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Abstract

Human Immunodeficiency Virus (HIV) is considered a major public health issue, having claimed
the lives of 40.4 million people since the beginning of the epidemic in 1981, with ongoing
transmission in all countries globally. Gene therapy has emerged as a promising avenue for
combating HIV infection, offering potential advantages over conventional antiretroviral therapies.
Currently, the most widely used therapy for the treatment of HIV is highly active antiretroviral
therapy (HAART). Though this has significantly improved the quality of life for the people living
with this virus, it comes with many challenges such as resistance mutations that allow for viral
escape and adverse side effects. Gene therapy treatments for HIV aim to reconstitute the
immune system with HIV-resistant cells and inhibit formation of HIV proteins that are vital for the
survival of the virus, providing a potential functional cure for the disease with minimal adverse
side effects for the patient. These strategies include the use of RNA and protein-based agents
that target specific viral and host genes. There has been significant progress in the study of
these therapies, some of which have even progressed to the clinical trial phase. This paper will
review the different gene therapy approaches for HIV treatment as well as their advantages and
disadvantages.

Introduction

Human immunodeficiency virus (HIV) is a lentivirus that targets the human immune system
leading to acquired immunodeficiency syndrome (AIDS) in later stages of infection[1]. A lentivirus
is a type of retrovirus containing an RNA genome that is converted to DNA with the help of
reverse transcriptase enzyme and integrated into the genome of the host cell[2]. The virus mainly
attacks and depletes CD4 T cells[3] which play an important role in protecting the body from
pathogens[4], so infected individuals have weaker immune systems and are significantly more
susceptible to opportunistic diseases than uninfected individuals[5]. The CD4 T cells count in
healthy individuals ranges from 500 to 1500 cells/mm3, but this count drops to below 200
cells/mm3 in AIDS patients[6]. Despite significant progress in the study of this virus as well as the
development of treatment options, HIV continues to be a topic of great concern worldwide.
According to the World Health Organisation, an estimated 39 million people were living with HIV
at the end of 2022. The complexity of the virus and its ability to persist in host cells poses a
formidable challenge to scientists, and there is yet to be a functional cure for this disease.

HIV can enter the human body through various routes including sexual transmission, from
mother to child during breastfeeding or childbirth and through blood contact wherein infected
blood from one person enters the bloodstream of another individual[7]. Once inside the body, the
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virus attacks CD4 T lymphocytes and establishes a reservoir of latent HIV, a group of cells
wherein the virus is not actively replicating and causing an immediate infection, but it remains
inside the cell in a dormant or latent state[8]. The attack on CD4 T cells by HIV virus is a
multi-step process (Figure 1). First, viral attachment occurs, where the virus binds to a primary
cell receptor (CD4) and a coreceptor (CCR5 or CXCR4). CD4, CCR5 and CXCR4 are receptors
present on immune cells that facilitate viral attachment of HIV. In early stages of infection, the
virus tends to use CCR5 cell receptors as coreceptors for viral attachment, while in later stages
the virus uses CXCR4 cell receptors[9]. The viral and host membranes fuse together, allowing
the viral RNA and enzymes into the cell cytoplasm[10]. The virus then undergoes a complex
lifecycle including reverse transcription, integration, replication, assembly and budding[10],
leading to an increase in viral load and progressive decline in CD4 T lymphocytes.
Understanding of this life cycle has significantly contributed to the development of HIV therapy
treatments. Through extensive research, multiple protein targets essential to various stages of
the viral life cycle have been identified. Leveraging this knowledge, researchers have been able
to develop innovative therapeutic strategies aimed at disrupting key viral processes, thereby
inhibiting the virus's ability to propagate within the host.

