
review© The American Society of Gene & Cell Therapy

Gene therapy approaches have recently come to the forefront of 
alternative methods in the quest for the development of curative 
strategies for the treatment of human immunodeficiency virus 
(HIV)-1–infected patients. Nearly all of these studies have been 
aimed at developing infection-resistant immune cell populations 
highlighting the findings published by Hütter et al., in which a 
single HIV-1–infected patient, known as the “Berlin patient”, was 
effectively cured of HIV following allogeneic hematopoietic stem 
cell transplantation (HSCT) from a CCR5-null donor.1 While sev-
eral questions remain concerning what aspects of treatment or if 
multiple interventions led to the cure of this patient, a new role for 
gene therapy in the pursuit of a cure for HIV/acquired immuno-
deficiency syndrome has emerged.

Although current antiretroviral therapy (ART) is perhaps one 
of the most vital breakthroughs in the modern era of medicine, 
this therapy does not equate a cure. Strategies to genetically mod-
ify target cells have evolved over the last two decades; however, for 
the most part, the underlying theme of preventing the expression 
of cellular factors needed for viral infection and/or the expression 
of restrictive factors has remained relatively unchanged (see ref. 2 
for review of previously characterized methods for developing 
infection-resistant cells). Few approaches aimed at targeting pro-
viral DNA have been developed; however, recent breakthroughs 
in genetic engineering of sequence specific nucleases may pave 

the way for future targeted therapies aimed at reducing viral res-
ervoirs (reviewed in ref. 3). This review discusses the early-stage 
clinical findings, the current progress made in preclinical animal 
models, the ambitious goals needed to achieve a functional cure 
with relation to findings in elite controllers, and the innovative 
therapies that may be needed to eliminate or reduce viral res-
ervoirs in combination with autologous, gene modified HSCT. 
Here, a “functional cure” is defined as conditions that lead to 
the complete and sustainable control of plasma viremia at levels 
that are currently achievable by conventional highly active ART 
(HAART). We refer to “eradication” as a sterilizing cure in which 
no replication competent forms of HIV exist.

THE BERLIN PATIENT REVISITED
In a recent study published by Yukl et al.4, the most sensitive 
detection assays currently available were employed to determine 
whether Timothy Brown, known as the Berlin patient, was indeed 
functionally cured of HIV. Viral DNA and RNA were undetectable 
in peripheral blood mononuclear cells, lymphoid tissue and in all 
other tissues examined, and there is evidence of the eradication of 
viral reservoirs demonstrated by the nearly complete absence of 
immunological responses against HIV.4 Based on their findings, 
the authors concluded that the therapy undergone by Timothy 
Brown led to the first clinical cure of an HIV-1–infected patient.
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The cure of a human immunodeficiency virus (HIV)-1–infected patient following allogeneic transplantation from 
a CCR5-null donor and potential cure of two patients transplanted with CCR5 wild-type hematopoietic stem cells 
(HSC) have provided renewed optimism that a potential alternative to conventional antiretroviral therapy (ART) is 
forthcoming. While allogeneic grafts have thus far suggested complete eradication of viral reservoirs, it has yet to be 
observed following autologous HSC transplantation. Development of curative autologous transplantation strategies 
would significantly increase the number of treatable patients, eliminating the need for matched donors and reducing 
the risks of adverse events. Recent studies suggest gene therapy may provide a mechanism for developing curative 
therapies. Expression of cellular/artificial restriction factors or disruption of CCR5 has been shown to limit viral rep-
lication and provide protection of genetically modified cells. However, significant obstacles remain with regards to 
the depletion of established viral reservoirs in an autologous transplantation setting devoid of the “allo-effect”. Here, 
we discuss results from early-stage clinical trials and recent findings in animal models of gene modified HSC trans-
plantation. Finally, we propose innovative combination therapies that may aid in the reduction and/or elimination of 
viral reservoirs in HIV-1–infected patients and promote the artificial development of a natural controller phenotype.
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Five years later, there continues to be an intense debate as to 
what specific components of Timothy Brown’s treatment led to 
his functional cure. Could an intense conditioning regimen that 
includes total body irradiation, immune suppression with cyclo-
sporine A, and CD3+ T-cell depletion with antithymocyte globulin 
eliminate viral reservoirs? Did graft-versus-host disease effectively 
lead to the eradication of all HIV-infected cells? Can the cure be 
attributed to CCR5−/− HSC transplant or would a similar outcome 
be attainable following allogeneic transplantation of wild-type 
HSCs? This latter possibility is currently being examined in two 
patients heterozygous for the CCR5 delta 32 deletion by Henrich 
et al.5 Nearly 4 years after allogeneic transplant from wild-type 
donors, both patients maintain undetectable levels of viral DNA 
or RNA in peripheral blood mononuclear cells.5 Although these 
patients have remained on HAART following transplantation, 
the authors suggest that by performing allogeneic, wild-type HSC 
transplants on patients with fully suppressed HIV replication, viral 
reservoirs may be reduced and/or eliminated with the onset of full 
donor chimerism. Allogeneic transplantation may prove effective 
at reducing viral reservoirs and even providing cure; however, its 
associated risks suggest that this approach should only be consid-
ered for HIV-1–infected patients being treated for malignancies.6

