficient intrinsic potency to see the desired effect.

Several groups are now performing larger and more definitive intensification studies, using potent
drugs with novel mechanisms of action (e.g., maraviroc and/or raltegravir). Most groups are also now
routinely sampling the gastrointestinal tract, where residual viral replication is likely to be most readily
detected. Most ongoing and planned studies are randomized. It is likely that a consensus to this
important question will emerge within the year. If these studies confirm that prior regimens were likely
fully suppressive, then our current understanding regarding the dynamics of viral persistence will
remain unchanged. If, however, these studies reveal that viral replication is ongoing, and that this
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replicating virus population can be inhibited with newer strategies, then our estimates regarding how
long it would take to eradicate HIV by HAART alone will need to be revised.

Latent reservoirs and barriers to eradication
Assuming that current or future HAART regimens can effectively suppress all viral replication, then the
primary barrier to eradication becomes the poorly defined but extensively studied “latent” reservoir.
The key questions now facing the field pertains to the nature of this reservoir, and include: (1) what
cells contribute to this reservoir?, (2) where are these cells located? (3) how long do these cells
persist?, and (4) what can be done therapeutically to accelerate the decay of these cells?. There are
no clear answers to these questions, despite years of intensive research.[62]

All investigators seeking a cure to HIV recognize that the existence of a transcriptionally silent form of
stably integrated HIV DNA in resting memory T cells represents the major barrier to eradicating the
virus. In peripheral blood, approximately 1 in 106 resting memory CD4+ T cells harbor replication
competent virus[35]; these levels are likely much higher in certain tissues[2].

The exact life-span of activated memory CD4+ T cells is short (days), while the life-span of resting
memory CD4+ T cells is unknown, but is likely many months to years.

Careful measurements

regarding the proportion of purified resting memory cells that harbor replication competent virus over
time suggests a possible decay rate on the order of decades (the most cited work suggests that it will
take over six decades for this reservoir to fully decay, assuming that HIV replication can be prevented
indefinitely).[37]
Non-T cell Reservoirs.

The primary source of HIV during untreated disease is undoubtedly

activated CD4+ T cells.[63]

These cells are also an important reservoir in long-term treated

infection.[61] A small proportion of infected activated T cells revert to a resting state, and continue to
harbor replication competent virus for years to decades, as described above.

Macrophages and perhaps monocytes express the requisite cell surface receptors for HIV, and
appear to be primary non-T cell reservoir for HIV.[33, 35, 64-66]

It has been suggested that these

cells are the primary source for ongoing viral replication after the population of infected short-lived
activated CD4+ T cells wanes, although experimental data for this is lacking.[33, 67] It has also been
argued that activated monocyte/macrophages are an important source of residual virus production
during long-term HAART, and that the decay of this cellular reservoir during HAART may be slower
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than that observed for the much better characterized resting CD4+ T cell population.[54]

As

macrophages/monocytes are difficult to isolate from peripheral blood, the number of studies aimed at
characterizing these cells in vivo are limited.

There is even less evidence supporting the role of other putative cellular reservoirs for HIV. In
untreated HIV infection, dendritic cells, T regulatory cells, NK T cells, CD8+ T cells and perhaps even
epithelial cells may either be infected with HIV, or carry on their cell surfaces intact virions that can
later be delivered to other target cells.[63] [68, 69]

The role of these cells as a barrier to HIV

eradication is not known but of high interest, particularly if their decay rates prove to be longer than
observed with resting memory T cells.

Can the latent reservoir be “purged” therapeutically?
As outlined above, resting memory CD4+ T cells are designed to persist for prolonged periods,
perhaps decades. When HIV infected memory cells are activated by their cognate antigen, HIV
transcription occurs, with the production of high numbers of new virions.[70] This process likely
results in the death of the infected cells, either as a consequence of the virus’s cytopathic effect or as
consequence of natural activation-induced apoptosis. Memory cells can also proliferate in response
to homeostatic signals. Theoretically, homeostatic proliferation may result in the death of HIV infected
cells (assuming virus is produced) or the production of daughter cells carrying integrated HIV. This
latter scenario raises the possibility that the reservoir of HIV will be continually replaced even as all
pre-existing HIV infected cells die off.
Molecular biology of HIV latency After infection of a susceptible target cell (i.e., an activated CD4+
T cell), reverse transcription occurs. The HIV DNA is then transferred to the nucleus and integrated
into the host genome.