In most patients, symptoms of HIV infection are currently being managed by the use of Highly
active Antiretroviral therapy (HAART), a treatment regimen typically consisting of two or three
antiretroviral drugs used in combination. Antiretroviral drugs work by temporarily inhibiting
certain vital processes in the HIV life cycle[11]. The antiretroviral drugs used in HAART can be
classified into six groups based on their targets: Nucleoside reverse transcriptase inhibitors
(NRTIs), non-nucleoside reverse transcriptase inhibitors (NNRTIs), protease inhibitors (PIs),
integrase strand transfer inhibitors (INSTIs), fusion inhibitors (FIs) and chemokine receptor
antagonists (CCR5 antagonists)[12]. Each of these drug groups have their own adverse side
effects and a combination of drugs is chosen specifically based on patient details and history[12].
In the years 1994 to 1997, the proportion of patients to whom a combination of antiretroviral
drugs were prescribed increased significantly from 72% to 95%[13]. Mortality rates due to AIDS
declined markedly from 29.4 per 100 persons-years in 1995 to 8.8 per 100 person-years in
1997[13]. Though the introduction of this treatment has significantly reduced morbidity and
mortality among patients[13,14], it does not eliminate the reservoir of latent HIV in the affected
person[15]. As a result, HAART treatment is only a temporary treatment, and HIV will rebound
when this treatment is stopped[8]. The most common reasons for patients to discontinue HAART
treatment is actual side-effects and fear of side-effects[16]. HAART is commonly associated with
several adverse effects, long term toxicity and development of viral resistance[17].

Scientists are currently working towards developing alternate treatments for HIV, and one of
their most promising avenues is gene therapy. Gene therapy treatments for HIV involve targeted
silencing or editing of viral or host genes coding for proteins that are vital for the survival of the
virus, leading to long term eradication. These treatments have been used to target genes that
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code for crucial proteins in the HIV life cycle. They aim to inhibit viral replication and, in some
cases, even to achieve systemic elimination of latent viral reservoirs[18,19]. Some of these
strategies include the use of Zinc Finger Nucleases (ZFNs), Transcription Activator-like Effector
Nucleases (TALENs), Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR/cas9) and RNA interference (RNAi). Advancements in gene therapy delivery and
ongoing clinical trials provide hope for a future where HIV can be effectively controlled or even
eradicated. This review paper will provide an overview of the gene therapy strategies that are
currently being studied and developed for the treatment of HIV.

Zinc Finger Nucleases

Zinc Finger Nucleases (ZFNs) are programmable DNA binding protein systems[20]. They are
used to edit genomes by inducing site-specific double strand breaks, provoking cellular repair
processes that in turn mediate modification of the targeted site. The double stranded break can
be repaired via non-homologous end joining which results in small deletions or insertions in the
target gene, leading to gene knockout. ZFNs may also facilitate targeted repair using a donor
DNA template with the desired genetic sequence. This pathway can be used to introduce
specific genetic modifications including gene knockouts, gene replacements and gene
insertions[20]. ZFNs are small in size, making delivery of the therapy relatively easy[21]. A ZFN
consists of two main parts: the zinc finger protein, which binds the DNA, [22] and the FokI
restriction enzyme, which cuts the DNA[23,24].
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Figure 1. The HIV replication cycle in host immune cells. The first step, Viral Attachment
(1), occurs when the HIV Env protein binds to receptor (CD4) and coreceptor (CCR5 or
CXCR4) on the surface of the infected cell. After attachment, the viral and host membranes fuse
together in Fusion (2), allowing the viral particles to enter intracellular space in capsid. Once
entered the intracellular space,The next step is Uncoating (3) wherein the capsid is broken
down (3), releasing the viral genome and proteins into the host cell cytoplasm. In the cytoplasm,
single stranded viral RNA molecules are transcribed into linear double stranded DNA molecules
by Reverse Transcription (4), leading to the formation of the Pre-integration Complex (PIC)
(5). This PIC is imported into the nucleus and Integration (6) occurs, where the viral DNA is
inserted into the host genome with the help of the proteins HIV integrase and lens
epithelium-derived growth factor/transcription co-activator (LEDGF/p75). Transcription (7) of
this integrated genome results in the formation of viral mRNAs that code for viral proteins. The
mRNA molecules are exported out of the nucleus and undergo Translation (8), synthesizing
multiple viral proteins such as gag and pol. The viral proteins synthesized move to the surface
of the cell along with the new HIV mRNA and assemble into immature (non-infectious) HIV, this
step is called Assembly (9). The immature HIV pushes itself out of the host cell during Budding
(10) and is eventually released outside the host cell (11). Once released, the immature virus
produces HIV protease, an enzyme that breaks down long protein chains into smaller ones
causing the Maturation (12) of the virus, producing mature (infectious) HIV.
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These protein systems are designed in pairs, with one binding to the forward strand and another
binding to the reverse strand[25]. Each zinc finger domain recognizes a 3-4 base pair DNA
sequence, allowing scientists to target specific genes by selection of ZFNs that have high
binding affinity to the target DNA sequence[20]. Once the ZFNs bind to specific sites, the FokI
restriction enzyme can dimerize and cleave the DNA[26]. Following this double stranded break,
the DNA is repaired by homologous end joining, non-homologous end joining or with a DNA
template[27]. Homologous end joining retains the original DNA sequence[28], but the molecule is
susceptible to re-cutting by ZFNs, whereas non-homologous end joining causes random
changes in the nucleotide sequence leading to functional knockout of the gene[20].