EVIDENCE OF THERAPEUTIC EFFICACY AND 
CURRENT LIMITATIONS OF AUTOLOGOUS HSCT
Multiple clinical trials aimed at developing infection resistance fol-
lowing genetic modification of CD4+ or HSC have thus far been con-
ducted or are currently ongoing worldwide.7 A summary of recent 
genetically modified CD4+ T-cell and CD34+ HSCs clinical trials 
in HIV-1–infected patients is outlined in Table 1. Significantly, only 
minor complications have been reported following the infusion of 
genetically modified cells suggesting that this therapeutic approach, 
while complex in with regards to administration, is not detrimental 
in terms of patient safety.8–11 Studies by Simonelli et al.10 have shown 

that viral replication is not increased, and HIV reservoirs do not rise 
above pretransplant levels. In addition, immune recovery following 
autologous HSCT of HIV-1–infected patients was reported to be 
identical in comparison to HIV-negative lymphoma patients.10

Mitsuyasu et al.12 have reported findings from a phase 1/2 
clinical trial involving autologous transplantation of CD34+ HSCs 
genetically modified to express OZ1 (ribozyme against vpr and tat 
overlapping reading frames of HIV-1), in which marking levels of 
0.38% in peripheral blood resulted in a therapeutically beneficial 
outcome. In comparing experimental and control groups, viral load 
was decreased with a lower rate of plasma viremia rebound result-
ing in an extended duration before reinitiating HAART treatment. 
Most importantly, CD4+ T cells increased in the experimental 
cohort, demonstrating the therapeutic value of transplanting genet-
ically modified HSCs.12,13 It is difficult to assign an exact correlation 
between the clinical benefits following the infusion of genetically 
modified HSCs versus that typically seen in any transplant setting 
following infusion of nonmodified HSCs. Myeloblation and recon-
stitution following engraftment of HSCs will result in an initial 
decrease in peripheral CD4+ T cells harboring proviral DNA; how-
ever, proviral DNA content in peripheral blood has been shown to 
gradually increase despite continued ART.14,15

As observed in the aforementioned clinical trial, and in addi-
tion to all published clinical trials to date in which gene modified 
cells are infused into HIV-1 patients, an exceeding low percentage 
of genetically modified cells remains detectable in patients infused 
with either genetically modified HSCs or CD4+ T cells. Clinical 
studies have yet to progress to an efficacy stage and determin-
ing the threshold of genetically modified HSCs that are needed 
to effectively lead to a clinically beneficial outcome will be a sig-
nificant obstacle based on the levels currently attainable.12–16 The 
possibility for in vivo selection through inclusion of a selection 
cassette in gammaretroviral and lentiviral vectors has been shown 
to be extremely effective in the nonhuman primate (NHP) model  

Table 1 Select recent autologous gene therapy clinical trials

Cell type Target
Delivery 
strategy Phase Company/institution Results

CD4+ T cell tat/vpr ribozyme MMLV 1 Johnson & Johnson; 
St. Vincent’s Hospital, 
Darlinghurst, NSW Australia

