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Abstract

One of the current focuses in HIV/AIDS research is to develop a novel therapeutic strategy that 

can provide a life-long remission of HIV/AIDS without daily drug treatment and ultimately a cure 

for HIV/AIDS. Hematopoietic stem cell based anti-HIV gene therapy aims to reconstitute patient 

immune system by transplantation of genetically engineered hematopoietic stem cells with anti-

HIV genes. Hematopoietic stem cells can self renew, proliferate and differentiate into mature 

immune cells. In theory, anti-HIV gene modified hematopoietic stem cells can continuously 

provide HIV resistant immune cells throughout the life of a patient. Therefore, hematopoietic stem 

cell based anti-HIV gene therapy has a great potential to provide a life-long remission of HIV/

AIDS by a single treatment. Here, we provide a comprehensive review of the recent progress of 

developing anti-HIV genes, genetic modification of hematopoietic stem progenitor cells, 

engraftment and reconstitution of anti-HIV gene modified immune cells, HIV inhibition in vitro 
and in vivo animal models, and human clinical trials.
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 2 Introduction

The survival and quality of life for HIV (Human Immunodeficiency Virus) infected 

individuals have significantly improved after the initiation of highly active antiretroviral 

therapy (HAART) in 1996. The viral load can be suppressed to undetectable levels with the 

daily drug treatment. However, the viral load rapidly rebounds in a few weeks without 

medication in majority of patients [1]. Interestingly, 14 HIV patients who had interrupted 

effective HAART that were initiated very early in the course of their infection showed off-

therapy viral load control for several years, suggesting initiating early HAART may open up 

new therapeutic perspectives for HIV infected patients [2]. However, the majority of patients 

need to keep HAART for their life. Daily, life-long drug administration creates difficulties 

with adherence. Additionally, drug associated side effects and the costs of therapy can 

accumulate greatly over the life of a patient. Chronic HIV infection leads to development of 

early signs of senile complications with dyslipidemia or cardiovascular diseases in HIV 

infected patients even under HAART [3,4]. Thus, development of novel therapeutic 

strategies for a life-long remission of HIV/AIDS (Acquired Immunodeficiency Syndrome) 

or a HIV cure has become one of the major focuses in current HIV/AIDS research. The first 

and only case of HIV cure was reported by allogeneic CCR5 deficient bone marrow 

transplants in 2009. Mr. Timothy Ray Brown, named as the Berlin patient, while being HIV 

positive, developed Acute Myelogenous Leukemia (AML). Transplantations of naturally 

HIV resistant CCR5 homozygous Δ32/Δ32 bone marrow stem cells fully reconstituted his 

immune system with donor derived CCR5 deficient HIV resistant cells. HIV has been 

undetectable in the Berlin patient for more than eight years [5–7]. The success of “the Berlin 

patient’s” HIV cure has generated immense interest in promoting HIV cure research. After 

the first HIV cure case, several efforts have been reported in attempt to achieve a successful 

second case of HIV cure [8–11]. However, this has not been possible. Some of the 

limitations include a very low frequency of human leukocyte antigen (HLA) matched natural 

CCR5 homozygous Δ32/Δ32 allogenic donors, difficult bone marrow transplant procedures 

and the emergence of naturally resistant HIV strains. A recent clinical case resulted in the 
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rapid emergence of infection with CXCR4 tropic HIV in a patient who had been 

transplanted with stem cells from a Δ32/Δ32 homozygous CCR5 defective HSPC donor, 

similar to the Berlin patient, highlighting the fact that viral escape mechanisms may be a 

major limitation to the CCR5-knockout strategies to control HIV infection [10].

The principal idea of anti-HIV hematopoietic stem/progenitor cell (HSPC) based gene 

therapy is to genetically engineer patient-derived HSPC and progenies to resist HIV 

infection (Figure 1). HIV resistant genetically engineered HSPC, in theory, can provide HIV 

resistant progenies continuously through an entire life of a patient with a single treatment 

(Figure 2). In this review, we will describe the recent advancements of anti-HIV stem cell 

based gene therapy strategies, including the anti-HIV gene reagents, anti-HIV gene 

combinatorial strategies, as well as gene delivery systems for HSPC, in vitro HIV inhibition, 

anti-HIV gene modified HSPC transplant, hematopoietic reconstitution in vivo in small/large 

animal models and in human clinical trials (Table 1).

 3 Anti-HIV genes provide resistance to HIV infection

 3.1 Targeting the viral entry mechanism

 3.1.1 CCR5 inhibition—Development of anti-HIV genes against chemokine receptor 

CCR5 has become a main focus in anti-HIV HSPC gene therapy research [12,13] CCR5 

serves as a major co-receptor for HIV. After HIV binds to the CD4, the primary receptor, 

subsequent binding to CCR5 is essential for a successful HIV infection. Blocking this early 

phase of HIV infection can be highly effective in protecting the cells from CCR5 tropic HIV 

infection before HIV integrates into host genome for establishing stable infection. 

Importantly, inhibition of CCR5 expression does not cause apparent adverse effects in the 

hematopoietic and immune system in humans [12], except that individuals with homozygous 

CCR5 Δ32/Δ32 mutation in CCR5 gene are more susceptible to severe cases of West Nile 

virus encephalitis [14]. In addition, the CCR5 Δ32/Δ32 mutation in heptatitis C virus 

infected individuals has been reported to be associated with reduced portal inflammation and 

milder fibrosis [15–17]. Individuals homozygous for CCR5 Δ32/Δ32 mutation are naturally 

resistant to HIV transmission, and individuals with heterozygous CCR5 Δ32 mutation show 

a 2–3 years slower disease progression to AIDS than CCR5 wild type individuals [18]. 

Ribozyme, RNA interference, Zinc Finger Nuclease (ZFN) and CRISPR/Cas9 genome 

editing technologies have been developed as CCR5 inhibitors for anti-HIV HSPC gene 

therapy.

 3.1.1.1 Ribozymes mediated CCR5 inhibition: Ribozymes are catalytic RNA molecules 

with enzymatic functions, capable of cleaving their target RNA [19,20]]. In 2000, Cagnon et 

al. constructed a hammerhead ribozyme derived from the modified Adenovirus VA1 

ribozyme, specifically targeting CCR5 messenger RNA (mRNA). Anti CCR5 ribozyme 

transduced PM1 cell line were resistant to R5-tropic HIV, but not R4-tropic HIV [21]. In 

2005, Li et al. combined this ribozyme with two additional anti-HIV genes, a short hairpin 

RNA (shRNA) targeting HIV tat and a TAR decoy. HIV Tat is an HIV transcriptional 

activator. It interacts with the transactivation response element (TAR) in HIV RNA 

transcripts and promotes the initiation of the viral gene expression and the elongation of HIV 
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transcripts. The tat specific shRNA can induce HIV mRNA degradation through RNA 

interference [22]. The TAR decoy can bind and sequester HIV tat protein from TAR, thereby 

inhibiting Tat/TAR interaction [23]. The detail of this combinatorial anti-HIV RNA 

approach is described in the combinatorial approach section of this review (section 3.6). 

They demonstrated that transduction of CD34+ HSPC rendered them resistant to HIV 

[22,24]

 3.1.1.2 RNA interference mediated CCR5 knock down: RNA interference (RNAi) is a 

powerful technology that relies on a small double strand RNA to trigger sequence dependent 

mRNA degradation through the cellular RNA Induced Silencing Complex (RISC) [25]. 

RNAi has been utilized to knockdown CCR5 expression. In 2003, Qin and An et al. 

developed a short hairpin RNA (shRNA) directed to CCR5 that can be efficiently delivered 

by a lentiviral vector. Their results showed that lentiviral vector transduced primary human 

CD4+ T cells resulted in a 10-fold CCR5 down-regulation. They also showed that the gene 

modified CD4+ T cells were 3 to 7 fold more resistant than control cells during a challenge 

with R5-tropic HIV in vitro [26]. However, for efficient CCR5 knock down with the initially 

developed shRNA required a strong U6 RNA polymerase promoter to express a large 

amount of shRNA causing cytotoxicity. Non-toxic shRNA expression required an 

optimization of shRNA expression level using a transcriptionally weaker H1 RNA 

polymerase III promoter [27]. In 2007, An et al identified a more potent and non-toxic 

shRNA directed to CCR5 (sh1005) by an extensive screening of an enzymatically generated 

CCR5 shRNA library. This sh1005 has been extensively investigated for efficient CCR5 

down-regulation in human primary T-cells [28]and CD34+ cell derived macrophages in vitro 
[29]. sh1005 has also proven to be efficient in modifying human HSPC for the engraftment 

in humanized BLT mouse model, with results showing multilineage differentiation of 

sh1005 modified cells and CCR5 down regulation in human CD4+ T cells in lymphoid 

tissues in vivo [30]. In addition, Shimizu et al. demonstrated that CCR5 down-regulated 

CD4+ T cells, in particular memory CD4+ T cells, were positively selected after R5-tropic 

HIV challenge in humanized bone marrow/liver/thymus (BLT) mice [31]. The human 

version of sh1005 was modified to down-regulate rhesus macaque CCR5 by adjusting a 

nucleotide mismatch [28]. Modifying CD34+ HSPC with this rhesus macaque adapted 

sh1005 showed stable engraftment and multilineage hematopoietic cell differentiation, as 

well as stable CCR5 down regulation in transplanted non-human primates. Importantly, 

rhesus macaque sh1005 modified CD4+ T cells were resistant to simian immunodeficiency 

virus (SIV) infection ex vivo [28], details of which have been described in the non-human 

primate section of this review (section 5.3). More recently, human sh1005 was combined 

with a second shRNA against HIV-LTR [32] or C46 HIV fusion inhibitor [33] to provide 

dual anti-HIV genes to inhibit both CCR5 tropic and CXCR4 tropic HIVs.

 3.1.1.3 Genome editing technologies for CCR5 knock out: Recently, genome editing 

strategies have been utilized to knockout CCR5 expression. Zinc Finger Nucleases, TALEN, 

mega-nuclease, PNAs (Peptide Nucleic Acids), and the more recently discovered CRISPR/

CAS9 genome editing technology are capable of introducing insertion and deletion 

mutations (indels) in CCR5 gene in human cells to confer HIV resistance.