This type of genome editing has been used to target multiple genes of the viral and host
genomes. In human CD4 T cells it has been used to permanently knockout the CCR5 and
CXCR4 genes which code for the major HIV receptors, rendering the cells immune to the virus
due to inhibition of viral entry[20,21]. ZFNs have been shown to disrupt 30-50% of target alleles
(CCR5 or CXCR4) in a pool of CD4 T cells[21,22]. A study by Juan et. al. showed that when
challenged with HIV in vitro, CXCR4 modified CD4 T cells remained <1% viral positive for up to
42 days post challenge[21]. ZFN modified cells have also been tested in mice models. In a study
conducted by Didigu et. al., ZFNs were used to simultaneously inhibit CCR5 and CXCR4 gene
expression in CD4 T cells of humanized mice before exposure to HIV[23]. Mice that were
modified by both ZFNswith disruptions to both CCR5 and CXCR4, showed a much slower rate
of decline in CD4 T cells. CD4 T cell counts in mice infused with modified cells were 200 fold
higher than mice in the control group 55 days post infection[23]. It can be inferred through these
observations that modified CD4 T cells have a significant survival advantage as compared to
unmodified CD4 T cells.[23]. Though further research must be conducted to make this method
more efficient, the results indicate that dual ZFN treatment modifying CCR5 and CXCR4 genes
can be used to confer long-term protection against HIV as the decline in CD4 T cells is
significantly slowed down. Clinical trials have also shown promising results for the infusion of
ZFN CCR5 modified CD4 T cells, with overall increases in CD4 T cell counts, decreases in viral
loads, and no recurring adverse effects[24,25]. A clinical trial conducted by Tebas et. al. took HIV
positive patients on HAART treatment and interrupted it. The patients were infused with CCR5
modified CD4 T cells. The study found that though patients exhibited an initial peak in viral load,
the viral load eventually began to decrease indicating that the treatment is effective in protecting
CD4 T cells from HIV infection. One patient’s viral load even decreased below the level of
detection during the HAART interruption period, as the patient was heterozygous for the CCR5
allele[25].

There are currently two types of cures being studied for HIV, functional cures and sterilizing
cures. A functional cure refers to long term control of HIV replication without treatment whereas
a sterilizing cure refers to complete eradication of the virus in the host. Disruption of CCR5 and
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CXCR4 can stop the initial viral infection process which could eventually result in a functional
cure, but it does not completely eradicate the virus from the body as it has no impact on the
reservoir of latent HIV. To overcome this challenge and eradicate the HIV reservoir as well,
ZFNs have been developed to target HIV pro-viral DNA segments in infected cells. ZFN
technology has been used in vitro to target multiple genes of the pro-viral DNA, excising over
80% of the pro-viral DNA in latently infected cells[26]. They can be used to target specific genes
such as TAT[27] and POL[26], as well as the full length HIV pro-viral DNA[28].

The establishment of the latent reservoir of HIV is a complex process. Latent HIV can exist in a
variety of cells and tissues throughout the patient's body[8,29,30]. Due to this, targeting and
elimination of the reservoir is quite challenging, so clinical trials that involve the targeting of
pro-viral DNA in latently infected cells using ZFNs are yet to be conducted. In the future, delivery
systems for ZFNs targeting latently infected cells could be evaluated in humanized mice models
which have been used to test various other gene therapy treatments for HIV[31]. Another
limitation of using ZFN technology is the high occurrence of off-target toxicity, which is caused
by unwanted disruption of vital genes resulting in malignancy and cytotoxicity[32] . Although
ongoing clinical trials using ZFN mediated genetic modification have not shown regularly
occurring adverse events, the long-term effects are yet to be assessed[33].