Marking <0.1%; detectable for 4 years; no 
immediate therapeutic benefit observed. 
(Macpherson et al.77)

env shRNA LV 2 VIRxSYS; University of 
Pennsylvania Cancer Center

Marking <0.1%; detectable >1 year; Stable or 
increase in CD4+ T-cell levels. (Levine et al.78)

mC46 fusion MMLV 1 University Medical Center 
Hamburg

Marking <0.01%; detectable at 1 year; increase 
in CD4+ T-cell levels; possible immunological 
benefit. (Van Lunzen et al.8)

CD34+ HSCs Decoy RRE MMLV 1 Childrens Hospital Los Angeles Marking <0.01%; detectable at 1 year. (Kohn 
et al.79)

CCR5 Ribozyme 
tat/rev shRNA 
decoy RNA

SIN LV 2 Benitec; City of Hope Marking <0.2%; detectable at 1 year; no 
immediate therapeutic benefit observed. 
(DiGiusto et al.80)

tat/vpr Ribozyme MMLV 2 Janssen-Cilag Pty, University of 
California, Los Angeles

Marking <0.38%; detectable >1 year; elevated 
CD4+ T-cell counts versus control group. 
(Mitsuyasu et al.13)

Decoy Rev MMLV 1 Childrens Hospital Los Angeles Marking <0.01%; detectable >2 years; positive 
selection versus control arm. (Podsakoff et al.11)

LV, lentivirus; MMLV, moloney murine leukemia virus; SIN LV, self-inactivating lentivirus
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following treatment with chemotherapeutic agents.17,18 This pos-
sibility is currently under investigation in an ongoing clinical trial 
for HIV-1–infected patients with lymphoma (NCT01769911), 
though the prospect of utilizing chemotherapeutic agents for non-
lymphoma HIV-1 patients is a less than appealing option.

Despite its limitations, positive selection of genetically modified 
CD4+ T cells has been observed in clinical trials following infu-
sion of gene modified CD34+ cells and following direct infusion of 
genetically modified CD4+ T cells.11,18 In a pediatric clinical trial, 
Podsakoff et al.11 reported that following infusion of CD34+ HSCs 
genetically modified with the hum10 gene, a dominant negative Rev 
protein, gene modified CD4+ T cells increased from undetectable to 
1/10,000 following treatment interruption. However, the increase in 
gene marking was not sustained long term and this study demon-
strated the selective advantage of infection-resistant CD4+ T cells 
in vivo.11 Direct genetic modification and infusion of CD4+ T cells 
has also provided similar results in conferring a selective advantage 
to CD4+ T cells expressing anti-HIV genes. When compared to 
CD4+ T cells expressing a control gene, anti-HIV gene containing 
CD4+ T cells exhibited an increase in both long-term and short-term 
positive selection. Similar to the results reported by the Podsakoff 
group, during a period of higher replication of the virus, there was 
a peak of anti-HIV gene containing cells.18 In contrast, van Lunzen 
et al.8 reported no observations of a selective advantage for geneti-
cally modified CD4+ T cells expressing the mC46 fusion inhibit-
ing peptide. Reasons cited for this result include a possible immune 
response, downregulation of mC46 expression, and complications 
arising from ex vivo expansion that, in turn, could create a survival 
disadvantage for proliferation of the gene modified cell population.8

Continued efforts are needed to increase the overall percentage 
of genetically modified cells in vivo. It has been shown that despite 
the low levels observed following the initial infusion of HSCs, 
genetically modified cells remain detectable for several years fol-
lowing autologous HSC transplantation.8,11–13 HIV itself could be 
used as a selective agent in vivo following cessation of HAART; 
however, it is important to note in our NHP studies, nonmodified 
CD4+ T cells persist despite a clear selective advantage following 
the acute phase of infection.17 The recovery of nonmodified cells 
poses a significant challenge in maintaining reduced viral reser-
voirs following the cessation of HAART.

