[image: image1]Strategies for Targeting Retroviral Integration for Safer Gene Therapy: Advances and Challenges

		REVIEW
published: 12 May 2021
doi: 10.3389/fmolb.2021.662331


[image: image2]
Strategies for Targeting Retroviral Integration for Safer Gene Therapy: Advances and Challenges
Kristine E. Yoder*, Anthony J. Rabe, Richard Fishel and Ross C. Larue*
Department of Cancer Biology and Genetics, College of Medicine, The Ohio State University, Columbus, OH, United States
Edited by:
Anton A. Buzdin, I.M. Sechenov First Moscow State Medical University, Russia
Reviewed by:
Roopali Rajput, National Institute of Tuberculosis and Respiratory Diseases, India
Pavel Spirin, Engelhardt Institute of Molecular Biology (RAS), Russia
Marina Gottikh, Lomonosov Moscow State University, Russia
* Correspondence: Kristine E. Yoder, yoder.176@osu.edu; Ross C. Larue, larue.22@osu.edu
Specialty section: This article was submitted to Molecular Diagnostics and Therapeutics, a section of the journal Frontiers in Molecular Biosciences
Received: 01 February 2021
Accepted: 29 April 2021
Published: 12 May 2021
Citation: Yoder KE, Rabe AJ, Fishel R and Larue RC (2021) Strategies for Targeting Retroviral Integration for Safer Gene Therapy: Advances and Challenges. Front. Mol. Biosci. 8:662331. doi: 10.3389/fmolb.2021.662331

Retroviruses are obligate intracellular parasites that must integrate a copy of the viral genome into the host DNA. The integration reaction is performed by the viral enzyme integrase in complex with the two ends of the viral cDNA genome and yields an integrated provirus. Retroviral vector particles are attractive gene therapy delivery tools due to their stable integration. However, some retroviral integration events may dysregulate host oncogenes leading to cancer in gene therapy patients. Multiple strategies to target retroviral integration, particularly to genetic safe harbors, have been tested with limited success. Attempts to target integration may be limited by the multimerization of integrase or the presence of host co-factors for integration. Several retroviral integration complexes have evolved a mechanism of tethering to chromatin via a host protein. Integration host co-factors bind chromatin, anchoring the complex and allowing integration. The tethering factor allows for both close proximity to the target DNA and specificity of targeting. Each retrovirus appears to have distinct preferences for DNA sequence and chromatin features at the integration site. Tethering factors determine the preference for chromatin features, but do not affect the subtle sequence preference at the integration site. The sequence preference is likely intrinsic to the integrase protein. New developments may uncouple the requirement for a tethering factor and increase the ability to redirect retroviral integration.
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INTRODUCTION
By stably inserting a transgene into a patient’s genome, retroviral gene therapy vectors offer the possibility of curing monogenic diseases (Sinn et al., 2005). Retroviruses are defined by the enzymatic activities of reverse transcriptase and integrase (IN) enzymes (Coffin et al., 1997). Reverse transcriptase copies the viral genomic RNA to a double stranded DNA (cDNA) (Figure 1). The nascent cDNA is bound by IN as part of a pre-integration complex (PIC). IN mediates the covalent joining of the viral cDNA ends to the host genome yielding the stably integrated provirus. Several families of retroviruses have been described including alpha (Rous sarcoma virus, RSV), beta (mouse mammary tumor virus, MMTV), gamma (murine leukemia virus, MLV), delta (human T cell leukemia virus, HTLV-1), epsilon (walleye dermal sarcoma virus, WDSV), lenti (human immunodeficiency virus, HIV-1), and spuma (prototype foamy virus, PFV). Retrovirus families alpha through epsilon are oncogenic in animals and humans. The lentiviruses cause immunodeficiency. The spumaviruses, also known as foamy viruses, have not been shown to cause any disease (Lindemann and Rethwilm, 2011).