Pernet et al. Page 4

Adv Drug Deliv Rev. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



 3.1.1.3.1 The Zinc Finger Nucleases (ZFN) mediated CCR5 knock out: The Zinc Finger 

Nuclease (ZFN) consists of a zinc finger DNA binding domain fused to a DNA cleavage 

domain from the FokI restriction endonuclease. CCR5 directed ZFN induces nucleotide 

indels in three steps: First, the CCR5 Zinc Finger domain binds its target site, then FokI 

cleaves the genomic site, and finally the mutagenic Non Homologous End Joining (NHEJ) 

system repairs the cleavage with indels. In 2005, Mani et al. published a ZFN targeting 

CCR5 in-vitro for the first time [34] and since, ZFN have been extensively used to mutate 

CCR5 genes. In 2008, Perez et al. published a study in which they evaluated the efficiency 

of a CCR5-targeted ZFN in gene modified autologous CD4+ T cells [35]. In 2010, Holt et 

al. used this CCR5-ZFN to disrupt up to 17% of CCR5 alleles in human CD34+ HSPC from 

umbilical cord blood and fetal liver [36]. Transplantation of CCR5-ZFN modified CD34+ 

HSPC successfully reconstituted humanized mice and provided in vivo HIV resistance to the 

R5-tropic HIV BaL in humanized mice (see section 5.1 for details). Recently, Saydaminova 

et al. reported that the same CCR5-ZFN was able to modify human peripheral blood 

mobilized CD34+ HSPC when delivered and expressed through an adenovirus vector system 

[37]. Similar to Holt et al., they observed up to 12% CCR5 gene disruption in CCR5-ZFN 

modified human CD34+ HSPC transplanted NOD/Shi-scid/IL-2Rγnull (NOG) mice. 

However, ZFN expression negatively affected CD34+ survival rate, engraftment rate and 

expansion of CD34+ cells by three-fold compared to the un-transduced cells in these 

transplanted NOG mice [37].

 3.1.1.3.2 The ZFN mediated CCR5 knock out and transgene knock in: CCR5 ZFN has a 

potential to be utilized to knock-in an anti-HIV gene into the CCR5 gene locus by the ZFN 

induced DNA double strand break (DSB) and cellular Direct Homologous Recombination 

(DHR) reaction. DHR is a DSB induced cellular mechanism that uses homologous 

nucleotide sequences as a template to repair the damaged DNA. Therefore, it is possible to 

take advantage of this system by providing a transgene DNA template containing a sequence 

homologous to the target as well as a sequence of interest (mutation, reporter gene, 

therapeutic gene, etc). This “knock-in” approach provides the opportunity to integrate anti-

HIV genes into a defined locus (see Heyer, 2010 for detailed review [38]). Wang et al. have 

successfully inserted an EGFP expression cassette into the CCR5 locus using an Adeno 

Associated Virus serotype 6 (AAV6) vector in which the genome was replaced by an EGFP 

expression cassette bordered with CCR5 matching sequence, which could be used as a DNA 

template for the DHR [39]. This vector was delivered to mobilized-peripheral-blood derived 

CD34+ cells HSPC before transfection with a mRNA coding a ZFN targeting CCR5. The 

success of the DHR was highlighted by 2 results: i) the modification in up to 20% of the 

total alleles, ii) a demonstrable dose-effect relation between the amount of DNA template 

provided, the allele mutation frequency and the EGFP stable expression. Finally, the results 

showed that these modified HSPC could be used to engraft humanized mice (see section 5.1 

for details). Together, these results suggest that it is possible to insert a transgene into the 

CCR5 locus and achieve the dual goal of knocking out CCR5 and knocking in genes of 

interest. Moreover, the EGFP reporter insert can be replaced with a therapeutic anti-HIV 

gene in the future [38].
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 3.1.1.3.3 TALEN-mediated CCR5 knock out: Transcription Activator-Like Effector 

Nucleases (TALENs) consist of DNA binding domains of transcription activator-like 

effectors from Xanthomonas that have been fused to the non-specific Fok1 nuclease. Like 

ZFNs, TALENs can be designed to induce sequence specific genome cleavages. TALENs 

can be more specific than ZFNs due to the longer nucleotide stretch for the TALEN DNA 

recognition sequence, which ranges anywhere from 33 to 35 nucleotides, as compared to 

ZFNs which have 3 to 6 nucleotide triplets [38–40]. In 2011, Mussolino et al. developed a 

TALEN to target CCR5. They transfected HEK 293T cells with a vector expressing CCR5 

TALEN and used a ZFN targeting the same CCR5 site as a control. Their results showed that 

up to 17% of alleles were modified, whereas the control ZFN modified 14% of alleles. They 

also quantified the off-target effect to only 1% of the CCR2 allele being modified, while 

ZFN off-target effect on CCR2 reached 11% modification [41]. Mock et al. recently 

developed a newly designed codon optimized TALEN called CCR5-Uco-TALEN that could 

knockout the CCR5 gene by more than 50% in primary human T-cells. Importantly, these 

CCR5 knocked out cells were resistant to R5 tropic HIV infection in vitro [40].

 3.1.1.3.4 CRISPR/CAS9 mediated CCR5 knock out: CRISPR/Cas9 (Clustered Regularly 

Interspaced Short Palindromic Repeats) technology has been utilized to knock-out the CCR5 

gene. CRISPR/Cas9 is derived from the type II CRISPR-Cas9 bacterial adaptive immune 

system [42,43]. The Cas9 protein introduces DSBs into a DNA sequence defined by a guide 

RNA (gRNA). The customization of the gRNA (typically around 20 nucleotides) enables the 

Cas9 to cleave a target gene in a site-specific manner, triggering a DNA repair system, such 

as the NHEJ system and/or the DHR in cases where both chromosomes have already been 

damaged. Since the discovery of the CRISPR/Cas9 system, it has been extensively used to 

knockout CCR5. In 2013, Cho et al. were the first to succeed in developing CCR5 directed 

CRISPR/Cas9. They demonstrated that they could induce double genomic cleavage and 

mutations in the CCR5 gene by up to 33% after transfection of a Cas9 / gRNA expression 

cassette in HEK 293T cells [44]. In 2014, Mandal et al. demonstrated that 20–40% CCR5 

mutations could be achieved using CRISPR/Cas9 in K562 cells and in human CD34+ 

HSPC. They also showed that a dual CCR5 gRNA strategy induced 26% of cells with 

biallelic mutations in CD34+ HSPC [45].

 3.1.1.3.5 Caveats and improvement of the genome editing technologies: One major 

concern of genome editing technologies in their application for anti-HIV HSPC gene 

therapy is their potential in inducing off-target activities. Depending on the design, ZFNs, 

TALENs, CRISPR/Cas9 can induce off-target DSB. In general, TALENs are more specific 

than ZFNs and CRISPR/Cas9 [46]. Cradick et al. showed that their CCR5 directed CRISPR/

Cas9 system had a significant off-target occurrence, especially in CCR2 gene locus, due to 

its sequence similarity to CCR5. They compared the efficiency of CRISPR/Cas9 using five 

guide RNAs targeting different sites in CCR5 gene and showed that on average, 57% of the 

CCR5 genes were mutated. However, they also observed that two gRNAs caused mutation in 

CCR2 at a frequency of 5% and 20% respectively [47]. To improve the specificity of 

CRISPR/Cas9, recent studies investigated modifications in the gRNA design to minimize 

off-target effects. In 2014, Ye et al. compared the specificity of the CRISPR/Cas9 system 

with the more specific TALEN system [48]. They identified a gRNA that did not target 
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CCR2 (8 mismatches) or any other loci due to its uniqueness in the human genome, and 

compared its specificity to TALENs targeting the same sequence. They demonstrated that 4 

times more cells had their genome edited with CRISPR/Cas9 compared to cells edited with 

TALENs, and that Cas9 introduced mutations in both alleles within 33% of the edited cells 

(compared to 10% with TALENs) [48]. In the case of CRISPR/Cas9, none of the predicted 

potential off-targets were mutated. Finally, they showed that monocytes and macrophages 

derived from these CRISPR/Cas9 modified induced pluripotent stem cells (iPSC) were 

resistant to R5 tropic HIV infection. The original CRISPR/Cas9 system had a high potential 

of inducing off-target effects because of its short nucleotide length (20 nucleotides) in 

gRNAs [47]. Off target effects are also significantly increased by the target DNA / gRNA 

mismatch tolerance (up to 3 mismatches) of the Cas9 from S.pyogenes [49]. A more specific 

Cas9 has been isolated from S.aureus. Its higher specificity relies on a longer Protospace 

Adjacent Motif (PAM) sequence, a short and constant sequence that must be present in 3' 

end of the targeted DNA for an efficient nuclease activity, as well as a longer size gRNA (up 

to 23 nucleotide) [50]. Recently, Kleinstiver et al. developed a mutated Cas9 that can 

significantly reduce off-target indel mutations [51]. Based on the 3D structure of Cas9, they 

substituted 4 amino acids (N497A ; R661A ; Q695A ; and Q926A) to improve the 

specificity of Cas9 binding affinity to the gRNA/DNA complex. The mutated Cas9 showed a 

stringent genome editing activity with undetectable off target effects, providing a hope to 

develop a highly specific CRISPR/Cas9 system for anti-HIV gene therapy.

 3.1.2 CXCR4 inhibition—In anti-HIV gene therapy, while CCR5 has become a primary 

target to inhibit HIV entry, it is possible that HIV may escape from CCR5 inhibition and a 

CCR5 directed mono therapy may fail by emergence of X4 tropic HIVs. X4 tropic HIVs 

uses CXCR4 chemokine receptor for a co-receptor for entry. A recent clinical case resulted 

in the rapid emergence of CXCR4 tropic HIV in a patient who had been transplanted with 

stem cells from a Δ32/Δ32 homozygous CCR5 defective HSPC donor, highlighting the fact 

that viral escape mutations and pre-existing X4 tropic HIVs may be a major limitation to the 

CCR5 inhibition strategies [10]. Therefore, CXCR4 is another potential target for anti-HIV 

gene therapy. In 2003, Anderson et al. targeted CXCR4 using shRNA and protected cells 

against X4 tropic HIV strain, NL4-3 [52]. Genome editing technologies have also been 

applied to CXCR4 gene to achieve resistance to HIV infection. Yuan et al. used ZFN to 

knockout CXCR4 in SupT1 CD4+ T cell line as well as in primary T cells thereby 

successfully inhibiting X4 tropic HIV [53]. In 2015, Schuman et al., as well as Hou et al., 
showed the CRISPR/Cas9 system could knockout CXCR4 in primary CD4+ lymphocytes 

[54,55]. Schuman et al. also showed that they can knock-in a transgene in the CRISPR/Cas9 

disrupted CXCR4 gene locus by providing a single strand template DNA and therefore 

inducing DHR. The results showed an overall of 18 to 22% transgene knock-in [54]. While 

CXCR4 knockdown/out strategy is applicable for protecting mature CD4+ T cells against 

X4 tropic HIV, CXCR4 knockdown/out on HSPC could have deleterious effects on HSPC 

growth, migration, and differentiation into mature functional hematopoietic cells, since 

CXCR4 expression is required for functional CD34+ HSPC migration and quiescence 

[56,57]. Moreover, CXCR4 double knockout in mice is lethal in utero, or at day 1 post-
partum, with embryos presenting bone marrow alteration and severe immune dysfunctions 
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[58–61]. Therefore, CXCR4 knockdown/out strategies should be applied to mature CD4+ T 

cells, but not to HSPC.