In the following section, we propose that in order for autolo-
gous transplantation to succeed as an alternative therapy for HIV-
1–infected patients, a phenotype comparable to elite or natural 
controllers must be attainable following the infusion and engraft-
ment of infection-resistant, genetically modified HSCs. As previ-
ously indicated, autologous transplantation in and of itself does 
not result in the elimination of viral reservoirs but rather results 
in a significant reduction in the number of provirus-containing 
cells.15 The ability of engrafted, infection-resistant immune cell 
populations to control viral replication in the absence of ART will 
by and large determine the efficacy of autologous transplantation 
as a curative therapy for HIV-1–infected patients.

GENE THERAPY: CAN WE ACHIEVE ELITE OR 
NATURAL CONTROLLER STATUS?
The loss of immunological control of viral replication, at least 
in part, has been attributed to the loss of HIV-specific CD4+ 

T-cell responders shortly after infection.2,3,19,20 Due to their cen-
tral role in the development and maintenance of an adaptive 
immune response, CD4+ T-cell depletion causes widespread 
immune dysregulation.21 In addition to playing a central role 
in the initial acute phase of viral infection, CD4+ T cells are 
also critical for maintaining functionality and diversity of 
cytotoxic T-cell responses during chronic stages of disease.22 
Studies of long-term nonprogressing HIV-1–infected patients, 
herein referred to as “elite controllers” (ECs), have indicated 
the virus-specific CD4+ T-cell responses in ECs are sugges-
tive of a more functional, long-lived memory T-cell population 
that maintains a heightened capacity to respond to small anti-
gen load.19,23–26 ECs also have a higher frequency of mucosal 
HIV-specific polyfunctional CD4+ T cells than patients with 
progressive disease.27 Overall, a subpopulation of HIV-specific 
CD4+ T cells in ECs exhibit higher functional avidity com-
pared to noncontrollers; however, the association of specific 
HLA class II alleles with EC status remains to be confirmed, 
as no HLA class II association reached genome wide signifi-
cance.22,28 Therefore, genomic determinants may not be a nec-
essary component for the development of an EC-phenotype in 
an otherwise disease progressor background, suggesting that 
if HIV-specific CD4+ T cells are artificially rendered infection 
resistant, an EC-phenotype may be achieved.

Studies in animal models and data in humans provide strong 
evidence that CD4+ T-cell helper function is critical for the 
generation of effective cytotoxic T-cell and B-cell responses and 
for the mobilization of cytotoxic T cells to infected mucosa.29,30 
Thus, the maintenance and establishment of an HIV-specific 
CD4+ T-cell response will be an integral component of any 
immunotherapy-based approach aimed at either preventing 
HIV infection (e.g., vaccine) or for controlling viral replica-
tion in HIV-1–infected patients in the absence of conventional 
HAART.19,31,32 While CD4+ T cells are critically important for 
the coordinated immune response against HIV, equally impor-
tant is the role played by other HIV-target cells. Macrophages 
and dendritic cells are both antigen-presenting cell types that 
have been shown to be susceptible to HIV-1 infection both in 
vivo and in vitro.33–36 Macrophages are thought to be key viral 
reservoirs; hence, unless these cells are effectively depleted, 
they will continue to pose the greatest obstacle to viral eradi-
cation strategies.37–39 Both macrophages and dendritic cells are 
central to dissemination of HIV and subsequent transfer of 
HIV to CD4+ T cells.40–42 Although these cells may be rendered 
resistant to direct infection, it is currently unknown whether 
macrophages and/or dendritic cells derived from genetically 
modified HSCs will continue to support trans infection of 
CD4+ T cells.