The sites or integration is not entirely random as HIV seems to be

preferentially found in the regions of transcriptionally active genes.[71, 72] Some activated cells return
to resting state after HIV DNA integration but before transcription and the production of new virions
occurs. These resting cells become transcriptionally silent and probably do not express any HIV
proteins; they are hence invisible to the immune system and beyond the reach of current therapeutic
strategies. How and why some activated cells are able to revert to this resting stage is not known.

The major promoter and enhancer elements regulating HIV transcription are located within the longterminal repeats (LTR) found on the 5’ end of the integrated provirus. Proviral DNA transcription
ensues when the critical host factors (e. g., NF-AT, NF-țB, P-TEFȕ) and the HIV Tat protein interact
with the relevant regions within the LTR and the nascent RNA templates.[73] In resting cells, the
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regulatory regions within the LTR are protected by host nucleosomes, which attach to the proviral
DNA and prevent access to transcription factors. These nucleosomes are stabilized by the presence
of histone deacytlases (e.g., HDAC1) and other enzymes. Upon stimulation by inflammatory stimuli,
cells recruit enzymes that displace HDACs, which opens up the chromatin and allows transcription to
occur.

These observations point towards at least two potential mechanisms to reverse latency:

activation of T cells and/or inhibition of HDAC.
Immune activation as a purging intervention

Activation of T cells should reverse the blocks

preventing transcription of the HIV genome, which in turn should result in the production of potentially
cytopathic viruses and the preferential destruction of the cell harboring HIV. Even if HIV proves not be
cytopathic to its host cells (a point of controversy), activated T cells have a short life span and should
be cleared naturally. HAART in this scenario prevents the transmission of infectious particles to
susceptible targets.

A number of cytokines have been shown to be effective in enhancing HIV

transcription in vitro, including interleukin-2, interleukin-6, interleukin-7, interferon-Ȗ and TNF-Į[74,
75]. There are at least two major theoretical barriers to this approach: the degree of inflammation
necessary to purge all cells may result in too much collateral damage to the patient and/or the greatly
expanded numbers of activated T cells will present result in HIV transcription.

Despite these

concerns, immune activation as a strategy to purge the latent reservoir has been attempted in vivo
several times, with varying results, as outlined below.

Clinical approaches to eradication: what has been attempted and why did it fail?
Despite the many theoretical and practical barriers to performing a clinical trial aimed at curing HIV, a
number of investigators have made the attempt.[76] All efforts to date have failed to show any
meaningful benefit, and several have shown some evidence of harm. Each study is summarized
below.
Interleukin-2 Recognizing that IL-2 may activate T cells in vivo, Chun and colleagues performed
quantitative measurements of the latent reservoir in a cohort of patients receiving either HAART or
HAART and IL-2, and found lower levels of replication competent virus among those receiving IL2.[77] HIV rapidly emerged when therapy was stopped.[78, 79]

HAART plus IL-2 was also studied prospectively in the COSMIC study. Fifty-six HAART-treated were
randomized to IL-2 or no IL-2. There was no clear effect of IL-2 on measures of residual HIV. Viral
rebound was rapid in those eight IL-2 treated patients who chose to interrupt therapy.[80] The failure
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of IL-2 in these studies may be due to relative resistance of non-T cell reservoirs to the effect of IL2.[76]
IL2 and interferon-Ȗ

The Pentakine study examined treated 10 patients intensified HAART (five

drugs), IL-2 and interferon-Ȗ, a pro-inflammatory cytokine that may have direct effects on
macrophages.[81]

Both cytokines were administered during the first year of HAART. Peripheral

blood proviral DNA and lymph node HIV RNA levels decreased during the study, but it was unclear if
this was due to the HAART alone, or HAART plus the two cytokines.