 3.1.3 A HIV fusion inhibitor—Another extensively studied an entry step anti-HIV 

gene is C46. C46 is an HIV fusion inhibitor. It was developed from the C-terminal heptad 

repeat of HIV glycoprotein (gp) 41 as an anti-HIV gene. It is analogous to the FDA 

approved soluble peptide drug Enfuvirtide (T20, Fuzeon). C46 has a membrane-anchored 

domain to stably express on cell surface as an anti-HIV gene product. It interacts with the N-

terminal hydrophobic α-helix of HIVgp41, and therefore, interferes with the six-helix 

bundle formation of HIV and subsequent HIV and cell membrane fusion, all the while 

rendering cells resistant to HIV [58,59]. C46 is highly potent for inhibition of both R5 tropic 

and X4 tropic HIV strains in vitro and in vivo humanized mice [59,60]. It has been tested for 

anti-HIV HSPC based gene therapy experiments in non-human primates [61]. A Phase I 

clinical trial, where autologous T-cells were transduced with a retroviral vector expressing 

C46, was infused into patients, with results showing neither gene therapy related adverse 

effects, nor apparent C46 directed immune reaction [62]. Emergence of resistance mutations 

associated with C46 were evident in HIV gp120, the N-terminal and C-terminal heptad-

repeat of gp41 in vitro. These mutations required passaging HIV infected PM-1 T helper cell 

line for nearly 200 days in vitro [63]. Therefore, it is possible that HIV may escape from 

C46, yet, this needs to be examined in vivo animal experiments. To minimize the emergence 

of HIV escape mutations, a dual anti-HIV combinatorial lentiviral vector for C46 CCR5 

shRNA (sh1005) expression has been developed [33,60]. This vector is currently under 

investigation in a Phase I/II anti-HIV HSPC gene therapy clinical trial (NCT01734850, 

NCT02390297).

 3.2 Host restriction factors derived anti-HIV genes

Research efforts have identified a growing number of host restriction factors that can restrict 

HIV infection. Host restriction factors serve as endogenous antiviral systems in host cells 

[64]. They are usually expressed constitutively at low levels and up-regulated upon viral 

infection through interferon response. They target key components of the virions, and 

provide a first line of defense against viruses. While HIV has evolved to escape human host 

restriction factors, some of the human host restriction factors can be genetically modified, 

and restriction factors from other species may provide strong anti-viral response against HIV 

[64].

 3.2.1 Human TRIMCyp / Mutated human TRIM5α—Rhesus macaque TRIM5α and 

owl monkey TRIMCyp have been identified as potent HIV restriction factors. TRIM5α is a 

protein ubiquitously expressed that can bind viral proteins, lead to their ubiquitination, and 

therefore, can direct them to the proteasome degradation pathway. The human TRIM5α does 

not inhibit HIV, and only mildly inhibits HIV-2, while rhesus macaque TRIM5α efficiently 

inhibits HIV, but not SIV. Although these xenogeneic host restriction factors can inhibit HIV, 

they are not suitable for clinical application because of their potential immunogenicity [64]. 

Negau. et. al genetically engineered a human version of TRIMCyp (HuTRIMCyp) [65,66]. 

By replacing the B30.2 domain by CypA, HuTRIMCyp is able to efficiently bind HIV 

capsid and block HIV infection shortly after cell entry [64–66]. Lentiviral vector delivery 
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and expression of HuTRIMCyp could potently inhibit HIV including primary HIV isolates 

in primary CD4+ T-cells and macrophages as effectively, and in some cases better than 

rhesus TRIM5α in vitro. This could potentially be due to the higher capsid binding affinity 

of the Cyp domain in HuTRIMCyp. In vivo adoptive transfer of HuTRIMCyp transduced 

human CD4+ T lymphocytes lowered viral load in Rag2−/−cγ−/− immunodeficiency mice. 

Therefore, among the restriction factors, HuTRIMCyp best fits the criteria to use as an anti-

HIV gene therapeutic. Intriguingly, generation of transgenic cats using a lentiviral vector 

demonstrated uniform rhesus macaque (human was not tested) TRIMCyp transgene 

expression without apparent health issues. TRIMCyp transgenic cat lymphocytes resisted 

feline immunodeficiency virus replication. These results further support the potential of 

TRIMCyp transgene as an anti-HIV gene reagent. Alternatively, human TRIM5α has been 

engineered to inhibit HIV. Yap et al showed that a single point mutation in the SPRY domain 

R332P could enable HIV capsid protein binding and efficiently restrict HIV [67]. Recently, 

Jung et al. demonstrated that lymphocytes expressing an engineered human TRIMα 5332G-

R335G efficiently restricted HIV, including an extremely divergent HIV, such as O group 

strain [68].

 3.3 2LTRZFP to inhibit HIV integration

HIV integrates into host DNA genome to stably reside in infected cells as a provirus. 

Inhibition of HIV infection prior to this step is critical to prevent establishment of chronic 

HIV infection. Sakkhachornphop et al demonstrated that 2LTRZFP-GFP, an anti-HIV zinc 

finger protein (ZFP) fused to GFP moiety, targets and binds to the 2-long terminal repeat (2-

LTR) in the pre-integration complex, prior to genome integration, with nanomolar affinity 

[69]. They used a third-generation lentiviral vector and an expression plasmid DNA to 

deliver the 2LTRZFP-GFP transgene into various cell lines and showed that expression of 

2LTRZFP-GFP decreased the genome integration of an HIV based lentiviral vector in HEK 

293T cells by 50 percent. They also showed that there was more than 100-fold decrease in 

HIV capsid p24 protein production in HIV challenged SupT1 cells due to 2LTRZFP-GFP 

expression, suggesting that the 2LTRZFN-GFP transgene interferes with the integration 

activity of HIV. In addition, the molecular activity of 2LTRZFP-GFP was evaluated in 

peripheral blood mononuclear cells, where they also confirmed HIV integration interference 

by 2LTRZFP-GFP. They confirmed that the 2LTRZFP-GFP has potential for use in HIV 

gene therapy in the future [69].

 3.4 Anti-HIV genes to inhibit later steps of HIV life cycle

CCR5 or CXCR4 gene inhibitors, C46, huTRIMCyp/TRIM5α and 2LTRZFP-GFP are 

designed to inhibit HIV and to protect cells from stable HIV integration into host cell 

genome. Although halting HIV infection at early steps before integration is important, 

complete reliance on early step inhibitors may not be enough to achieve stable control of 

HIV disease, since early step inhibitors may not be 100% effective as cells that still become 

infected will produce HIV. Development of anti HIV genes capable of inhibiting HIV at later 

steps after integration into host cell genome is important to inhibit HIV that are able to get 

around early inhibition.
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 3.4.1 Targeting the Provirus—In 2007, Hauber et al. pioneered a new strategy for 

HIV treatment that required the provirus to be excised from the host DNA [70]. They created 

a HIV specific Tre recombinase (HIV LTR-specific recombinase) from the Cre (Causes 

Recombination) recombinase to modify its specificity from loxP site to HIV LTR and 

recognizes an asymmetric sequence within an HIV LTR. They recently show that the Tre 

recombinase could excise patient derived HIV provirus from the genome of cell line as well 

as primary cells [70,71]. Qu et al. developed a ZFN to excise integrated HIV provirus. They 

infected Jurkat T cells with HIV strain NL4-3 expressing EGFP (NL4-3-EGFP). EGFP 

positive cells were then sorted and nucleofected with a construct expressing a ZFN targeting 

the HIV LTR. Three days post nucleofection, they analyzed the genome of the Jurkat cells 

and detected excised proviruses. They also showed that ZFN could excise provirus from 

latently infected primary T cells [72]. Ebina et al. have used a CRISPR/Cas9 system to 

excise latent HIV provirus DNA by developing guide RNAs targeting the HIV LTRs [73]. 

They demonstrated that transfection of the LTR directed CRISPR/Cas9 system into latently 

infected Jurkat cells resulted in 30% of the cells losing their provirus. Similarly, Ebina et al. 
used TALEN excised integrated HIV provirus in latently infected Jurkat cells as well as in 

latently infected primary T cells. Their results showed 53% of the provirus excised in Jurkat 

cells. However, when they replicated the experiment with primary PBMC, they did not see 

any provirus excision or indels in the HIV LTR region [74]. While CRISPR/Cas9 technology 

has been shown to efficiently inhibit HIV, the NHEJ associated with it enhances the risk of 

emergence of escape mutants [75]. Alternatively, CRISPR/Cas9 system can be developed to 

reactivate the provirus in order to purge the HIV reservoir. Zhang et al. combined a 

transcription activator with a catalytically deficient Cas9 fused with the synergistic 

activation mediator. Taking advantage of its ability to bind a HIV LTR gRNA, they 

successfully reactivated the provirus in latently infected cell lines [76]. Similar results were 

obtained by Saayman et al. and by Limsirichi et al using a deficient Cas9 fused to VP64 

transactivation domain [77,78]. While targeting proviruses with anti-HIV genes shows 

efficient HIV inhibition, it is important to develop a highly efficient gene delivery system to 

achieve nearly 100% anti-HIV gene transduction in order to achieve an HIV cure.

 3.5 Anti-HIV genes to inhibit HIV gene expression

 3.5.1 HIV tat and transactivation response element (TAR) inhibitors—HIV Tat 

is an HIV transcriptional activator. Tat interacts with the transactivation response element 

(TAR) in HIV RNA transcripts and promotes the initiation of the viral gene expression and 

the elongation of HIV transcripts. Lee et al. developed a small interfering RNA directed to 

tat to inhibit HIV transcription and demonstrated HIV inhibition in tat shRNA transduced 

macrophages [79]. More recently, Strong et al. used a TALEN that specifically disrupted the 

highly conserved sequence in the HIV TAR domain. They measured TAR-TALEN efficiency 

by transfecting an expressing plasmid into HeLa-tat-III/LTR/d1EGFP, a cell line that stably 

expressed the EGFP under the control of HIV LTR. Their results showed a reduction of 55 

to 60% of EGFP cells. They also showed that they could damage up to 22% of the provirus 

integrated in the HeLa/LAV cell line [80]. A TAR decoy was also developed by Li et al to 

inhibit Tat/TAR interaction [22]. Finally, Meredith et al used a Tat negative transdominant 

named Nullbasic to successfully inhibit HIV. Nullbasic is a Tat mutant in which all the 
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arginine-rich domains have been replaced by glycine or alanine. Nullbasic inhibits unspliced 

as well as single spliced viral mRNA, in addition to HIV Rev [81].