The manipulation of the immunological networks typi-
cally lost during HIV infection through the broad creation 
of infection-resistant immunological cell types may restore 
immunological control over viral replication in the absence 
of ART. In the following section, we will examine recent find-
ings in murine and NHP studies that provide intriguing, albeit 
inconclusive, results in the ability of genetically modified cells 
to reduce plasma viremia and aid in the development of an arti-
ficially induced natural controller phenotype.
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DEVELOPING INFECTION-RESISTANT IMMUNE CELL 
POPULATIONS FOLLOWING INFUSION OF EX VIVO 
GENETICALLY MODIFIED HSCS OR CD4+ T CELLS
Multiple in vivo studies have demonstrated that ex vivo genetic 
modification of either mature T cells or CD34+ HSCs confer a 
selective advantage of genetically modified cells, but plasma vire-
mia levels, despite significant reductions, remain well above those 
observed following ART.19,20,22–25,43 Studies by Holt et al.19 have emu-
lated the “Berlin patient” approach in humanized mouse models by 
utilizing zinc finger nucleases to disrupt the CCR5 locus in human 
CD34+ cells and the subsequent HIV-1 infection following NOD 
scid gamma mouse xenotransplantation. Post-HIV-1 BaL infec-
tion, the population of CCR5-negative T cells increased clearly 
indicating a selective advantage, while plasma viremia levels were 
significantly reduced. In parallel to the success of CCR5 knock-
down, and in an attempt to develop a broader clinical therapeu-
tic approach capable of preventing infection independent of viral 
tropism, several groups have examined the efficacy of expressing 
cellular or artificial restriction factors (reviewed in ref. 44).17,18,45–48 
One such alternative strategy is to incorporate the expression of 
a 46 amino acid peptide that correlates to the fusion domain of 
gp41. When fused to a membrane anchor (mC46) and expressed 
on the surface of target cells, a potent inhibition of viral entry is 
observed due to an inability of HIV Env to undergo a conforma-
tional change necessary for membrane fusion.17,18,45–48 Expression 
of the mC46 peptide has been experimentally shown to have an 
inhibitory effect on CCR5, CXCR4, and dual-tropic strains of 
HIV and simian-human immunodeficiency virus (SHIV), there-
fore, eliminating any selective advantage of CXCR4-tropic strains. 
Using a xenotransplantation murine model, Kimpel et al.45 dem-
onstrated that gene modified human CD4+ T cells expressing 
mC46 underwent positive selection following HIV infection. 
An eventual decline of protected cells was observed, though this 
may have been due to graft-versus-host disease. Other obstacles 
to the success of T-cell therapies were indicated in a clinical trial 
involving the modification of mC46-expressing CD4+ T cells in 
HIV-1–infected patients.8 Widespread increases and proliferation 
were not observed, resulting in a gradual decline of genetically 
modified cells. A potential benefit of genetically modifying HSCs 
as opposed to CD4+ T cells lies with the ability of HSCs to pro-
vide long-term, infection-resistant immune cell populations that 
include all known HIV-1 target cells.49–51

Our recent studies in NHPs demonstrated the potential for 
immune response modulation due to the maintenance of geneti-
cally modified cells following SHIV challenge.17 In the pigtailed 
macaque transplant model, we demonstrated that in addition to 
maintaining CD4+ T cell at or near normal levels, experimen-
tal macaques receiving autologous transplantation following ex 
vivo modification with lentiviral vectors encoding the mC46-
fusion inhibitor maintained high levels of gene modified, SHIV-
specific, CD4+ T cells (representing >85% of total responders). 
Corresponding with the maintenance of these SHIV-specific 
CD4+ T cells, a significantly enhanced immune response was 
observed as determined by increased and broader SHIV-specific 
CD8+ T-cell responders and improved neutralizing antibody 
responses. Supporting the above-mentioned contributions of 
other protected immunological cells, we noted that interleukin 

(IL)-12 levels were maintained at high levels shortly following the 
acute phase of infection. These results are noteworthy, as IL-12 is 
generally produced by dendritic cells following interactions with 
CD4+ T cells.52,53 While analytically complex, studies in NHP 
models are of utmost importance in determining the effectiveness 
of such approaches.

An unexpected, yet novel finding following the acute phase 
of infection was observed in which nonmodified CD4+ T cells 
exhibited a gradual yet robust recovery, indicating the possibility 
of a positive bystander effect. In addition to the CD4+ T-cell recov-
ery, a 102–103 log decrease in plasma viremia and an enhanced 
immune response against the challenge virus were detected in the 
mC46 macaques. These studies provide initial evidence indicat-
ing that not only are genetically modified cells protected against 
infection in vivo, but that these cells, in turn, contribute to the 
development of a heightened immune response against the chal-
lenge virus (Figure 1a,b).