[image: Figure 1]FIGURE 1 | Retroviral life cycle and retroviral vector particle transduction. (Left) Retroviruses may enter a target cell by membrane fusion. The capsid core is released to the cytoplasm. Reverse transcription copies the viral genomic RNA (black lines) to a linear double stranded cDNA. Integrase binds the ends of the viral cDNA forming a pre-integration complex (PIC). Lentiviral PICs are able to cross an intact nuclear membrane while all other retroviruses require cellular division to access the host genome. Integrase mediates the stable integration of the vDNA (black) to the host genome (blue) generating the provirus. Host transcription machinery generates viral mRNAs and genomic RNA. Progeny viral particles assemble and are released from the plasma membrane. Following budding from the cell, viral enzyme protease cleaves the polyproteins to generate a mature infectious virus particle. (Right) Retroviral vector particles recapitulate the early steps of the retroviral life cycle. Viral RNA and cDNA depicted in red. However, they do not encode viral proteins. Only the protein of interest is expressed.
There are several consequences of stable retroviral integration in patients. In the cases of human pathogens HTLV-1 and HIV-1, it has been impossible to cure patients with the notable exception of two HIV-1 patients (Taylor et al., 2019). During HIV-1 infection, a latent reservoir of cells persists throughout suppressive anti-retroviral therapy but will resume transcription and replication if therapy is stopped (Chun et al., 1999). Interestingly, some patients have been reported to suppress HIV-1 replication in the absence of anti-retroviral drugs (Kaul et al., 2011; Saez-Cirion et al., 2013; Sharaf et al., 2018). In most HTLV-1 patients the proviral genomes may remain transcriptionally silent, or latent, for decades (Bangham et al., 2019). Due to this prolonged latency, HTLV-1 infection does not lead to disease for 90–95% of patients. However, both diseases caused by HTLV-1, adult T cell leukemia (ATL) and neurodegenerative HTLV-1 associated myelopathy/tropical spastic paraparesis (HAM-TSP), have limited treatment options and poor prognoses (Utsunomiya et al., 2015; Yves et al., 2015; Matsuura et al., 2016).
While the stable integration of retroviral genomes prevents effective cures of these viral infections, its very nature offers the exciting possibility to cure monogenic diseases with retroviral gene therapy vectors that stably introduce a corrective transgene (Table 1; Figure 2). Retroviral gene therapy vectors employ the viral structural and enzymatic proteins but lack accessory and/or virulence proteins (Miller 1992; Naldini et al., 1996; Trobridge et al., 2002a; Trobridge et al., 2002b). The packaged vector RNA genome encodes a cellular promotor, a corrective transgene, as well as regulatory elements required for packaging the RNA into vector particles (the psi packaging signal) and reverse transcription (the long terminal repeats) (Logan et al., 2002). No viral genes are encoded in the vector RNA genome (Figure 3). Retroviral particles are readily pseudotyped with a variety of membrane proteins altering the tropism and allowing entry to variable cell types (Duverge and Negroni 2020; Gutierrez-Guerrero et al., 2020). An advantage to retroviral-based vectors is the relatively limited induction of innate and adaptive immunity as compared to adenoviral-based gene therapy systems which have seen limitations due to their immunogenicity (Sauter and Kirchhoff 2016; Saez-Cirion and Manel 2018; Mennechet et al., 2019; Shirley et al., 2020). To date retroviral gene therapy vectors have allowed the delivery of functional transgenes to stem cells ex vivo, followed by successful engraftment and permanent functional cure of monogenic disorders. These disorders include X-linked chronic granulomatous disease (X-CGD), Wiskott-Aldrich syndrome (WAS), X-linked adrenoleukodystrophy, and X-linked severe combined immune deficiency (X-SCID) (Ott et al., 2006; Aiuti et al., 2013; Eichler et al., 2017). Despite this initial success, retroviral-based gene therapy vectors treating X-SCID suffered a significant setback when clinical studies with an MLV-based gene therapy vector led to leukemia in several children (Hacein-Bey-Abina et al., 2003; Hacein-Bey-Abina et al., 2008; Howe et al., 2008). Genetic characterization of the resulting cancer revealed that oncogenesis was due to MLV vector integration at the promoters of known oncogenes and dysregulation of their expression. Interestingly, this is also how MLV infection leads to leukemia in mice.
TABLE 1 | Developments in retroviral gene therapy vectors.
[image: Table 1][image: Figure 2]FIGURE 2 | Timeline of developments in retroviral gene therapy vectors and targeted integration.