Transcription Activator-like Effector Nucleases

Transcription Activator-like effector Nucleases (TALENs) are artificially designed restriction
enzymes that work similarly to ZFNs. They consist of Transcription Activator-like effectors,
which act as DNA binding domains, and FokI restriction enzymes, which act as the nuclease
domain, fused together[34]. Transcription Activator-like effectors (TALEs) are a class of naturally
occurring DNA binding proteins found in the bacteria genus Xanthomonas[35]. Each TALE is
made up of 34 amino acid repeat modules[35] that can be engineered to target specific 17-20
base pair DNA sequences[36]. Like ZFNs, TALENs are also designed in pairs and activate the
FokI enzyme to cut DNA when they bind to their respective sites on the target DNA
sequence[34,37]. This is followed by homologous DNA-repair, non-homologous DNA repair or
directed repair with a template DNA sequence[38,39]. TALENs have higher specificity than ZFNs,
as the target DNA sequence length is much greater[37,40], but this larger size also limits their
delivery efficiency[31].

TALENs have been used to target the CCR5 gene[41–43]. An experimental study conducted by
Schwarze et. al. showed that TALE nucleases can efficiently knockout the CCR5 gene. 44% of
cells subjected to treatment with TALENs showed biallelic disruption and 16% showed
monoallelic disruption[43]. A study conducted in 2014 by Mussolino et. al. compared the use of
ZFNs to TALENs in functionally knocking out the CCR5 gene. Compared to ZFNs, TALENs were
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better tolerated in both cell lines and rat models, which could indicate that they have greater
specificity, lower off-target cleavage events and lower cytotoxicity[44]. When 23 predicted
off-target sites were analyzed after genome editing by ZFNs, 5 of them showed up to 4.4%
off-target activity[44]. The same off-target sites were analyzed after genome editing by TALENs,
and only 3 of them showed any off-target activity, and in all three cases it was very minor
(0.12%)[44].

TALENs have also been used to target the host gene PSIP1, which codes for Lens epithelium
derived growth factor (LEDGF/p75)[45]. The LEDGF/p75 protein acts as a chromatin tethering
factor for the HIV integrase protein, and also maintains the stability of HIV integrase[46,47]. In the
absence of LEDGF/p75, HIV integrase gets degraded and the virus is unable to integrate into
the host genome[46]. When tested in vitro, different designs of TALENs showed 40-50% inhibition
of the gene PSIP1[45]. Though the PSIP1 seems like a viable gene target for HIV therapy due to
its vital function in the integration of the viral genome, it has not reached the clinical trial phase.
This is because the functional knockout of the PSIP1 gene has resulted in prenatal mortality or
phenotypic abnormalities in humanized mouse models, raising safety concerns for the use of
this approach in humans[48].

As compared to ZFNs, TALENs are harder to deliver due to their large size and repeating
characteristics[49]. These characteristics make in vivo delivery of TALENs into target cells
challenging[49]. Another limitation of using TALENs for gene knockout is that they cannot be used
for all target DNA sites, such as methylated sites[50].

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR/cas9)

CRISPR/cas9 is the most recently discovered method of genome editing and is widely
considered as the most effective, efficient and accurate method of genome editing[51]. This
editing system consists of two essential components, the single guide RNA (sgRNA) and
CRISPR associated (cas9) proteins. Guide RNAs are responsible for recognition and are
specifically designed to have a base sequence complementary to their target DNA sequence[51].
Cas9 proteins are large multi-domain endonucleases responsible for creating a double stranded
break in the target DNA sequence[52]. The sgRNA directs the Cas9 protein to the complementary
target DNA sequence and Cas9 finds an appropriate site to bind. This triggers local disruption of
the target DNA sequence causing a double stranded break.[51]. Following this, the body repairs
the double stranded break through homologous end joining, non-homologous end joining or with
a template DNA sequence of a specific genetic sequence resulting in desired mutations or
functional knockout of the target gene[38,39].