Promising results have been observed in both murine and 
NHP models, but it is clearly evident that viral reservoirs are 
seeded regardless of the infusion of protected cells prior to HIV/
SHIV infection. Taking into consideration that the goal of this 
therapy is to perform HSCT in HIV-1–infected patients, who 
maintain viral reservoirs despite being on suppressive HAART, it 
is unlikely that HSCT on its own will effectively lead to a stable 
long-term reduction in viral reservoirs. As previously indicated, 
multiple studies have shown that autologous transplantation in 
HIV-1–infected patients does not effectively eliminate viral res-
ervoirs.15 Thus, innovative therapeutic approaches will likely be 
needed in combination with the benefits attainable following 
autologous HSCT. The following section provides an overview of 
novel therapeutic approaches that may prove beneficial in reduc-
ing and/or eliminating viral reservoirs.

COMBINATORIAL THERAPIES: NOVEL APPROACHES 
FOR TARGETING VIRAL RESERVOIRS
Targeting latently infected cells in vivo
Infected memory CD4+ T cells, macrophages, and other long-
lived cells that contribute to the persistent maintenance of viral 
reservoirs in spite of intense ART represents a significant obstacle 
to curing an HIV-infected patient.54 Although patients can main-
tain very low plasma viral loads for years while on ART, virus 
rebound is rapidly observed following cessation of antiretroviral 
therapies. A major challenge is how to purge these latent viral res-
ervoirs.55 The ideal strategy for targeting the HIV-infected cells 
that contribute to the latent reservoir is to develop a method for 
marking these cells followed by the targeted deletion of this spe-
cific population using a directed therapeutic approach (Figure 
1c). In the allogeneic transplant setting, targeted elimination of 
virus-harboring cells was accomplished by the graft-versus-host 
effect associated with allogeneic transplantation. In an autolo-
gous transplantation setting, however, viral reactivation will be 
necessary for therapeutic approaches aimed at targeting latently 
infected cells in order to facilitate directed targeting and gene 
delivery to viral reservoirs.

Following provirus integration into the host chromo-
somal DNA, multiple mechanisms regulate viral transcription. 
Expression of the viral transcriptional activator and subsequent 
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binding to the transactivation response (TAR) element in the 
viral long terminal repeat promotes the recruitment of RNA poly-
merase II, thereby leading to viral gene expression.56 Depending 
on the integration site and cellular activation status, gene silenc-
ing may occur due to modification in chromatin structure. Gene 
expression and heterochromatin assembly are regulated by the 
addition or removal of acetyl moieties from histone tails by his-
tone acetyltransferase and histone deacetylases, respectively.57–59 
In addition to chromatin remodeling, the cellular activation status 
plays a central role in controlling viral replication. Resting CD4+ 
maintain low levels of nuclear factor κ-light-chain enhancer and 
nuclear factor of activated T cells, two transcription factors that 
are essential for efficient viral gene expression.60,61 The absence of 
these factors results in a cellular environment that silences gene 
expression and promotes the development of latently infected 
cells.

In both instances, strategies to purge viral reservoirs by pro-
moting histone deacetylation and activation of resting CD4+ 
T cells has yielded inconclusive results. In vivo studies aimed 
at inducing viral gene expression by promoting activation of 
latent reservoirs with the proinflammatory cytokines (IL-2 and 
interferon-γ) or by infusion of anti-CD3 antibody resulted in long-
term depletion of all CD4+ T-cell subsets and failed to measurably 

reduce latent reservoirs.62–64 Prostratin was previously shown to 
induce viral expression by activating nuclear factor κ-light-chain 
enhancer and protein kinase C (PKC) pathways in a portion of 
latently infected cells,65 but latency was not reversed in latent cells 
harboring chromatin silenced provirus.64 Similarly, studies using 
the histone deacetylase inhibitor, suberoylanilide hydroxamic acid 
or Vorinostat, have shown impressive results in terms of activa-
tion of viral transcription ex vivo,31,66 however, the clinical benefits 
indicating reduced viral reservoir pools are yet to be determined.67