 3.6 Anti-HIV gene combinations

The success of HAART has highlighted the necessity to develop strategies that combine 

multiple anti-HIV genes to effectively suppress HIV and prevent resistant HIV escape 

mutants. The multi-target approach might also be a key element to a successful gene therapy 

strategy as in a recent clinical case, it was reported that though a CCR5 Δ32/Δ32 HSPC 

donor transplanted patient was resistant to CCR5 tropic HIV, it led to the rapid emergence of 

CXCR4 tropic HIV [10]. This case highlighted the importance of anti-HIV gene 

combinatorial strategies in HSPC gene therapy. Dr. Berkhout's group has extensively studied 

the emergence of escape mutant in cells engineered to express various shRNA targeting HIV 

mRNA [82–85]. Ter Brake et al. tested 4 different shRNA targeting gag, pol, or tat/rev and 

their results show that the combination of the 4 shRNA provided potent HIV inhibition. 

Moreover, in a mix population of engineered and non-engineered cells, HIV escape mutants 

could be detected if one shRNA was used to protect cells, however no escape mutants could 

be detected if three (or more) different shRNAs were combined [83]. Anderson et al. 

developed a triple combination of anti-HIV gene HSPC gene therapy strategy using three 

RNA based anti-HIV genes. Not only did they use an shRNA targeting tat and rev mRNA, 

but also in order to tackle tat more efficiently, they co-express a transactivation response 

(TAR) decoy that sequesters Tat from binding to TAR [22,86]. They combined this two anti-

HIV gene with a ribozyme targeting CCR5 to create a single lentiviral vector (called Triple-

R). Triple-R was then used to transduce CD34+ cells, which were then immediately injected 

into the thymic graft, so as to reconstitute humanized SCID mice [86]]. This triple anti-HIV 

gene therapy strategy has also been evaluated in a Phase I/II clinical trial [87]]. In 2012, 

Walker et al. combined an shRNA targeting CCR5, a human-rhesus macaque chimeric 

TRIM5α, and a TAR decoy into a lentiviral vector [88]. This vector was used to transduce 

CD34+ HSPC, which were then engrafted into humanized mice (see section 5.1). Ringpis et 

al. co-expressed sh1005 and an shRNA targeting the HIV LTR (sh516) from a lentiviral 

vector [32]]. A combination of the two shRNAs inhibited HIV replication by a factor of 6.9 

times less expression. They also showed that vector-transduced PBMC express marker genes 

similarly to control vector transduced PBMC and do not alter viability. Importantly, they 

showed that mobilized peripheral blood CD34+ HSPC transduced with this vector 

maintained shRNA expression in vitro without altering their differentiation potential. 

Wolstein et al. published a combination of sh1005 and C46 in a lentiviral vector. Vector 

transduced MOLT4/CCR5 and primary PBMC were resistant to both X4 and R5 tropic 

HIVs. (NL4-3 and BaL, respectively) [33]. The same vector combining sh1005 and C46 was 

then used to modify CD34+ HSPC and successfully reconstitute humanized BLT mice that 

supported multilineage human hematopoietic reconstitution. HIV viral load was inhibited 

after HIV challenge in the reconstituted BLT mice [60]]. In order to block the entry of both 

X4 and R5 tropic HIV, Didigu et al. simultaneously knocked-out genes for both CCR5 and 

CXCR4 co-receptors using ZFNs delivered by Adenovirus vector in SupT1 cell lines as well 

as in primary human CD4+ T cells [89]]. While an efficient disruption of both genes 

occurred in 9% of the SupT1 cells, the disruption of CCR5 or CXCR4 was observed in 20% 

of the primary CD4+ T cells. They also demonstrated that ZFN treatment of SupT1 cells, as 
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well as, primary CD4+ T lymphocytes resulted in these cells having a survival advantage 

after HIV challenge in vitro.

 4 Anti HIV gene delivery system for anti-HIV HSPC gene therapy

Successful treatment of HIV/AIDS by anti-HIV HSPC gene therapy requires an efficient and 

safe gene delivery system for anti-HIV HSPC. Various gene delivery vector systems have 

been developed for anti HIV gene delivery [90]. Among them, lentiviral vectors (LV) are 

versatile in delivering single or multiple anti-HIV genes from a single vector. Lentiviral 

vectors (LV) are versatile in delivering single or multiple anti-HIV genes from a single 

vector. Because LV integrates into host cell genome, stable anti-HIV transgene expression 

can be achieved from a genome integrated LV. LV can infect dividing cells as well as non-

dividing cells including CD34+ HSPC [91]]. LV pseudotyped with vesicular stomatitis virus 

glycoprotein G (VSV-G) can transduce many cell types [92], including CD34+ HSPC 

[90,91] with high titer vector stocks [94]. VSV-G pseudotyped LVs have been mainly used 

for ex vivo HSPC gene delivery. LV has been used in clinical trials for several diseases 

[69,82–85], including X-linked adrenoleuko-dystrophy [[95], metachromatic leukodystrophy 

and Wiskott-Aldrich syndrome [96,97]), and X-linked severe combined immunodeficiency, 

and the Fanconi anemia [98]. Lentiviral vector delivery of β-globulin transgene through 

HSPC has provided a therapeutic effect to a β-thalassemia patient. However, vector 

integration analysis indicated an unexpected clonal expansion of treated cells in this case. In 

the field of the HIV research, LV have been extensively utilized for the delivery of anti-HIV 

genes that require stable expression for efficient HIV inhibition, such as CCR5 shRNA 

[28,79,99], LTR RNA [[28,32]], tat/rev shRNA, TRIM5α mutant, CCR5 ribozyme, TAR 

decoy [[22,79,86], C46 [[60]], or combinations of these genes. Anti-HIV genes transduced 

through HSPC have been stably expressed in vitro [[22,33,100]], in vivo animal models 

[[28,32,99]]. Although lentiviral vectors have been the first choice for anti-HIV HSPC gene 

delivery to CD34+ HSPC for a long term stable expression of anti-HIV genes. Recently 

developed genome editing technologies (ZFN, TALENs, CRISPR/Cas9) utilize a variety of 

gene delivery systems. These genome editing technologies only require transient transgene 

expression to induce double strand DNA breaks and NHEJ mediated DNA repair, 

subsequently introducing indels and gene knockout. It is also important to optimize the 

duration of the genome editing transgene expression for maximum specificity and limiting 

off target effects and toxicity. Therefore, the delivery of genome editing strategies for anti-

HIV HSPC gene therapy has been achieved by transfection, nanoparticles, adenoviral vector, 

adeno-associated based vector or non-integrating LV vector systems. Ye at al. have 

successfully transfected TALENs and CRISPR/CAS system to thrombopoietin (TPO), stem 

cell factor (SCF), and FMS-like tyrosine kinase 3 ligand (Flt-3L) stimulated iPSC using 

electroporation. Their results show a successful disruption of both CCR5 alleles in 33% of 

the colonies [48]]. In addition, as previously mentioned, Wang et al have successfully 

transfected CD34+ cells with a mRNA coding a ZFN targeting CCR5 [[39]. Recently, 

several nanoparticle-based gene delivery systems have been developed for anti HIV gene 

therapies. Several nanoparticles systems have been used for anti–HIV gene delivery in 

CD34+ HSPC. Several research teams have engineered “vaults” as delivery systems. Vaults 

are naturally occuring ovoid ribonucleoprotein nanocapsules present ubiquitously in 

Pernet et al. Page 12

Adv Drug Deliv Rev. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



eukaryotic cells. Their size usually varies between 40–70 nM and weight 10–15MDa. 

Interestingly, they are stable and non-immunogenic [101,102]. Modified vaults have been 

used to deliver cDNA [103] or protein [102] into cells. Nanoparticles have been also 

developed as an anti-HIV gene delivery system. Lipid nanoparticles are biomimetic 50–

200nM nano vectors that can deliver lipophilic complex [103] or RNAi [83]. Polymer 

nanocapsules build a polymer cage that can integrate a protein cross-linker degradable by 

hydrolyzation or by specific enzyme [104]. This approach has recently been used to deliver 

silencing RNA (siRNA) targeting CCR5 to mobilized CD34+ cells. Depending on the cross-

linker ratio, the authors reported up 99% transduction efficiency in cytokine mobilized 

human CD34+ cells cultured in SCF, TPO, and Flt-3 medium. They also successfully used 

these nanocapsules to transfer a gRNA that is able to excise HIV provirus from CEM-T-cell, 

the Cas9 cDNA being delivered through polyethyleneimine/

dioleoylphosphatidylethanolamine (PEI-PE) transfection [104]. Adenovirus (AdV) has 

several advantages over other means of transduction: they can carry therapeutic gene DNA 

as large as 35kb (compared to 10kb for lentiviral system), they can be grown at high titer, 

and they can infect non-dividing cells. Moreover, they can be engineered to become helper-

dependent ('gutless' AdVs) and, therefore, are safe for in-patient use.

Adenovirus also exist in several serotype that can be use to infect different cell types. 

However, AdV are not efficient in infecting HSPC. In order to optimize this system for 

HSPC, Shayakhmetov et al. created a chimeric AdV5 based vector with AdV35 fibers that 

can infect TPO, SCF and IL-3 stimulated enriched bone marrow CD34+ cells with an 

efficiency of 54% [[105]]. Chimeric AdV5/35 have been used to successfully deliver a ZFN 

targeting CCR5 to HSPC. In 2013, Li et al. showed that pretreatment with PKC increased by 

more than 25% CCR5 disruption in HSPC isolated from granulocyte-CSF–mobilized 

peripheral blood [106]]. They also showed that HSPC modified with their protocol could 

engraft on humanized mice and support multilineage differentiation. Recently, Saydaminova 

et al. also added a miR-183-5p and miR-218-5p based regulation to their AdV5/35 for their 

CCR5-ZFN transgene and efficiently transduced HSPC [37] as described in the Zinc Finger 

Nuclease section (3.1.1.3) of this review. Adeno-Associated Virus (AAV) vector with capsid 

from serotype 6 (AAV6) and 9 (AAV9) have been used to CD34+ HSPC transduction 

[39,107]. Wang et al. used AAV6 vectors to transduce knock-in template carrying EGFP 

expression cassette into HSPC. They inserted GFP into the CCR5 locus at a mean frequency 

of 17% in mobilized peripheral blood CD34+ cells cultured in medium supplemented with 

SCF, TPO, IL-6, and Flt-3. They obtained similar results (19%) with fetal liver CD34+ [39]. 