Gene editing has been used in HIV treatment to target host genes such as CCR5 and
CXCR4[53–55]. A study conducted by Hou et. al. showed high on-target efficiency with
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approximately 45% knockout of the CXCR4 gene in vitro[53]. To test whether this alteration
confers protection against HIV, the cell line was infected with HIV-1 in vitro and tested for p24,
an important HIV protein. The p24 level decreased by over 64% in modified cells as compared
to control cells 7 days post infection, indicating that this genetic modification confers partial
protection against HIV[53]. When used to edit the CCR5 gene, the CRISPR/cas9 system showed
higher efficiency of approximately 50-70%[54,55]. Two separate studies conducted by Yu et. al.
and Liu et. al. analyzed the use of CRISPR/cas9 technology to simultaneously knockout CCR5
and CXCR4 genes[55,56]. Modified cell lines were challenged with HIV along with a control cell
line. Modified cells showed some resistance to the infection as compared to unmodified cells
indicating major selective advantage in vitro. Scientists also observed undetectable off-target
activity, affirming the precision and specificity of this mode of gene editing[55,56].

CRISPR/cas9 has also been used to target HIV integrated proviral DNA, which is a fundamental
source of viral protein production[57]. A study by Hu et. al. showed that dual gRNAs designed to
target specific regions of the LTR, a part of the pro-viral DNA that drives HIV gene expression[58],
can be used to excise a 9,709 base pair sequence in latently infected cells[59]. There was no
off-target activity or genotoxicity, and the results showed this method efficiently prevented HIV
infection in the modified cells[59]. In vivo testing of CRISPR/cas9 systems that target pro-viral
DNA has shown great promise in a number of studies[60,61]. In a study by Kaminski et. al., the
CRISPR/Cas9 system was used to target and delete a span of the HIV LTR Retrotransposon
gag gene[60]. They used Adeno-Associated viral vectors (AAVs) to deliver the therapy in mice.
Results showed significant reduction of viral load in circulating lymphocytes, indicating HIV
eradication to a large extent[60]. In 2017, Yin et. al. demonstrated effective HIV pro-viral excision
using Cas9 proteins and multiplex gRNAs delivered by an AAV vector in different animal
models, including a transgenic mouse model and humanized mouse model[61]. In a transgenic
mouse model with HIV, the treatment significantly reduced expression of the HIV proteins Env,
Gag and Tat, demonstrating its efficacy[61]. There was approximately 50-60% reduction in Env,
80-90% reduction in Gag and 60-70% reduction in Tat[61]. In a humanized mouse model with
HIV, effective in vivo excision of HIV provirus from latently infected human cells was detected.
Humanized mice were treated with the AAV vector and then exposed to the HIV virus. Though
there was an initial spread of the virus, the mice showed complete diminishment of the infection
60 days post treatment[61].

While these results show promise in inhibiting propagation of HIV in a host, there are many
challenges that still need to be addressed and overcome. One important reason why
CRISPR/Cas9 has not been used to target pro-viral DNA in clinical trials so far is because
scientists have not yet developed an efficient delivery method. It has been especially
challenging designing a delivery method for the CRISPR/Cas9 system due to the large size of
gRNAs and Cas9 proteins[62]. Another major limitation of this system is the production of escape
variants. Studies show that while the use of CRISPR/Cas9 can inhibit viral replication, it can
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also facilitate viral escape due to occurrence of resistance mutations caused by DNA repair
through non-homologous end joining[63,64].

RNA Interference

RNA interference (RNAi) is the process by which small RNA molecules perform
post-transcriptional gene silencing (PTGS) or transcriptional gene silencing (TGS)[31]. RNAi can
work via various pathways that involve complex sets of intracellular reactions leading to the
formation of an RNA-induced silencing complex (RISC), which induces site-specific cleavage of
RNA[65]. RISCs can be designed to target and silence almost any gene, since the mechanisms
they may use are diverse. There are two components that are common to all RISCs: a small
regulatory RNA, which functions as a guide that leads the complex to the target sequence, and
a member of the Argonaute protein family, which binds to the small RNA, facilitates target
recognition and induces target RNA cleavage[65]. RNAi was first induced in mammalian cells
through the use of double stranded short interfering RNA (siRNA)[66]. It has since become a
standard method of gene silencing in mammalian cells. The strength of the silencing response
depends on the amount of siRNA successfully delivered and the potency of that particular
siRNA[67]. Another method of inducing RNAi is the introduction of short hairpin RNA (shRNA).
These RNA molecules mimic the structure and function of naturally occurring microRNAs
(miRNAs) which endogenously cause gene silencing in most eukaryotes[68]. They integrate into
the genome and can be used to produce siRNA in cells, causing long term gene knockdown of
the target gene[68].