Due to the complex nature of latency, multiple strategies to 
reverse the pathways involved in the development of latent pools 
will be needed for clinical purging therapies. Although it is antici-
pated that cell death will ensue following reactivation of tran-
scription from proviral DNA in latent cells, either due to direct 
cytopathic effect or immune recognition following viral gene 
expression, the results obtained to date, for the most part, sug-
gest that multiple rounds of activation may be required to effec-
tively reduce viral reservoirs.58 To this end, combining strategies 
designed to target cells expressing viral antigens may prove to be 
an invaluable tool for reducing and/or eliminating viral reservoirs. 
One such strategy that has shown promise is the development 
of RNA aptamers that, similar to antibody recognition, can be 
used to target specific epitopes. Using this approach, Neff et al.68 

Figure 1 Achieving immunological control in human immunodeficiency virus (HIV)-1–infected patients. (a) Genetic modification of target cells 
(hematopoietic stem cells or CD4+ T cells) has been shown to significantly reduce viral infectivity in vitro and in vivo. Disruption of CCR5 prevents 
infection from R5-tropic strains while expression of the mC46-fusion inhibitor prevents infection of HIV regardless of viral tropism. (b) The devel-
opment of infection-resistant immune cell populations following infusion of genetically modified hematopoietic stem cells (HSCs) or CD4+ T cells 
promotes an enhanced immune response against HIV (e.g., antibody response) and HIV-infected cells (e.g., cytotoxic T-cell response). Protected 
cells maintain functional activity improving both innate and adaptive immune responses against the virus, in addition to reducing the number of 
potential target cells, which serve to further reduce the latent reservoir. (c) Elimination of viral reservoirs will require the identification of latently 
infected cells in order to promote targeted deletion of infected cells through immunological responses or through targeted therapies. Reagents 
including Prostratin or suberoylanilide hydroxamic acid have previously been shown to promote viral reactivation in latently infected cells. Following 
the induced expression and transport of viral antigens to the plasma membrane of infected cells, targeted therapies such as aptamer-mediated 
delivery of toxic siRNAs can be utilized to diminish and/or eliminate viral reservoirs. (d) Highly conserved sequences within the viral genome can be 
targeted with sequence specific nucleases to disrupt or delete conserved regions fundamentally required for viral replication (e.g., transactivation 
response element).
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demonstrated that Env-binding aptamers can be used to deliver 
anti-HIV siRNAs, leading to a significant reduction in viral loads 
in vivo following injection into HIV-infected mice. By conjugat-
ing Env-binding aptamers to cytotoxic siRNAs (e.g., targeting Bcl-
2), it may be possible to induce apoptosis of HIV-infected cells. 
Therefore, combining targeted depletion strategies with viral reac-
tivation methods may prove to be a powerful approach for reduc-
ing latent reservoirs in vivo.

Targeting proviral DNA with genetically engineered 
nucleases
The inability of current ART to eliminate cells that harbor inte-
grated HIV proviral DNA represents a major obstacle for the clear-
ance of viral reservoirs.69 Developing strategies that target proviral 
DNA is perhaps one of the most daunting challenges for curing 
HIV-1–infected patients; to date, few if any promising methods 
have been developed to meet this challenge.70 Unless integrated 
virus is rendered replication deficient, viral replication will once 
again emerge the moment antiretroviral treatment is interrupted 
(Figure 1d). Furthermore, it has been well documented that per-
sistent viral replication occurs regardless of the apparent complete 
control of viral replication in patients receiving ART.71 The specific 
targeting of proviral DNA in latently infected cells will require 
genetically engineered nucleases with both a sequence specific 
binding domain and a catalytically active cleavage domain. While 
there are a number of highly conserved sequences within the viral 
genome, including the TAR region72 and fusion region within 
Gag,73 a foremost challenge will be the delivery of these nucleases 
to viral reservoirs in vivo. Preventing off-target cleavage events is 
of paramount importance to establish the safety of this approach, 
yet there are limited options when one considers aggressive mea-
sures to neutralize provirus.