[image: Figure 3]FIGURE 3 | HIV-1 proviral genome and lentiviral vector genome. (Top) The HIV-1 proviral genome (HIV Genome) has long terminal repeats (LTRs) at each end. These non-coding sequences include the terminal sequences that are bound by integrase. The LTRs also encode sequences necessary for viral gene expression including transcription factor binding sites and a TATA box to initiate RNA Pol II transcription. Every retrovirus includes gag, pol, and env genes. These genes encode the structural, enzymatic, and envelope proteins, respectively. HIV-1 also has six accessory genes. Two of these genes, tat and rev, are spliced. (Bottom) A representative lentiviral vector (WW Vector) for treatment of Wiskott-Aldrich syndrome (WAS) encodes the WAS protein (WASP) gene driven by the human WASP promoter (hWASP) (Aiuti et al., 2013). The post-transcription regulatory element (PRE) mediates export of unspliced mRNA from the nucleus to the cytoplasm for translation (Zufferey et al., 1999). Much of the LTR sequences have been deleted, including transcription factor binding sites, yielding a self-inactivating (SIN) vector.
Targeting retroviral integration to genetic “safe harbors” in the host genome that will not lead to cancer has become an imperative for the use of retroviral gene therapy vectors (Papapetrou et al., 2011). Integration site selection in a host genome is not random for most retroviruses (Schroder et al., 2002; Wu et al., 2003; Desfarges and Ciuffi, 2010; Serrao et al., 2015). Instead, each retrovirus displays unique integration preferences for genomic regions such as transcription units, CpG islands, or transcription start sites (TSSs). Understanding the factors governing species specific retroviral integration site selection is key for the development of next generation retroviral gene therapy vectors. While precision targeting of retroviral integration was first attempted over 25 years ago, thus far there has been little success in these endeavors. Whether retroviral gene therapy vectors can be purposefully directed to integrate at genetic safe harbors in patient cells is currently unknown.
Adeno-associated virus (AAV) vectors, which are not retroviruses, are also used as gene therapy vectors and may sometimes integrate at a specific locus in the human genome. AAV vectors are beyond the scope of this manuscript and have been extensively reviewed elsewhere (Wang et al., 2019; Colon-Thillet et al., 2021; Fakhiri and Grimm, 2021; Peters et al., 2021; Riyad and Weber, 2021).
Integration Site Selection in Cells
Retroviral gene therapy vectors that have been used in humans and animals have been derived from MLV, HIV-1, avian sarcoma leukosis virus (ASLV), and PFV. All retroviral INs have a zinc coordinating amino terminal domain (NTD), a catalytic core domain (CCD) with the enzymatic DD (35)E motif, and a carboxyl terminal domain (CTD) that is the least conserved between retroviruses (Chiu and Davies, 2004; Figure 4A). Some retroviral INs, such as PFV IN, include an amino terminal extension domain (NED) (Valkov et al., 2009). Whether MLV IN includes a NED is controversial (Guan et al., 2017). Viral vectors derived from gammaretroviruses and spumaviruses, such as MLV and PFV, require cellular division to access the host genome while lentiviral vectors can traverse an intact nuclear membrane (Kobiler et al., 2012; Matreyek and Engelman, 2013). The ability of lentiviruses to infect non-dividing cells makes them especially attractive for gene therapy development.
[image: Figure 4]FIGURE 4 | Domains of viral integrases and cofactors. (A) Domains of murine leukemia virus (MLV), prototype foamy virus (PFV) and human immunodeficiency virus (HIV-1) INs. These domains are the N-terminal extension domain (NED), the N-terminal domain (NTD), the catalytic core domain (CCD) and the C-terminal domain (CTD). The numbers along each line represent amino acid residues. (B) Domains of integration host cofactors LEDGF/p75 and Brd4. LEDGF/p75 includes a chromatin binding domain (PWWP) followed by three charged regions (CR1-CR3). Between CR1 and CR2 is a nuclear localization signal (NLS) and two AT-hooks which allow for DNA binding of AT-rich motifs. Near the C-terminus is the integrase binding domain (IBD). Brd4 contains two bromodomains (BD1, BD2) as well as 2 DNA binding motifs, A and B, which in conjunction bind chromatin. There is also a protein interaction extra terminal domain (ET), a serine-rich SEED domain, and a C-terminal motif (CTM).