Smith et al. showed that AAV are naturally present in HSPC from blood donors 

(AAVHSPC). Most of these AAVHSPC are related to AAV9 and belong the Clade F. They 

also showed that these AAV have potential as a base for vectors targeting CD34+ cells and 

transgene expression [107]

 5 In vivo investigation of anti-HIV gene HSPC therapy

Investigations of anti-HIV gene HSPC therapy in animal model have provided critical 

information for the engraftment of anti-HIV gene modified HSPC, reconstitution of anti-

HIV hematopoietic system and HIV inhibition in vivo. Humanized mouse models are ideal 

to test anti-HIV gene therapy strategies using human HSPC to validate the use of therapeutic 
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vectors prior to large animals and human clinical trials. In these xenotransplantation mouse 

models, newly generated anti-HIV genes and delivery vectors can be rigorously investigated 

on their efficiency and safety of vector-mediated HSPC transduction, simultaneous 

expression of anti-HIV gene products, extent of multilineage hematopoietic differentiation 

of transduced cells, selective protection against HIV infection, and ability to stably control 

HIV replication in vivo in small animal model settings.

 5.1 In vivo investigations of anti-HIV HSPC gene therapy

strategies in humanized mouse models Anti-HIV HSPC based gene therapy strategies have 

been examined in vivo in several different humanized mouse models. Humanized mice have 

been extensively developed whereby some elements of the human immune system have been 

reconstituted in severe combined immune deficiency (SCID) mice, such as human CD34+ 

cell injected Rag2−/− γc−/−, or NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mouse models. 

Anti-HIV gene modified CD34+ cells were transplanted into irradiated neonatal mice, 

successfully engrafted in mice and reconstituted anti-HIV gene expressing multilineage cells 

in these mice. In 2010, Holt et al. published a study in which they optimized the delivery of 

CCR5-specific ZFNs to human umbilical cord blood derived CD34+ HSPCs and 

transplanted the modified cells into NSG mice, as NSG mice support both human 

hematopoiesis and HIV infection [36]. They observed that transplantation of ZFN-modified 

human CD34+ HSPC led to multilineage hematopoietic differentiated cells with CCR5 

disruption of 5–7% in humanized mice. Moreover, upon secondary transplantation, all 

animals had engrafted and human cells in the blood of the secondary transplanted mice had 

levels of CCR5 disruption that exceeded the level in the original donor marrow (12–20%). 

Furthermore, infection of the mice with a CCR5-tropic HIV Bal led to rapid selection for 

CCR5 negative human cells, a significant reduction in viral load and protection of human T-

cell populations from HIV infection [36]. Using the same CCR5-ZFN as Holt and 

coworkers, in 2015, Saydaminova et al. modified PBMC derived CD34+ HSPCs and were 

able to achieve up to 12% CCR5 gene disruption in gene modified cells in bone marrow 

transplanted NOD/Shi-scid/IL-2Rγnull (NOG) mice. However, ZFN expression negatively 

affected transduced CD34+ cell survival rate, engraftment rate and expansion of transduced 

CD34+ cells as compared to the untransduced HSPC. They speculated that this negative 

effect could be related to ZFN expression over extended periods of time, thereby causing 

potential cytotoxicity [37]]. More recently, the same group has been conducting preclinical 

studies to evaluate the safety and efficacy of an anti-HIV gene therapy based on CCR5-

targeted ZFNs to disrupt the CCR5 gene in mobilized peripheral blood derived HSPCs in a 

humanized mouse model. They found that intravenous injection of mobilized blood HSPC 

into adult NSG mice after myeloablation using irradiation gave engraftment level 

approaching 100% and lasted for more than 6 months. They also determined that pretreating 

the HSPC with protein kinase C activators increased CCR5 distribution rates to >25%, while 

still supporting the engraftment of adult NSG mice [108]. Also based on the results by Holt 

and coworkers, Li et al. published a study in 2013 in which they evaluated disruption of 

CCR5 gene expression in HSPCs isolated from granulocyte colony-stimulating factor (CSF) 

mobilized adult blood using a recombinant adenoviral vector encoding a CCR5-specific pair 

ZFN [106]. They demonstrated that CCR5-ZFN RNA and protein expression from the 

adenoviral vector is enhanced by pretreatment of HSPC with protein kinase C (PKC) 
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activators, thereby resulting in >99% gene-modified cells and >25% CCR5 gene disruption, 

due to the activation of the MEK/ERK signaling pathway. Furthermore, by using an 

optimized dose of PKC activator and adenoviral vector they were able to generate CCR5-

modified HSPCs, which successfully engrafted in a humanized NSG mouse model, although 

at a low level, to support multilineage differentiation in vivo. Also, HIV challenge of these 

mice successfully reconstituted with CCR5-ZFN–treated HSPC resulted in greater level of 

CCR5 disruption in both CD4+ T-cells and CD8+ T-cells [106]. Li et al had previously 

reported the use of a combinatorial vector co-expressing a tat/rev siRNA, a nucleolar TAR 

RNA decoy, and a CCR5-targeting ribozyme from independent RNA Polymerase III 

promoters to ensure persistent antiviral transgene expression in all hematopoietic cells [22]]. 

They conducted a pilot clinical trial in four AIDS patients undergoing therapy and HSPC 

transplantation for lymphoma where a portion of the HSPCs was modified with this 

combinatorial vector. They observed rapid engraftment of gene-modified cells, persistent 

multilineage transgene expression with no serious adverse events, demonstrating that the 

treatment was safe feasible and long lasting [[87]]. However, the frequency of gene marking 

in peripheral blood mononuclear cells ranged from 0.02 to 0.32% and was extremely low to 

clinically assess antiviral efficacy.

To overcome this hurdle, Chung et al developed an O(6)-methylguanine-DNA-

methyltransferase- P(140)K mutant (MGMT-P140K) expressing combinatorial lentiviral 

vector using the minichromosome maintenance complex component 7 (MCM7) platform 

that allowed simultaneous expression of three antiviral RNAs in a micro RNA cassette from 

a single Pol II U1 promoter, eliminating the need for multiple promoters and thereby 

reducing chances of vector toxicity [1]. HSPCs were transduced with an MGMT-P140K 

expressing vector and used to transplant immunodeficient NSG mice and the mice were 

treated with bis-chloroethylnitrosourea (BCNU) and O(6)-benzylguanine (O6-BG). They 

demonstrated that though engraftment of the bone marrow and spleen with human (CD45+) 

cells was significantly reduced in treated animal relative to the control mice, the frequency 

of transduced CD45+ cells in the bone marrow and spleen was enriched 10- to 15-fold in the 

treated populations as compared to the control mice. These data demonstrates that selective 

enrichment of HIV-target cells occurred in vivo [1]. In a recent study by Myburgh et al., they 

reported a novel microRNA (miRNA)-based gene knockdown strategy that used a triple-

hairpin cassette targeting CCR5 resulting in >90% CCR5 knockdown in HeLa cell line [99]. 

Furthermore, they assessed whether genetically modified CD34+ HSPC with this lentiviral 

vector construct results in down-regulation of CCR5 in progeny cells in humanized NSG 

mice and whether it could protect against HIV challenge ex vivo as well as in vivo. 

Humanized NSG mice were transplanted with transduced CD34+ human HSPCs and were 

called FACS-sorted R5 knockdown mice. The FACS-sorted R5 knockdown mice had 

markedly lower viral loads than the FACS-sorted negative mice and control mice over 28 

weeks. Moreover, CD4+ T cells from the FACS-sorted negative mice decreased steadily 

upon infection (day 0, 55%; day 134, 20%) whereas, the FACS-sorted R5 knockdown mice 

showed an increase in CD4+ T cells (day 0, 33%; day 196, 65%). Therefore, transplantation 

of transduced CD34+ HSPC produced mice with high levels of genetically modified CCR5 

knockdown CD4+ T cells in vivo, thereby resulting in long-term inhibition of HIV 

replication in vivo and persistence of HIV target cells in the mice [99]]. Wang et al. 
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transduced fetal liver CD34+ cells with CCR5-GFP AAV6 vector followed by transfection 

with CCR5 ZFN mRNA [39]. They then engrafted the modified CD34+ cells into neonatal 

NSG mice and monitored them over 16 weeks. Analysis of peripheral blood bone marrow 

and spleen at various time points revealed robust development of human CD45+ cells at 

higher levels compared to the mice that received untreated control HSPCs. Moreover, they 

reported that the treated HSPCs were capable of multilineage differentiation. They also 

examined the levels of genome editing in the human cells that developed in the mice over 

time. Using flow cytometry for cells from the CCR5-GFP mice, Wang et al. also examined 

the levels of genome editing in cells in both the circulation and tissues. They found 

significant levels of genome editing in CD45+ population as well as several lineages. Using 

In-out PCR, they also confirmed the site-specific GFP insertion at the CCR5 locus in the 

blood and tissues of individual mice from the CCR5-GFP-ZFN group. Furthermore, Wang et 

al. evaluated the ability of the genome-edited HSPCs to persist after secondary 

transplantations using bone marrow harvested from the CCR5-GFP-ZFN mice. The bone 

marrow of the secondary transplant NSG recipients was then analyzed at 20 weeks post 

secondary transplant and revealed that the HSPCs had frequencies of genome editing that 

were at similar or higher levels when compared to the bone marrow samples from the 

primary donors [[39]]. In 2008, ter Brake et al. demonstrated that multiple shRNA could be 

efficiently expressed in a single lentiviral vector, if expression is driven be a different 

promoter for each shRNA. They combined three anti-HIV shRNAs, each specifically 

targeting a highly conserved region of [[83]]. In addition to being able to assess the potency 

of anti-HIV genes in humanized mouse models, these models are also valuable and are 

sensitive preclinical tools to evaluate the hematopoietic safety of gene therapy strategies. In 

2013, Centlivre et al. evaluated the preclinical safety of four anti-HIV shRNA candidates 

targeting the viral capside, integrase, protease and tat/rev open-reading frames among all 

HIV subtypes in human HSPCs [84]. They reported that out of the four shRNA candidates, a 

single shRNA targeting Gag gene exhibited a negative impact on the development of human 

hematopoietic cells. They demonstrated the safety of the shRNAs targeting the Polymerase 

and Tat/Rev genes, as they did not affect the in vivo development of the human immune 

system. Furthermore, when these three shRNAs were combined into a single lentiviral vector 

(R3A), simultaneous expression of these three shRNAs did not affect the in vivo 
multilineage differentiation of HSPCs. Finally, they also showed that the shRNA transduced 

CD4+ T cells were resistant to HIV infection. Their results suggested that combinatorial 

shRNA treatment not only exhibits additive HIV inhibition but could also prevent the 

selection of escape virus variants [84]]. In a study published in 2012 by Walker et al., they 

carried out an in vivo evaluation of a combination anti-HIV lentiviral vector in humanized 

NOD-RAG1−/− IL2rγ−/− knockout (NRG) mice [88]. This combination vector contained a 

human/rhesus macaque TRIM5 isoform, a CCR5 shRNA, and a TAR decoy. Upon 

transplantation with anti-HIV lentiviral vector-transduced human cord blood derived CD34+ 

HSPCs, Walker et al. observed 17.5% engraftment of modified cells as well as multilineage 

hematopoiesis in the peripheral blood and in various lymphoid organs of engrafted 

humanized NRG mice. Furthermore, Anti-HIV vector-transduced CD34+ HSPC displayed 

normal development of various immune cells, including T cells, B cells, and macrophages. 