Both siRNAs and shRNAs have been used to simultaneously inhibit CCR5 and CXCR4 gene
expression in cultured cell lines as well as stem cells[69,70]. These studies showed 80-85%
transduction of cells and 70-80% reduction in CCR5 and CXCR4 expression[69,70]. When cultured
cell lines were treated with siRNA and challenged with the HIV-1 virus, initially there was over a
10-fold decrease in viral p24 antigen levels followed by a slight increase on days 5 to 7 post
challenge, which could be associated with the proliferation of non-transduced or low siRNA
expressing cells[69]. Use of this technology in macrophages showed above 90% reduction in viral
p24 antigen levels for up to 20 days post challenge, thus it was inferred that coreceptor
downregulation by siRNAs results in effective protection of macrophages against viral
challenge[70]. A study by Kim et. al. analyzed the use of liposome nanoparticles as a delivery
method for CCR5 targeted siRNAs (siCCR5) in humanized mice[71]. The siRNA potently reduced
CCR5 mRNA levels in cells with gene silencing lasting for up to 10 days, plasma viral load was
almost 97% lesser in siCCR5 treated mice as compared to the control group[71]. These results
demonstrate that siCCR5 delivered through a liposomal system is a promising approach for in
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vivo treatment of HIV, however further study is required to reduce immunogenicity and off-target
effects.

RNAi has also been used to target viral genes that code for proteins like Gag, Pol, Env, Tat, Rev,
Nef and the LTR (long terminal repeat). A study by Yamamoto et. al. demonstrated the effective
inhibition of Nef expression in macrophages using shRNA delivered by a lentiviral vector[72].
They targeted macrophages instead of CD4 T cells as macrophages play a critical role in the
establishment and persistence of HIV in a host. In addition, macrophages are able to survive
long after the infection and can spread the virus to healthy T cells[72,73]. Two variations of siRNA
targeting Nef mRNA were used, one of which showed up to 90% suppression of Nef mRNA.
Modified cells were challenged with HIV and showed sustained inhibition of HIV replication for at
least 1 week[72]. Another study conducted by Singh et. al. analyzed the use of siRNA targeting
the LTR region in vitro[74]. Modified cells when challenged with HIV showed 60-70% reduction in
p24 levels on day 7 post challenge, and almost 90% suppression of productive infection for up
to 24 days post challenge[74]. The use of RNAi technology for HIV treatment has been tested in
vivo in humanized mice models. A study by Zhou et. al. used siRNA nanoparticles targeting
cellular transcripts of CD4 and Transportin-3 as well as viral transcripts of Tat and Rev and
injected these into mice intravenously[75]. Reduced expression of all target mRNA sequences
was observed and mice treated with siRNA showed stable CD4 T cell levels for up to 22 weeks
post infection[75]. ShRNAs targeting Tat, Rev and CCR5 have been used in combination with
ribozymes and decoys in multiple clinical trials. One particular trial conducted by DiGiusto et. al.
showed persistence of Tat/Rev targeted shRNA in cells and protection from infection to some
extent[76].

There are three main limitations of using RNAi technology for HIV treatment. One is that there is
high potential for viral escape, the HIV virus rapidly develops resistance to treatments due to its
high mutation rate. The development of viral escape mutants has been observed in studies by
Das et. al. and Boden et. al. wherein viral loads increased after a significant initial decrease post
treatment[83][84]. Another is it results in off-target toxicity. Finally, there remains challenges in the
development of an efficient in vivo delivery system for RNAi technology. RNA molecules are
hydrophilic so they can not easily pass the cell membrane, making the delivery of siRNA and
shRNA into cells challenging[77]. A wide range of viral and non-viral delivery systems for RNAi
are currently being studied, but further research and development is still required to proceed
with this treatment in clinical settings[78].