Retroviral IN catalyzes two reactions during infection. Following reverse transcription of the viral genomic RNA to a linear double stranded cDNA IN removes a GT dinucleotide from the 3′-terminus of each viral DNA end, termed 3′-processing. In the nucleus IN covalently joins hydroxyls at both 3′ ends of the viral cDNA to the host DNA in independent single step transesterification reactions (Brown, 1997; Jones, Lopez et al., 2016). These two points of joining are separated by 4–6 base pairs of host DNA spanning one major groove. This spacing is characteristic of each retrovirus and results in duplications flanking the integrated proviral genome (Kvaratskhelia et al., 2014). Integration appears to be an inefficient reaction since only approximately 10% of reverse transcripts result in a provirus (Butler et al., 2001; Yoder et al., 2011; Francis et al., 2014; Francis and Melikyan, 2018).
Each retrovirus appears to have a distinct preference for integration site selection in cells (Shun et al., 2007). These preferences may favor or disfavor genomic elements, such as promoters or transcription units, or DNA sequence. While retroviral integration is not random in most cases, the preferences for chromatin elements are not stringent. For example, HIV-1 integration sites favor the bodies of actively transcribed genes (58–86% compared to a matched randomized control value of 45.7%) while murine leukemia virus (MLV) favors TSSs, enhancers, and promoter regions (15–39% compared to a matched randomized control value of 4.9%) with variations likely due to cell type and bioinformatics criteria (Schroder et al., 2002; Wu et al., 2003; Sharma et al., 2013; De Ravin et al., 2014; Lafave et al., 2014; Serrao et al., 2015; Feng et al., 2016). However, it should be noted that these retroviruses also integrate at sites outside of these regions (∼40–30% for HIV-1 integration not in actively transcribed genes and ∼70–80% for MLV integration outside promoter regions). Integration at genomic elements appears to be largely determined by host co-factors of integration (Shun et al., 2007).
In addition to genomic elements most retroviruses appear to have a unique subtle sequence preference at the points of joining (Holman and Coffin, 2005; Wu et al., 2005; Hacker et al., 2006; Kang et al., 2006; Marshall et al., 2007; Bennett et al., 2014; Liu et al., 2015). The preferences include the 4–6 bp between the points of joining and flanking 3 bp. The sequences appear to display palindromy, although this notion has been challenged (Kirk et al., 2016). The sequence preferences are extremely subtle generally requiring at least one hundred unique integration sites to achieve statistical significance at each base (Mitchell et al., 2004; Holman and Coffin, 2005; Wu et al., 2005; Bennett et al., 2014). There is no apparent linkage between any of the individual base preferences around the integration site. In addition, the consensus integration site preference is typically not observed. The DNA sequence preference at the integration site is unaffected by deletion of the host co-factors, suggesting it is determined by IN (reviewed in (Kvaratskhelia et al., 2014)).
Many retrovirus families have host proteins that act as integration co-factors (Cherepanov et al., 2003; De Rijck et al., 2013; Gupta et al., 2013; Sharma et al., 2013; Maertens, 2016; Winans et al., 2017). These proteins bind to both IN and chromatin effectively tethering the integration complex and directing integration to nearby host DNA. Tethering factors appear to determine the integration preference for genomic elements (Shun et al., 2007). To date two main groups of tethering factors have been identified: lens epithelium-derived growth factor (LEDGF/p75) is the host co-factor for lentiviral IN and the bromodomain and extra terminal (BET) family of proteins (Brd2, 3 and 4) interact with gammaretroviral IN.
The first identified retroviral integration host co-factor was LEDGF/p75 which interacts with HIV-1 IN (Cherepanov, Maertens et al., 2003; Turlure et al., 2004). LEDGF/p75 (encoded by PSIP1) is a transcriptional co-activator which interacts with a variety of cellular proteins including menin, mixed-lineage leukemia histone methyltransferase (MLL), and pogo transposable element with ZNF domain (PogZ) (Ge et al., 1998; Yokoyama and Cleary, 2008; Bartholomeeusen et al., 2009; Huang et al., 2012). It consists of a PWWP domain, three charged regions (CR), two AT hook domains, a nuclear localization signal (NLS), and an IN binding domain (IBD) (Figure 4B; Cherepanov et al., 2004; Llano et al., 2006a; Turlure et al., 2006). The PWWP domain of LEDGF/p75 binds to the histone H3 with a tri-methyl post translational modification (PTM) at lysine 36 (H3K36me3) (Pradeepa et al., 2012; Eidahl et al., 2013; van Nuland et al., 2013). H3K36me3 is a chromatin mark for active genes, the preferred target for HIV-1 integration (Schroder et al., 2002; De Rijck et al., 2010). The IBD binds to a cleft between two HIV-1 IN protomers and helps to stabilize the integration complex (Cherepanov et al., 2005; McKee et al., 2008; Kessl et al., 2011). The IBD domain is responsible for interactions with cellular proteins including cell division cycle-associated 7-like protein (JPO2), PogZ, and protein IWS1 homolog (IWS1) (Bartholomeeusen et al., 2009; Tesina et al., 2015). Taken together, LEDGF/p75 creates a bimodal tether between HIV-1 integration complexes and H3K36me3 in chromatin. These structural studies generated the model for a cellular factor guiding retroviral IN to a chromatin target site (Figure 5).