Viral rebound was rapid in the

two patients interrupting therapy.
OKT3 and IL2 Perhaps the most aggressive attempts at clearing the latent reservoir to date involved
the use of OKT3, a potent anti-CD3 murine monoclonal antibody that is activates T cells via the TCR.
Lange and colleagues administered IL-2 and OKT3 to three patients on a stable HAART regimen. T
cell activation and T cell proliferation increased dramatically, as expected. OTK2/IL2 resulted in
severe and prolonged CD4+ (but not CD8+) T cell depletion, while there was no evidence of any
durable decrease in lymph node HIV RNA levels.[82]

Possible reasons for the failure of the OKT3/IL2 study to reduce viral burden include the presence of
residual viral replication[83], the lack of concurrent immunosuppressant therapy (which is commonly
co-administered with OTK3 when used in transplantation protocols)[84] and/or the use of repeated
OKT3 doses[83]. Pomerantz and colleagues subsequently performed a pilot study in which three
HAART treated patients received IL2 and OKT3. The HAART regimen was intensified with ddI and
hydroxyurea, an immunosuppressant drug with some antiviral activity.

Although the levels of plasma

HIV RNA, two-LTR DNA circles and culturable replication competent virus may have declined during
the study, viremia rebounded rapidly when HAART was subsequently interrupted.
Interleukin-7

Although IL-2 activates HIV transcription in vitro (and perhaps in vivo), it also likely

causes a transient increase in the number of activated CD4+ T cells, and hence may actually increase
the size of the reservoir. Interleukin-7 is involved in homeostatic regulation of the T cell pool and
appears to cause T cell proliferation without T cell activation, making in a potential ideal cytokine for
“flushing” the reservoir.[85]

IL-7 may have greater ability to stimulate virus production from a more

diverse cellular reservoir that IL-2, at least in vitro.[86] The drug is now undergoing phase I/II clinical
testing.
Anti-HIV immunotoxins

An ideal eradication intervention would specifically target and kill HIV

infected cells. One possible approach that has not yet been tested in humans is to administer anti10

HIV immunoglobulins carrying a potent cytopathic toxin.[85, 87] For example, Berger and colleagues
have manufactured anti-Env monoclonals that contain Psuedomonas-derived exotoxin. This antibody
is active against clinical HIV samples in vitro and lacks clear hepatotoxicity in macaques.

This

approach would be an ideal complement to HAART, particularly if latently infected resting T cells
express HIV envelop on their proteins (which is unlikely, but not yet conclusively ruled out). Human
studies of this immunotoxin have been planned, while other less specific approaches have been
considered.[88, 89]
Prostratin Prostratrin in a naturally occurring non-tumor producing phorbol ester that was initially
derived from the bark of certain trees in the South Pacific, but can now be made in the laboratory.[90]
It has long been used by Samoan healers for the treatment of hepatitis and other diseases. Though
poorly defined mechanisms, prostratin activates transcription of the pre-integrated and integrated
proviral HIV DNA while preventing de novo infection of new target cells.[85, 91-93] Monkey studies
and preliminary phase I human studies are ongoing.

HDAC inhibition Much of the more novel approaches now being considered involve disinhibition of
HIV transcription. As outlined above, the histone deacetylase enzymes (HDACs) suppress gene
transcription via its effect on chromatin structure. Inhibition of this enzyme results in increased HIV
production from resting cells (at least in vitro).[94]

The first study to address the potential role of

HDAC inhibition in clearly HIV involved the use of valproic acid, a relatively weak but safe HDAC
inhibitor. Four HAART treated patients underwent treatment intensification with enfuvirtide, followed
by the addition of valproic acid. Three of four patients exhibited some evidence of a decline in the
frequency of resting cells harboring replication competent HIV after the addition of valproic acid. [95]
Subsequent studies failed to confirm these results.[96-100] Most investigators now feel that although
the approach used here was valid, valproic acid is either too weak or targets the wrong HDAC. More
potent (and potentially more toxic) HDAC inhibitors include suberoylanilide hydroxamic acid (SAHA),
which is currently used for the treatment of cutaneous T cell lymphoma.

A number of other HDAC

inhibitors are being actively developed as anti-cancer agents.