Discussion

As explored in earlier sections, Highly Active Antiretroviral Therapy (HAART) is a treatment
regimen that combines two or three antiretroviral drugs to combat HIV. This therapy includes
antiretroviral drugs of six distinct classes, each associated with its unique array of adverse side
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effects. Among the severe and potentially life-threatening consequences of HAART are
mitochondrial toxicity, hepatitis, and Steven-Johnson's syndrome[12]. Beyond these critical risks,
numerous other side effects significantly affect the quality of life of HIV patients, including
symptoms such as dizziness, depression, anemia, and behavior resembling psychosis[12].
HAART necessitates a strict and rigid treatment schedule, including a lifelong commitment to
daily medication intake and regular viral load assessments, typically conducted every four to
eight weeks until viral levels drop below 20-50 copies/mL[12]. These factors render HAART less
than optimal, particularly for individuals with limited resources, often serving as the cause for
discontinuation or even refusal of treatment[16]. Gene therapy has evolved as an increasingly
promising alternative, providing hope for a functional or even complete cure for this devastating
disease. It has not only been used to interfere with the HIV life cycle, resembling the aim of
HAART, but also to eradicate the integrated viral genome from host cells. Though there is need
for further studies and investigation, gene therapy holds the promise of conferring long-term
protection from the virus, reducing the need for drug management and significantly improving
quality of life.

Due to the extremely high mutation rate of the HIV virus, viral escape is one of the major
challenges faced while trying to establish a treatment or cure[79]. Combinatorial approaches for
HIV gene therapy are currently being tested to overcome the challenge of development of viral
escape mutants. These treatments target multiple regions of the host and viral genome,
inhibiting multiple different stages of the HIV life cycle in an attempt to maximize treatment
efficacy[80]. Combinatorial gene therapy treatments for HIV include the use of ZFNs, TALENs,
CRISPR/Cas9 and RNAi as well as other modes of gene therapy such as RNA Decoys,
Aptamers and Ribozymes. This type of gene therapy treatment has shown success in in vitro
studies using cell lines; it has been observed that combinatorial gene therapy treatments can
confer long term resistance to HIV[81][82]. These results prove that combinatorial gene therapy is a
promising treatment option and one that is worth exploring. Though many in vivo and in vitro
studies have shown success in efficiently immunizing cells from HIV infection using gene
therapy, only a handful of treatments have moved to the clinical trial phase. Even so, the
majority of the clinical trials that have been conducted are only in the earliest stages of
development, aimed at evaluating only the safety of these treatments, not their efficacy in
comparison to the current standard treatment, HAART[31]. Besides improving the treatment
efficacy itself, researchers also face challenges such as the lack of efficient gene therapy
delivery systems and the complex ethical considerations that need to be taken into account.
Some challenges that arise while trying to develop a safe and efficient delivery system include
immunogenicity, limited transgene capacity, stability and toxicity. Targeting the HIV latent
reservoir has also proven to be challenging as these cells are few in number and circulate
randomly all over the body[8,29]. A number of viral and non-viral delivery systems are currently
being studied to improve delivery efficiency, these include: Adenoviral vectors, Lentiviral vectors,
Adeno-Associated vectors, Polymeric Nanoparticles and physical methods such as
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Micro-injection, Electroporation etc. Ethical considerations for clinical trial design are complex,
and a risk-benefit analysis must be conducted to determine which patients will receive trial
treatment[83]. For ethical reasons, the population most at risk should be receiving trial therapies,
but in the case of HIV, this group is not optimal for gene therapy. At-risk patients receive
front-line therapy which, though helpful in reducing viral loads and putting patients in remission,
could cause bias in the observations needed to confirm safety and efficacy of the treatment
being tested[84].

Conclusion

The exploratory gene therapy treatments for HIV detailed in this paper highlight the potential for
groundbreaking advancements in the fight against this persistent viral infection. Gene therapy
treatments aim to provide long-term immunization of cells against HIV as well as eradication of
the latent viral reservoir, making this form of treatment much more convenient and effective as
compared to HAART, the current standard treatment for HIV. With a large number of positive in
vitro and in vivo experimental outcomes, gene therapy treatments have shown great promise in
posing as functional cures for the disease. However, further research must be conducted to use
them in clinical settings as there are some challenges that scientists have yet to overcome.
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