The anti-HIV vector-transduced cells also displayed knockdown of cell surface CCR5 

(7.4%) due to the expression of the CCR5 shRNA, whereas in the untransduced cells, the 
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CCR5 expression was 46%. After in vivo challenge with either an R5-tropic or X4-tropic 

strains of HIV, maintenance of human CD4+ cell levels and a selective survival advantage of 

anti-HIV gene-modified cells were observed in engrafted mice [[88]. In a proof-of-concept 

study by Kalomoiris et al., the in vitro safety and improved efficacy of HSPC gene therapy 

was demonstrated by using a triple combination, pre-selective, anti-HIV vector that 

incorporated a selectable marker, human CD25, which is expressed on the surface of 

transduced cells [109]. This was done to avoid rejection of transduced cells and allow for the 

purification of vector-transduced cells prior to transplantation. Human CD25 is a low affinity 

IL-2 receptor alpha subunit, and is not expressed on the surface of HSPCs or within HSPCs, 

with no direct intracellular signaling. Upon expressing a mutated/truncated form of human 

CD25 on the surface of HSPCs and purification of the transduced cells, safety of the 

enriched population of anti-HIV vector-transduced HSPCs was observed along with potent 

HIV inhibition. They were able to obtain a highly enriched (94.2%) population of HIV 

resistant HSPC for transplantation [109]. In a follow-up study, the same group evaluated the 

in vivo safety and efficacy of the tCD25 pre-selective combination anti-HIV lentiviral vector 

in umbilical cord derived human HSPCs and their immune cell subsets in NRG mice. In vivo 
safety, engraftment, stable chimerism, and multilineage hematopoiesis was successfully 

observed when the tCD25 pre-selective combination anti-HIV lentiviral vector transduced 

HSPCs were transplanted into NRG mice [110].

 5.2 In vivo investigations of anti-HIV HSPC gene therapy strategies in humanized 
marrow/liver/thymus (BLT) transplanted mouse model

Humanized BLT mouse model allows us to investigate genetically engineered human HSPC 

reconstitution in vivo in bone marrow, the human thymus-like organoid (thy/liv), and 

secondary lymphoid organs, including the gut, the major site of HIV replication [111]. 

Human T-lineage lymphocyte reconstitution is robust in BLT mice because of the co-

transplantation of human fetal thymus and liver that creates thymus like organoid (thy/liv) 

under the kidney capsule and CD34+ HSPC. The human immune cells within this BLT 

mouse model are susceptible to infection by HIV, making this mouse model an ideal basis to 

investigate the potential for genetically engineered HSPC to resist HIV infection. We are the 

first group to use BLT mice to test HSPC-based gene therapy strategies using an shRNA 

against CCR5 [30]. Shimizu et al. utilized the humanized BLT murine model to perform in 
vivo experiments in which they transduced fetal liver derived CD34+ HSPCs with a 

lentiviral vector carrying shRNA targeting CCR5 coreceptor (sh1005). They successfully 

showed that effective down-regulation of HIV co-receptor CCR5 protected mouse-derived 

human splenocytes, ex vivo [30], and CD4+ T cells, in vivo, [31] from CCR5 tropic HIV 

infection. Conversion of HIV tropism to CXCR4 was not evident in their experimental 

setting. In 2012, Ringpis et al. published a study in which they co-expressed sh1005 and a 

shRNA targeting the HIV LTR (sh516) from a single lentiviral vector [32]. They transduced 

CD34+ HSPC with the dual shRNA vector and transplanted humanized BLT mice with the 

modified cells. Twelve weeks post engraftment, they evaluated the reconstitution in the 

humanized BLT mice and observed that the modified CD45+ cells represented 20 to 80% of 

peripheral blood cells. Moreover, they observed modified CD45+ cells in bone marrow, 

spleen and GALT as well, suggesting that dual sh1005/sh516-transduced HSPCs could 

successfully engraft and differentiate into human T-cells in peripheral blood and systemic 
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lymphoid organs. They also showed up to 7.5% CCR5 down-regulation in various tissues. 

Moreover, they demonstrated that the dual shRNA modified HSPCs were resistant to both 

R5 tropic and X4 tropic HIV infection [32]. Burke et al. recently published a study in which 

they assessed the efficacy of the LVsh5/C46 dual vector in vivo. They transduced human-

fetal liver derived CD34+ HSPCs with the dual lentiviral vector, and transplanted the 

modified cells into NSG mice to generate humanized BLT mice [60]. They observed that 

both LVsh5/C46-transduced CD34+ HSPC and non-modified CD34+ HSPC both displayed 

robust engraftment of human CD45+ cells in vivo, with modified cells showing 78% 

engraftment, with control cells showing 87% engraftment. They also reported that not only 

do LVsh5/C46-modified CD34+ HSPCs efficiently engraft in vivo, but they also undergo 

multilineage hematopoietic development, including CD4+ T-cell differentiation in peripheral 

blood as various lymphoid tissues. Moreover, these genetically modified cells could persist 

in the mice for over six months. Finally, they demonstrated that LVsh5/C46 vector-

transduced human CD34+ HSPC can efficiently down-regulate CCR5 expression in human 

CD4+ T lymphocytes in multiple lymphoid tissues and engineer cellular resistance to both 

R5-tropic and X4-tropic HIV infection [60]. Chimeric antigen receptors (CARs) redirect T 

cells toward malignancies and have become a much talked about method of treatment, 

representing a broad-based approach of engineering. One prototype CAR for treating HIV 

infection is the CD4ζ chimeric antigen receptor (CD4ζ CAR). The CD4ζ CAR molecule is a 

hybrid molecule consisting of the extracellular and transmembrane domains of the human 

CD4 molecule fused to the signaling domain of the CD3 complex ζ-chain. Thus, when CD4 

recognizes and engages HIV gp120 envelope protein on HIV infected cells, the CAR-

modified cell is triggered and activated via ζ-chain signaling. CD4ζ CAR-modified T cells 

were reported to inhibit viral replication and kill HIV-infected cells in vitro. Recently, Zhen 

et al. explored the ability of CD4ζ CAR to allow gene-modified HSPCs to produce 

multilineage immune cells that target HIV infection in vivo using the humanized BLT mouse 

model [112]. Furthermore, to protect the gene modified cells from HIV infection, they 

combined CD4ζ CAR with efficient anti-HIV reagents (CCR5shRNA/sh516/CD4ζ CAR; 

Triple CAR). They demonstrated that the cells carrying the Triple CAR could elicit HIV-

specific T-cell responses following antigen encounter. Moreover, the genetic modification of 

HSPCs with a lentiviral vector containing the Triple CAR can result in the multilineage 

reconstitution of HIV-specific cells that are protected from infection, and can lower viral 

loads in vivo following HIV challenge [112].

All of HIV challenge experiments were performed in already reconstituted humanized mice 

with anti-HIV gene modified cells.

 5.3 In vivo investigations of anti-HIV HSPC gene therapy strategies in non human 
primates

To translate an HIV/AIDS gene therapy to the clinic, it is important to determine if 

hematopoietic repopulating stem cells transduced with proposed anti-HIV vectors can 

efficiently expand and also engraft in an animal model that closely mimic human 

transplantation in a large animal model setting, such as non-human primates, in order to 

translate the findings rapidly to a clinical setting. In 2007, An et al. published a study in 

which they examined the rhesus macaque adapted CCR5-shRNA (sh1005) in non-human 
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primates by lentiviral vector transduction of mobilized peripheral blood CD34+ HSPC and 

transplant. An et al. carried out a single mismatched nucleotide mutation in the human 

sh1005 sequence to match the rhesus macaques CCR5 target sequence, and showed that 

there was stable engraftment of the modified HSPCs, multilineage hematopoietic 

differentiation, as well as stable down-regulation of rhesus macaque CCR5 expression. 