Inhibitors of other chromatin modifying enzymes such as histone acetyltransferase (HAT), SIRT,
and/or histone methyltransferase (HMT) may also have a role in reversing latency, and are being
investigated in vitro. An alternative approach is the use of examethylbisacetamide (HMBA), which
induces HIV expression in a Tat-independent manner.[101]

Given their potential toxicities, it is

unclear if regulatory agencies will allow the use of these drugs in otherwise healthy HIV infected
patients.
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Therapeutic vaccination

Perhaps the ideal approach to eradicating HIV is the use of interventions

that activate transcription of the proviral DNA (leading to expression of viral proteins) while enhancing
the capacity of the immune system to rapidly clear infected cells once they begin to express HIV
antigens. Since patients on long-term HAART do not have sufficient viral replication to stimulate
strong HIV-specific T cell response, host mechanisms for viral clearance may be insufficient. It has
therefore been proposed that therapeutic vaccination with an HIV vaccine may be an ideal
complement to immune activating approaches.

Most therapeutic vaccines studies to date have had

limited effectiveness despite measurable immunogenicity.[102-111]

Stronger and more effective

vaccines are being developed for the prevention of HIV transmission; these in theory could also be
used in eradication studies.
Gene therapy and bone marrow transplantation A number of gene therapy approaches for HIV
eradication have either already been attempted, or are in the advanced stages of development.[112]
Most may not be appropriate for eradication approaches as they are aimed at either protecting cellular
infection or at controlling high level viral replication.

A more optimal approach would be the

development of approaches that specifically target and kill already infected cellular reservoirs.

The

largest clinical trial performed to date in which clearance of the latent reservoir was the primary
outcome involved the ex vivo generation of autologous CD4+ and CD8+ T cells that were modified to
express the CD4 receptor (which binds HIV envelop) connected to the CD3 T cell receptor zeta-chain
(which activates the cell). An expanded population of HIV-specific effector cells was thus generated.
Forty long-term HAART treated patients were randomized to repeated infusions of either gene
modified T cells or unmodified T cells. Although there were no statistically significant differences in
most outcome measures, there was a consistent decrease in tissue several measures of viral burden
among those receiving gene modified cells.[113] The degree of residual viral replication in these well
treated patients may have been insufficient to detect any clear effect.

There have been several other noteworthy attempts at using genetic approaches to reduce HIV
replication. Most, however, will likely have limited utility in eradicating HIV because they target active
replication, rather than the latent reservoir.

As reviewed in detail elsewhere[112], one common

approach involves gene modification of hematopoietic stem cells or mature T cells to express anti-HIV
ribozymes (antisense RNAs that bind and degrade mRNA).[114] A similar approach now that has
been extensively studied in the clinic is to use lentiviral vectors to deliver antisense RNA directed at
the HIV envelop; successful long-term persistent of gene modified T cells has been achieved in
humans[114], and there are emerging data suggesting a potential clinical benefit to this approach.
More recent attention has focused on delivering small interfering RNAs molecues (siRNA), which bind
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to and cause the degradation of specific RNA strands.[115] Both host genes (e.g. CCR5) and viral
genes have been effectively targeted in vitro.

These and other approaches would likely not target latently infected cells in vivo; however, it might be
possible to use myleoablative conditioning regimens to deplete those cells harboring latent HIV,
followed by immune reconstitution with protected gene modified stem cells. The aforementioned use
of siRNA targeting CCR5 utilized this approach.[115]

A related approach is to use zinc-finger

nucleases to specific disrupt the CCR5 gene in autologous hematopoeitc cells ex vivo, followed by
myeloablative conditioning and stem cell transplantation. Another approach being considered is using
gene therapy to express the simian version of TRIM5Į, which strongly protects T cells from HIV entry
and is closely related to human TRIM5 Į. In any of these examples, the gene modified cells should
retain a competitive advantage over non-gene modified cells in presence of persistent viral replication,
thus leading over time to the expansion of cells which naturally resist HIV. It is unclear if such
approaches will ever be used in otherwise healthy patients, given the expense and high morbidity
associated with myeloablation. Such approaches may be feasible in patients require a bone marrow
transplant for clinical reasons, as recently demonstrated by the successful allogeneic transplant of
stem cells form a donor homozygous for the CCR5-į32 deletion (see below).[116]

There are many daunting challenges regarding the potential utility of gene therapy in HIV infection.
The fact that HAART in general works well suggests that any potential intervention will need to be
safe and well tolerated. Short-term and long-term toxicities associated with myeloablation might
preclude the use of this approach in the vast majority of patients. Insertional oncogeneisis is a major
concern associated with any approach that utilizes retroviruses to deliver the relevant gene. Finally,
and perhaps most importantly, the lack of “scalability” for these technically challenging and expensive
approaches suggests that even if effective at viral eradication, their impact on the global epidemic will
be limited.