Studies previously published by Sarkar et al.70 have shown 
that modification of a recombinase could effectively be used to 
excise integrated viral genomes. However, a major obstacle is the 
delivery of functional nucleases to latently infected cells. Several 
approaches are currently under investigation, including conju-
gation of mRNAs to the aforementioned aptamers that specifi-
cally recognize cell surface receptors (e.g., CD4 or HIV-Env) and 
liposome-mediated targeting.74 Significant limitations remain, 
although these approaches may prove beneficial and contribute 
to a reduction in the overall pool of latently infected cells. In par-
ticular, the systemic delivery of proviral targeting nucleases will 
remain suboptimal using the aforementioned methods to target 
latently infected cells. Novel methods are needed to deliver nucle-
ases to the broad range and anatomical locations to target viral 
reservoirs.

Combining gene therapy and conventional 
vaccination
Genetic determinants likely play an important role in the main-
tenance of CD4+ T cells in elite/natural controllers despite gene 
therapy having previously been shown to render HIV/SHIV-
specific CD4+ T cells resistant to infection.17 As both CD4+ and 
CD8+ T-cell responses are critical for the development of an effec-
tive immune response during chronic HIV infection,75 it is con-
ceivable that posttransplantation vaccination of patients may lead 

to a heightened immunological control. For instance, it may be 
possible to “spike” the immune response following engraftment 
of genetically modified cells in preparation for exposure to viral 
antigens prior to cessation of ART (Figure 2). Such postinfec-
tion vaccination strategies have been examined in the absence of 
genetically modified cells in an SIV/acquired immunodeficiency 
syndrome NHP model.76 The results from these studies are highly 

Figure 2 Postinfusion vaccination and priming of immune response 
prior to cessation of highly active antiretroviral therapy (HAART). 
(a) Infected patients receiving HAART maintain nonmodified, human 
immunodeficiency virus (HIV)-specific CD4+ T cells; however, following 
infusion and engraftment of hematopoietic stem cells (HSCs), genetically 
modified, infection-resistant CD4+ T-cells specific for SHIV-antigens have 
yet to be exposed to viral antigens. (b) Following conventional vacci-
nation, both nonmodified and genetically modified, HIV-specific CD4+ 
T-cell responders are expanded and primed for exposure to replicating 
virus upon cessation of HAART. (c) Following end of HAART treatment, 
latently infected cells express viral antigens and release nascent virions. 
Nonmodified CD4+ T-cells are targets for infection and will undergo 
apoptosis due to direct viral cytopathic effects or due to immunologi-
cal recognition. Gene modified CD4+ T-cells that are resistant to infec-
tion, will detect viral antigens as peptide-MHCII complexes and elicit 
an immune response. By pre-exposing genetically modified cells to viral 
antigens via post-engraftment vaccination (and while on ART), SHIV-
specific, infection-resistant CD4+ T cells can be generated prior to cessa-
tion of ART, which in turn, will activate and maintain a functional immune 
response upon activation of latent reservoirs. IR, immune response.
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encouraging, as a long-term reduction in plasma viremia was 
observed. In support of the dual vaccination concept, in which 
patients are vaccinated post-HSCT while on ART, the reduction in 
plasma viremia was attributed to an increase in SIV-specific CD8+ 
and CD4+ T-cell responders. Therefore, by developing and prim-
ing infection-resistant CD4+ T cell specific for HIV, the balance 
between host-and-pathogen may be tilted in favor of the immune 
response.

THE FUTURE
The methods for artificially modifying would-be target cells or 
their progenitors have by and large, already been developed. The 
utility of the gene therapy approach as a curative therapy is cur-
rently under intense investigation with promising, yet incomplete, 
evidence supporting the potential of this approach. The elimina-
tion of viral reservoirs will continue to pose the principal obstacle 
to an effective cure because, although the development of a natu-
ral controller phenotype may be a realistic goal, a functional cure 
in which plasma viremia is maintained at levels that are near the 
undetectable limit currently attainable by conventional HAART 
will remain a formidable task. Nonetheless, gene therapy is at 
the forefront of alternative therapies for the treatment of HIV-
1–infected patients and may likely be part of future curative treat-
ments, although a combination of therapeutics interventions will 
be needed to achieve the ultimate goal of developing ART-free 
therapies for HIV-1–infected patients.
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