Furthermore, rhesus macaque sh1005 modified CD4+ T cells were resistant to simian 

immunodeficiency virus (SIV) infection ex vivo [28]. Kim et al. investigated properties of a 

large number of heterogeneous clones following the four rhesus macaques that underwent a 

sh1005-modified CD34+ cell transplant, and evaluated how long-term and stable 

hematopoietic reconstitution was achieved through the combined contributions of thousands 

of clones [113]. Even though there are variations in HSPC utilization over months or years, 

total gene marking remained relatively constant for over ten years in these non-human 

primates. Also, normal repopulation of myeloid and lymphoid cell lineages was maintained 

by a few stable clones that had a relatively balanced multilineage output. The results suggest 

tremendous diversity, as well as intricate control of HSPC repopulation. These sh1005 

transduced macaque hematopoietic cells were examined for clonal tracking analysis using 

lentiviral vector integration sites [113]. Their results demonstrate that vector integration sites 

were random for more than twelve years, indicating polyclonal multilineage differentiation 

of vector transduced HSPC in vivo. In 2009, Trobridge et al. evaluated HSPC gene transfer 

of an anti-HIV lentiviral vector carrying an HIV fusion inhibitor (C46) in the pigtailed 

macaque (Macaca nemestrina) model [61]. The lentiviral vectors inhibited both HIV and 

simian immunodeficiency virus (SIV)/HIV (SHIV) chimera virus infection, and also 

expressed MGMT-P140K transgene to select gene-modified cells. Following transplantation 

and MGMT-mediated selection of transduced CD34+ cells derived from bone marrow, they 

demonstrated transgene expression in over 7% of stem-cell derived lymphocytes, which 

enabled them to demonstrate protection from SHIV in lymphocytes derived from gene-

modified macaque, long-term repopulating cells that expressed C46. On secondary 

transplantation, they observed a significant 4-fold increase of gene-modified cells after 

challenge of lymphocytes from one macaque that received HSPCs transduced with an anti-

HIV vector (p<0.02). All vectors that were used were HIV-based and therefore, could 

efficiently transduce human cells. Moreover, the transgenes that Trobridge et al. used were 

also found in SHIV, therefore their findings could be rapidly translated to the clinical setting 

[61]. Furthermore, in 2013, Younan et al. incorporated the fusion inhibitor C46 and a 

chemoresistant transgene MGMT-P140K into HSPCs, and these were then transplanted into 

pigtail macaques followed by treatment with chemotherapeutic agents to select gene-

modified cells and then onto Simian-Human Immunodeficiency Virus (SHIV) challenge 

[114]. The control macaques did not receive the fusion-inhibitor expression cassette, 

whereas the C46 macaques did. Following SHIV challenge, C46 macaques, but not control 

macaques, showed a positive selection of >90% gene-modified CD4+ T cells in peripheral 

blood, gastrointestinal tract, and lymph nodes. C46 macaques also maintained high 

frequencies of gene-modified CD4+ T cells, an increase in non-modified CD4+T cells, 

enhanced cytotoxic T lymphocyte function, and various antibody responses. This was the 

first study in a nonhuman primate model to demonstrate the protective effect of transplanted 

gene modified, infection-resistant HSPCs against SHIV challenge. Although a limited 

number of animals were used in this study, the results indicated that C46 infection-resistant, 
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HSPC-derived CD4+ T cells, and other potential target cells, are resistant to infection in vivo 
and may lead to an enhanced SHIV-specific immune response resulting in reduced plasma 

viremia and decreased viral pathogenesis [114]. In another study by Younan et al. published 

in 2015, they studied the effect of ART on HSPC transplantation. Following infection by 

SHIV and ART, pigtail macaques underwent autologous HSPC transplantation with 

lentiviral vector transduced CD34+ cells expressing the C46 anti-HIV fusion protein. They 

showed that SHIV+, ART-treated animals had very low gene marking levels after HSPC 

transplantation. Pre-transduction CD34+ cells contained detectable levels of all three ART 

drugs, likely contributing to the low gene transfer efficiency. Moreover, T-cell subset 

analysis demonstrated a high percentage of CCR5-expressing CD4+ T-cells after the 

transplantation, suggesting that an extended ART interruption time may be required for more 

efficient lentiviral transduction. These results would help establish protocols for lentiviral 

vector-mediated gene modification strategies in clinical settings where the patient population 

may already be on ART [115].

 5.4 Anti HIV HSPC based gene therapy clinical trials

Over the past years, five anti-HIV HSPC based gene therapy strategies have been 

investigated in clinical trials [87,116–119]]. In 1999, Kohn et al. reported a clinical trial 

evaluating the safety and feasibility of the approach of transplanting modified HSPCs. They 

used CD34+ cells derived from the bone marrow from four HIV infected pediatric subjects, 

and performed in vitro transduction with a retroviral vector carrying a rev-responsive 

element (RRE) decoy gene. They then reinfused the cells into these subjects with no 

evidence of adverse effects. Unfortunately, the levels of gene-marking in peripheral blood 

samples after one year were extremely low (<0.01%) [119]]. In 2000, Bauer et al. reported a 

Phase I trial testing three classes of anti-HIV genes:(1) dominant-negative mutants of the 

HIV regulatory genes tat and rev, (2) a small synthetic portion of the rev-responsive element 

(RRE) to serve as a decoy to sequester HIV Rev protein, and (3) hammerhead ribozymes, to 

cleave HIV mRNA [116]. Bone marrow CD34+ HSPCs were harvested from four HIV 

infected pediatric patients, and transduced with a Moloney murine leukemia virus (MMLV) 

based retroviral vector carrying an RRE decoy gene. The cells were re-infused into the 

subjects, without complications, showing that gene transfer in pediatric AIDS patients is safe 

and feasible. Cells expressing these genes showed significant inhibition of HIV replication 

(>95–99.5%) compared to control cells. However, the level of gene-marking in peripheral 

blood leukocytes was low (<0.01%) and only seen in the first months following cell 

infusion, thereby, resulting in poor sustained gene expression. It is necessary to achieve a 

higher level of gene transfer in order to produce high percentages of T-lymphocytes and 

immune cells that are resistant to HIV infection [116]. Mitsuyasu et al. reported a Phase II 

trial for testing autologous CD34+ HSPC transduced with anti-HIV ribozyme (OZ1) 

targeting Tat/Vpr in a MMLV based retroviral vector (NCT00074997) [117]. This study, the 

first randomized, double-blind, placebo-controlled, Phase II cell-delivered gene transfer 

clinical trial, was conducted in 74 HIV infected adults who received a tat/vpr specific anti-

HIV ribozyme (OZ1), or placebo delivered in autologous CD34+ hematopoietic progenitor 

cells. These participants were then followed for 100 weeks. The outcomes of this trial were 

to assess if OZ1-transduced CD34+ HSPCs would engraft, divide and differentiate in vivo to 

produce a pool of mature myeloid and lymphoid cells that are protected from productive 
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HIV replication. There were no OZ1-related adverse events. Throughout the 100 weeks, 

CD4+ lymphocyte counts were higher in the OZ1 group, and HIV viral loads were 

consistently lower in the OZ1 group as compared to the control group. This study provided 

the first indication that cell-delivered gene transfer is safe and biologically active in HIV 

patients. However, the mature T-lymphocytes had a shortened lifespan and insufficient 

homing to the bone marrow, engraftment (gene marking <0.38%) and differentiation through 

the myeloid and lymphoid compartments of transduced CD34+ cells [117]. DiGuisto et al. 

reported a trial in which HIV+ patients undergoing autologous transplantation for lymphoma 

were treated with gene-modified peripheral blood derived (CD34+) HSPCs expressing three 

RNA-based anti-HIV moieties (Tat/Rev shRNA, TAR decoy and CCR5 ribozyme). The 

CD34+ HSPCs were transduced using a self-inactivating lentiviral vector (SIN) carrying the 

three anti-HIV moieties. All four infused patients engrafted by day 11 post-infusion, and 

showed no unexpected infusion related toxicities. However, in this study as well, persistently 

low gene marking (<0.2%) in multiple cell lineages was observed at low levels for up to 24 

months. Moreover, there was no evidence of any immediate therapeutic benefit of these 

genetically modified HSPCs [87]. However, this trial warranted the need to develop 

improved transduction processes and revise transplant procedures to preferentially infuse 

only transduced cells are likely to lead to higher levels of engrafted genetically modified 

cells. Currently, in a trial sponsored by CalImmune, Inc., Mitsuyasu and coworkers are 

testing the CCR5-sh1005 lentiviral vector which has been further modified to express the 

C46 fusion inhibitor that blocks the fusion between HIV envelope and the host cell 

membrane. This combination of the CCR5-sh1005 and C46 fusion inhibitor into a single 

lentiviral vector (named as Cal-1) has been tested in various animal models and is currently 

being assessed in a Phase I/II trial in patients with chronic HIV infection (NCT01734850, 

NCT02390297) [62]. This is an early phase research study where they will evaluate whether 

the Cal-1 vector is safe and if it can protect the immune system from HIV infection. Long 

Term Follow-up of this phase includes detection of delayed adverse events in recipients of 

CD4+ T lymphocytes and/or CD34+ HSPC transduced with Cal-1. The preclinical study 

successfully demonstrated that the Cal-1 vector was able to protect gene-modified CD34+ 

HSPCs from both CXCR4- and CCR5- tropic HIV strains, while being non-toxic, non-

inflammatory and with no adverse effects on HSPC differentiation [33]. Recently, Tang and 

coworkers completed a clinical trial of CCR5-targeted ZFNs modified HSPC transplant 

sponsored by Sangamo Biosciences (NCT01044654). These CCR5-targeted ZFNs have been 

evaluated in a clinical trial with gene modified autologous CD4+ T cells [35]. A Phase I/II 

trial assessed the efficacy of targeting autologous T cells genetically modified at the CCR5 

gene by ZFN (NCT01252641, NCT00842634). They enrolled twelve patients in an open-

label, nonrandomized, uncontrolled study of a single dose of ZFN-modified autologous CD4 

T cells. The primary outcome was safety as assessed by appearance of treatment-related 

adverse events. Secondary outcomes included assessing the increases in the CD4 T-cell 

count, persistence of the modified cells, homing to gut mucosa, and effects on viral load. 

Although there was one serious adverse event, it was attributed to a transfusion reaction. The 

median CD4 T-cell count increased upon infusion of ZFN-modified CD4+ T cells. Due to 

the increase in the number of gene-modified T-cells, the blood level of HIV DNA decreased 

in most patients and HIV RNA became undetectable in one of four patients. Therefore, 

CCR5-modified autologous CD4 T-cell infusions are safe within the limits of this study 
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[118]. The ZFN mediated disruption of CCR5 in HSPC may provide us with a more durable 

anti-viral effect as it may give rise to CCR5−/− cells in both the lymphoid and myeloid 

compartments that HIV infects.

 6 Conclusions

Anti-HIV HSPC based gene therapy has emerged as a potentially powerful approach to 

develop as an HIV cure strategy since the first case of HIV cure achieved by HIV resistant 

bone marrow transplants. Numerous anti-HIV genes capable of inhibiting different steps of 

HIV infection have been developed with state-of-the-art technologies including RNAi, ZFN, 

TALEN, and CRISPR/Cas9. Some of these anti-HIV genes have shown promising results in 
vitro and in vivo animal experiments to protect HSPC and their progenies from HIV 

infection. Over the past years, five anti-HIV HSPC based gene therapy strategies have been 

investigated in clinical trials ([69,83–85,101]). These clinical trials have demonstrated that 

safety and feasibility of anti-HIV gene modification of HSPC and engraftment in patients. 