Are there any examples of a therapeutic cure?
As outlined above, there have been several small clinical trials aimed at eradicating HIV from an
infected person. All have failed to achieve any clear evidence of a cure, and many have shown some
evidence of clinical harm. Only one published study has suggested that the accelerated clearance of
the latent reservoir can be achieved therapeutically[95, 117, 118], although subsequent studies failed
to confirm this outcome.[96-100]
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There has been a recent case report that is generating growing enthusiasm, and may in fact prove to
meet one a loose definition of “functional cure”.[116, 119]

The case involved a 40 year old HIV

positive man who developed acute myeloid leukemia (AML) while on long-term effective HAART.
Since the standard treatment for AML involves transplantation of allogeneic stems cells, and since
individuals who lack functional CCR5 appear to be highly protected against HIV infection, the clinical
team aggressively searched for and found an HLA-matched homozygous CCR5-į32 donor.
patient

subsequently

underwent

aggressive

myeloablative

conditioning

regimen

The

consisting

fludarabine, Ara-C, and amsacrine, followed by 4 Gy of total body irradiation, antithymocyte globulin
(ATG) and cyclophosphamide.

The transplant was successfully performed.

The patient was known to have had chronic progressive HIV disease with high viral loads prior to the
HAART.

At the time of the transplant, the patient had undetectable plasma HIV RNA level (using

conventional assays), a detectable proviral DNA level (> 15 copies DNA/105 PBMCs) and a peripheral
CD4+ T cell count of x.

For unclear reasons, HAART was interrupted on the day of the transplant

and not resumed. The patient remained aviremic off HAART, at least through 285 days of
observation. Repeated measures of proviral DNA (in both blood and rectal tissue) were negative (< 5
copies DNA/105 PBMCs). HIV antibody levels remained detectable.

There are many questions left to be addressed with this case, which some have argued may
represent the first case of a functional cure.[119] Several factors likely contributed to the outcome:
the aggressive myeloablative conditioning (which should reduce the level of the latent reservoir), the
post-transplant use of immunosuppressants (which should greatly reduce the number of active T
cells, which are the primary target for viral replication) and of course the use of CCR5- CCR5-į32
donor cells (which likely acts as life-long exposure to maraviroc “monotherapy”).

The primary problem with this approach is “scalability”; even if it becomes an accepted example of a
therapeutic cure, it will not be feasible to transplant allogenic stem cells form homozygous CCR5-į32
donors in all but the rarest of circumstances. Also, this approach (or any related CCR5-focused
intervention) will only work in that undefined proportion of patients lacking any CXCR4-utilizing
variants.

What are the structural barriers to performing work on HIV eradication?
There are many theoretical barriers which make it unlikely that HIV will ever be “cured”. However, no
one has argued that such an outcome is impossible. Given the unquestioned patient and societal
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benefit that would be associated with an effective cure, work in this area is clearly desirable. Why then
have there been very few hypothesis-driven clinical studies aimed at viral eradication?
Regulatory hurdles.

As outlined above, several groups have attempted to accelerate the

clearance of HIV from an infected person. Some of these interventions have involved complex and
costly interventions (e.g., gene therapy) while others have had high potential for harm to the study
volunteer.

The number of these studies seems to be waning. Although this decline may reflect

growing pessimism over the potential for a cure, it is likely that the increasing regulatory barriers to
performing clinical research may have resulted in such a harsh environment that few groups have the
time and resources to perform the necessary clinical trials.[120, 121]

The number of groups involved

in overseeing clinical trials continues to grow; since each group has its own agenda and regulatory
needs, it can take years for a clinical researcher to gain the appropriate approvals to begin a study.