[image: Figure 5]FIGURE 5 | Model of LEDGF/p75 tethering an HIV-1 intasome. A mononucleosome (green) wrapped in DNA (black line) representing a nucleosome. The PWWP domain of LEDGF/p75 (cyan) binds the post translational modification H3K36me3. The integrase binding domain (IBD) of LEDGF/p75 is bound to the HIV-1 intasome (red) which is shown as a tetramer for simplicity. The viral DNA genome is shown in black and the dashed lines represent the viral DNA within the intasome.
Genetic deletion of PSIP1 reduced HIV-1 infection 10-fold and reduced integration into actively transcribed genes (Llano et al., 2004; Ciuffi et al., 2005; Shun et al., 2007). Sequencing HIV-1 integration sites in cells with deletion of the PSIP1 gene revealed that the sequence preference was unaffected, suggesting that an IN tethering factor may not participate in the sequence preference (Shun et al., 2007). Ectopic expression of the IBD domain significantly inhibited integration by ∼7-fold (De Rijck et al., 2006; Llano et al., 2006a; Meehan et al., 2011). Small molecules that inhibit the interaction of LEDGF/p75 with HIV-1 IN (termed Allosteric IN inhibitors (ALLINIs), also referred to as non-catalytic site integrase inhibitors (NCINIs); LEDGINs or INLAIs) have been shown to alter HIV-1 infectivity, integration site selection, and virion maturation (Christ et al., 2012; Kessl et al., 2012; Tsiang et al., 2012; Feng et al., 2016). The primary mechanism of ALLINIs has been shown to be during virion maturation where it inhibits integrase interaction with the viral RNA genome, however ALLINIs exhibit secondary effects during integration via blocking integrase interaction with LEDGF/p75 (Jurado et al., 2013; Sharma et al., 2014; Kessl et al., 2016). Treatment with one such drug, BI-D, decreased HIV-1 integration in genes from 86.4% to 67.9% (Feng et al., 2016). Together these data indicate that LEDGF/p75 binding to HIV-1 IN directs integration to actively transcribed genes.
BET proteins are the principal binding partners of MLV IN (De Rijck et al., 2013; Gupta et al., 2013; Sharma et al., 2013). The BET protein family consists of Brd2, 3, 4, and T, whereas the extended BET family includes Brd1, 7, 8, and 9 (Wu and Chiang, 2007; Belkina and Denis, 2012). Brd2, 3 and 4 are ubiquitously expressed and have been implicated in control of the cell cycle, transcription, and DNA replication, whereas BrdT is only expressed in the testis. Brd4, unlike Brd2 and 3, is expressed in two isoforms: short (1–720) and long (1–1363) (Figure 4B; Boehm et al., 2012; Zhu et al., 2012). BET proteins are comprised of dual bromodomains (BD1 and BD2), DNA binding motifs A and B, and two C-terminal domains termed the extra terminal (ET) and SEED domain. The ET domain interacts with many proteins, including jumonji C-domain-containing protein 6 (JMJD6), histone-lysine N-methyltransferase NSD3 (NSD3), glioma tumor suppressor candidate region gene 1 protein (GLTSCR1), ATPase family AAA domain-containing protein 5 (ATAD5), and chromodomain helicase DNA-binding protein 4 (CHD4), as well as viral γ-2 herpesvirus latency-associated nuclear antigen (Rahman et al., 2011; Crowe et al., 2016). Of particular interest to this review is that the ET domain interacts with high affinity (160 nM) to the carboxyl terminal tail of MLV IN (Larue et al., 2014). The binding site in this highly flexible tail domain is conserved among gammaretroviruses but not other retroviral genera (Kvaratskhelia et al., 2014). Like LEDGF/p75 and HIV-1 integration, BET proteins direct MLV integration site selection through the bimodal association of its ET domain with the carboxyl terminal tail of MLV IN and its bromodomains with acetylated H3 and H4 histone tails (Moriniere et al., 2009; Filippakopoulos et al., 2010). The BET proteins guide MLV