However, due to the low engraftment rate of genetically modified HSPC, cells expressing 

anti-HIV reagents were not reconstituted at sufficient levels to achieve therapeutic benefit 

([69,83,84,101]). Therefore, for successful application of the anti-HIV HSPC gene therapy 

to achieve HIV cure, the engraftment of anti-HIV gene modified HSPC needs to be 

improved. Second, a safe myeloablation procedure needs to be established when applying 

anti-HIV gene modified HSPC to a broader patient population. The use of intensive 

myeloablation procedures, which were justified with leukemia in the first case of HIV cure, 

will be difficult to routinely apply. Two anti-HIV HSPC based gene therapy clinical trials are 

investigating optimized myeloablation procedures for (sh1005-C46 (NCT01734850, 

NCT02390297) and CCR5 ZFN(NCT01044654). These clinical trials will provide important 

results for the successful translations of anti-HIV HSPC based gene therapy into clinical use 

for the future.
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 Abbreviations

AAV adeno associated virus

Adv adenovirus

AIDS acquired immunodeficiency syndrome

AML acute myelogenous leukemia

BLT bone marrow/liver/thymus

BCNU bis-chloroethylnitrosourea
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CARs chimeric antigen receptors

cART combined antiretroviral therapy

CypA cyclophilin A

Cre causes recombination

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats

DHR Direct Homologous Recombination

DSB Double Strand Breaks

EGFP enhanced green fluorescent protein

Flt-3L FMS-like tyrosine kinase 3 ligand

gRNA guide RNA

HuTRIMCyp human version of TRIMCyp

HAART Highly Active Antiretroviral Therapy

HIV human immunodeficiency virus

HLA human leukocyte antigen

HSPC hematopoietic stem progenitor cell

HIC HIV controllers

Indels insertion and deletions

iPSC induced pluripotent stem cells

LTR long terminal repeat

LV Lentiviral vector

MCM7 minichromosome maintenance complex component 7

mRNA messengerRNA

miRNA microRNA

MMLV moloney murine leukemia virus

MGMT-P(140)K O(6)-methylguanine-DNA-methyltransferase- P(140)K 

mutant

NRG NOD-RAG1−/−IL2rγ−/−mice

NSG mice NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice

NOG mice NOD/Shi-scid/IL-2Rγnull mice
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NHEJ non homologous ends joining

O6-BG O(6)-benzylguanine

PAM protospace adjacent motif

PEI/PE Polyethyleneimine/ dioleoylphosphatidylethanolamine

PKC protein kinase C

PNA peptide nucleic acids

PPIase peptidyl-prolyl isomerase

RISC RNA Induced Silencing Complex

RNAi RNA interference

SCF stem cell factor

shRNA short hairpin RNA

SCID severe combined immune deficiency

siRNA small interfering RNA

TALEN transcription Activator-Like Effector Nucleases

TAR transactivation response element

TPO thrombopoietin

VSV-G vesicular stomatitis virus glycoprotein G

ZFP zinc finger protein

ZFN zinc finger nuclease
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Figure 1. 
Genetic modification of CD34+ HSPC to resist HIV infection. Anti-HIV gene modified 

CD34+ hematopoietic stem/progenitor cells (HSPC) can self renew and proliferate to 

continuously provide differentiated HIV resistant mature immune cells including T 

lymphocytes, Macrophages, and Dendritic cells.
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Figure 2. 
Anti-HIV genes to inhibit different steps of HIV life cycle. HIV infection can be inhibited 

by anti-HIV genes in different steps in HIV replication cycle either before (early steps) or 

after (late steps) HIV integrates into host genome. HIV co-receptor (CCR5 or CXCR4) 

directed anti HIV genes (ribozyme, ZFN, TALEN, CRISPR/Cas9 and RNAi) and C46 

inhibit HIV at the entry steps. TRIMcyp and TRIM5α inhibit HIV after HIV enter into 

cytoplasm by binding to HIV capsid core structure. 2LTR ZFP inhibit HIV by binding to 

HIV2LTR DNA. HIV directed ZFN, TALEN, CRISPR/Cas9 introduce indel mutations and 

excise proviral HIV DNA. RNAi, TAR decoy, tat transdominant can inhibit HIV gene 

expression at the post transcription step.
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Table 1

A summary of anti HIV HSPC gene therapy research.

Anti-HIV gene Experimental Models Salient results References

CCR5 ribozyme in-vitro CCR5 reduction and HIV Inhibition in 
cell line

[21]

CCR5 ribozyme, anti-HIV shRNA, 
TAR decoy

clinical trial phase I/II – 
NCT01961063

recruiting City of Hope 
Medical Center

CCR5 ribozyme, anti-HIV shRNA, 
TAR decoy

clinical trial phase I/II Transgene expression circulating cells [87]

CCR5 ribozyme, anti-HIV shRNA, 
TAR decoy

in-vitro HIV inhibition in cells line and PBMC [24]

CCR5 ribozyme, anti-HIV shRNA, 
TAR decoy

in-vitro HIV inhibition in human primay T cells [22]

CCR5 ribozyme, anti-HIV shRNA, 
TAR decoy

humanized SCID mouse HIV inhibition in cells from humanized 
mice

[86]

CCR5 shRNA in-vitro CCR5 knock down and HIV inhibition in 
human primary T cells

[26]

CCR5 shRNA non-human primate Stable CCR5 knock down in vivo, SIV 
inhibiton ex vivo

[28]

CCR5 shRNA In-vitro CCR5 and HIV-1 inhibition in 
macrophages derived from transduced 
HSPC

[29]

CCR5 shRNA humanized BLT mouse CCR5 knock down in lymphoid organs in 
vivo, HIV inhibitoin ex vivo

[30]

CCR5 shRNA/HIV LTRshRNA humanized BLT mouse CCR5 knock down and HIV resistance in 
T-cells

[32]

CCR5 shRNA humanized BLT mouse HIV resistance in memory T Cells [31]

CCR5 miRNA humanized NSG mouse HIV resistance [99]

CCR5 shRNA, C46 in-vitro no adverse effect on HSPC differentiation [33]

CCR5 shRNA, C46 humanized BLT mouse Viral load reduction and HIV inhibition 
lymphoid tissue

[60]

CCR5 shRNA, C46 clinical trial phase I/II – 
NCT01734850

recruiting Calimmune, Inc.

CCR5 ZFN In-vitro
humanized NOG mouse

CCR5 kockout and HIV inhibition [35]

CCR5 ZFN humanized NSG mouse CCR5 kockout and HIV inhibition [36]

CCR5 ZFN In-vitro CCR5 kockout and HIV inhibition [37]

CCR5 ZFN In-vitro
humanized NSG mouse

CCR5 kockout and HIV inhibition [39]

CCR5 ZFN clinical trial phase I/II -
NCT00842634

Safe autologous infusion of modified 
CD4+ cells

[118]

CCR5 ZFN In-vitro
humanized NSG mouse

CCR5 knock out
HSPC multilineage differentiation

[106]

CCR5 ZFN In-vitro
humanized NSG mouse

CCR5 knock out
HIV inhibition

[108]

CCR5 TALEN In-vitro CCR5 knock out in cell line [41]

CCR5 TALEN In-vitro CCR5 knock out in cell line and primary 
cells

[40]

CCR5 TALEN In-vitro CCR5 knock out in iPSC [48]
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Anti-HIV gene Experimental Models Salient results References

CCR5 CRISPR/Cas9 In-vitro CCR5 knock out in iPSC [48]

CCR5 CRISPR/Cas9 In-vitro
humanized NSG mouse

CCR5 knock out in HSPC
Engraftement of modified HSPC

[45]

CCR5 CRISPR/Cas9 In-vitro CCR5 knock out [44]

CCR5 CRISPR/Cas9 In-vitro CCR5 knock out [47]

CXCR4 shRNA In-vitro CXCR4 knock down and HIV Inhibition [52]

CXCR4 ZFN In-vitro
humanized NSG mouse

CXCR4 ZFN modified CD4+ T celll 
enrichment in humanized mice

[53]

CXCR4 CRISPR/Cas9 In-vitro HindIII restriction site knocked in CXCR4 
gene in CD4+ primary cells

[54]

CXCR4 CRISPR/Cas9 In-vitro CXCR4 knockout and HIV-1 inhibition [55]

CXCR4 ZFN; CCR5 ZFN humanized NSG mouse HIV inhibition [89]

C46 In-vitro HIV inhibition [58]

C46 In-vitro HIV, SIV, and SHIV inhibition [59]

C46 non-human primate HIV/SHIV inhibition [61]

C46 clinical trial phase I/II Transfert of autologous modified T cells [62]

Human TRIMCyp In-vitro and PBMC NSG 
mouse

HIV inhibition and viral load reduction [65]

TRIM5α R322 In-vitro HIV inhibition [67]

TRIM5α R332G-R335G non-human primate Survival advantage of gene modified cells [68]

hu/maTRIM5α; CCR5 shRNA; TAR 
decoy

humanized BRG mouse HIV inhibition [88]

2LTR-ZFProtein In-vitro HIV inhibition [69]

Tre recombinase In-vitro
humanized RAG2 mouse

Excision of the provirus DNA [70,71]

HIV ZFN In-vitro Excision of the provirus from infected 
primary cells

[72]

HIV TALEN In-vitro Excision of the provirus from latently 
infected Jurkat cells

[74]

HIV CRISPR/Cas9 In-vitro Excision of the provirus from latently 
infected Jurkat cells

[73]

HIV CRISPR/Cas9 Excision of the provirus and emergece of 
HIV resistance

[75]

tat-vpr Ribozyme clinical trial phase I/II Lower HIV viral load [117]

Tat siRNA In-vitro HIV inhibition in macrophages [79]

TAR TALEN In-vitro Damage in up to 22% of the provirus 
integrated in the HeLa/LAV

[80]

Tat Nullbasic In-vitro HIV inhibition [81]

RRE decoy clinical trial phase I/II low levels of gene-containing leukocytes 1 
year after gene transfer

[119]

Gag-5 shRNA; Pol-1 shRNA; 
Pol-47shRNA; R/T-5 shRNA

In-vitro 4shRNA combination prevents HIV 
escape mutations

[83]

CRIPER/Cas9 for latent HIV 
reactivation

In vitro Latent HIV reactivation [75–77]

Gag-5 shRNA; Pol-1 shRNA; 
Pol-47shRNA; R/T-5 shRNA

humanized BRG mouse HIV inhibition [84]
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Anti-HIV gene Experimental Models Salient results References

CD4ζCAR In-vitro
humanized BLT mouse

HIV inhibition [112]

CCR5Δ32/Δ32 bone marrow 
transplant

Boston patients Relapse [10]

CCR5Δ32/Δ32 bone marrow 
transplant

Berlin patient An HIV cure [5,6]
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