The growing perception that treatment is highly effective in preventing disease should make it even
harder to perform high risk/high gain studies in vivo. For an agent to be tried in vivo, the FDA and
other groups will understandably want to see clear evidence that the drug is safe and well tolerated.
This might preclude the use of a number HDAC inhibitors, since these drugs often have significant
toxicity (most are being developed for the treatment of cancer). This may also preclude attempts at
using immune activating drugs. The “cytokine storm” and its associated morbidity that was observed
in a recent phase I study of TGN1412 (a potent anti-CD28 monoclonal antibody) raises a number of
legitimate concerns for using pro-inflammatory drugs in otherwise healthy subjects.[122]

Since

eradication studies generally require patients to have fully suppressed virus, and since such patients
generally have a good prognosis, the risk/benefit ratio for potential study volunteer may make it
difficult to justify anything but the safest interventions.
Clinical trial design. Given the difficultly in performing these types of studies, most have abandoned
the more rigorous and methodical approach of studying one unique intervention at time in a controlled
manner.

The more typical approach is to go for a “homerun”.

For example, Pomerantz and

colleagues—who pioneered much of the clinical trials work outlined here—recently advocated for a
study of IL-2, low dose OKT3 (both to induce T cell activation), interferon-Ȗ (to induce
macrophages/monocytes), valproic acid (to inhibit HDAC) and intensified HAART using more recently
developed antiretroviral drugs (e.g., raltegravir, maraviroc).

It is unclear if these “homerun”

approaches are the most informative.
Lack of acceptable biomarker/endpoint. Another major barrier is the lack of clear well-validated
outcome measure. The most optimal method to test efficacy in any eradication protocol is to stop
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therapy (an “analytic’ treatment interruption).

Long-term interruption of therapy in patients with

moderately advanced disease is unquestionably risky and no longer recommended.[123] Short-term
interruptions with careful viral load monitoring may still be feasible, particularly among patients with
early HIV disease, but the field is clearly moving away from treatment interruption studies. Most
current and future studies will likely focus on measures of viral burden, but all have practical
limitations. Many patients have too little plasma HIV RNA levels to detect a real change (even using
very sensitive techniques).

Proviral DNA levels are more readily detectable, but much of the cell

based DNA is probably replication defective and hence of unclear significance.

Co-culture

techniques to quantify the level of replication competent HIV are readily interpretable, but require
access to large volumes of blood and are technically challenging. Tissue based studies are also
feasible, but are expensive, difficult to perform and risky.

Funding The past year has been disappointing as it pertains to HIV prevention. Despite promising
preliminary data, the Merck adenovirus vector T cell vaccine not only failed to prevent HIV
transmission it appeared to increase the risk of transmission, at least in those who with pre-existing
immunity to the vector.

There were also high profile failures reported on the role of acyclovir in

preventing transmission.

Based on these reports and others, the NIH has made a “mid-course

correction” and will in the future focus on basic discovery. There is now a growing consensus that the
biologic prevention of HIV transmission will only occur if by discovering a completely novel
mechanism of protection. It is hoped that support for both basic and clinical science focused on HIV
eradication will increase as a consequence of these evolving NIAID priorities.

Conclusions
After a prolonged period in which “curing” HIV was thought to a taboo topic, there is now an
unquestioned growing interest in pursuing this area. This renewed interest is driven in part by the
approval of two new antiretroviral drugs, one of which may be more potent that previous drugs (i.e.,
raltegravir) and one of which has a unique host-based mechanism of action (i.e., maraviroc).[124,
125] The recent publicity and controversy surrounding a small “proof-of-concept” clinical trial raised
the possibility that the latent reservoir may be amendable to therapeutic interventions.[95] If nothing
else, this study allowed the concept to be discussed more freely.

Finally, the increasing recognition

that disease persists during otherwise effective HAART argues that perhaps the only way for an HIV
infected person to achieve normal health is through a cure. Similarly, given the many failures
regarding the biologic prevention of HIV transmission, a safe and scalable cure may prove to be the
only way to truly alter the course of the epidemic.
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