integration to TSSs, enhancers and super-enhancers (SE) (Sharma et al., 2013; De Ravin et al., 2014; Lafave et al., 2014). BET proteins play significant roles in human oncogenesis. Emerging anti-cancer small molecule inhibitors rely on acetylation mimics which block the BET bromodomains from binding chromatin (Alqahtani et al., 2019; Cochran et al., 2019; Zaware and Zhou, 2019; Lu et al., 2020; Perner and Armstrong, 2020). For example, archetypical compounds I-BET and JQ-1 were shown to bind the BET bromodomains and disrupt SE function in myeloid leukemia (Zuber et al., 2011; Loven et al., 2013). SE formation results in abnormally elevated expression of oncogenes and oncogenesis (Pelish et al., 2015; Call et al., 2020; Deng et al., 2020). During MLV infection, inhibition of BET proteins with JQ-1 significantly reduces integration at TSSs from 39 to 11% as well as corresponding reduction of integration near acetylated histone PTMs H3K9ac and H327ac (Sharma et al., 2013). Specifically, integration was reduced near oncogenes LMO-2, CCND2, and BMI1, the loci associated with tumorigenesis in human gene therapy trials (Larue et al., 2014).
Other retroviral IN tethering factors include the FACT complex and serine/threonine protein phosphatase 2A (PP2A). Alpharetrovirus ASLV IN has been shown to bind the heterodimeric facilitates chromatin transcription (FACT) complex which stimulates integration activity in vitro (Winans et al., 2017). Furthermore, depletion of the FACT complex in cells decreased ASLV integration efficiency. The FACT complex contains the structure specific recognition protein 1 (SSRP1) and suppressor of Ty 16 (Spt16), which form a general histone chaperone complex essential for transcription and DNA replication (Orphanides et al., 1998; Orphanides et al., 1999; Belotserkovskaya and Reinberg, 2004; Abe et al., 2011). While the FACT complex is thought to destabilize the histone octamer during cellular functions, such as DNA replication, its role in ASLV integration has not yet been determined (Reinberg and Sims, 2006; Winkler and Luger, 2011; Formosa, 2012; Winans et al., 2017). Deltaretroviral (HTLV-1, HTLV-2, and bovine leukemia virus) INs reportedly bind PP2A and its addition stimulated integration in vitro (Maertens, 2016). However, PP2A does not have any known chromatin binding function making its role during integration in vivo unclear.
Additional cellular factors have been shown to be involved in targeting retroviral integration to select genomic features. While not the focus of this review, a brief discussion is warranted. These factors have been studied in the context of their interaction with the HIV-1 capsid (CA) core and include cleavage and polyadenylation specificity factor subunit 6 (CPSF6), nucleoporin protein 153 (Nup153), and E3 SUMO-protein ligase (RANBP2 or Nup358). CPSF6 is a chromatin associated protein and a member of several nuclear complexes such as cleavage factor Im (CFIm) complex, paraspeckles, and nuclear speckles (Cardinale et al., 2007; Ruepp et al., 2009). It interacts with the HIV-1 CA core at the nuclear pore and the nuclear interior where it then directs the CA core/preintegration complex (PIC) toward gene dense regions (Lee et al., 2010; Price et al., 2012; Sowd et al., 2016; Achuthan et al., 2018; Bejarano et al., 2019). Unlike targeting by LEDGF/p75, which performs localized targeting within active genes, CPSF6 appears to target integration toward larger chromatin gene dense areas, potentially due to CPSF6 localization in nuclear speckles (Francis et al., 2020; Rensen et al., 2021). Nup153 is a component of the nuclear pore complex and serves as an essential scaffolding element (Krull et al., 2004). Nup153 interacts with the HIV-1 CA core similar to CPSF6, is essential for HIV-1 replication, helps to import the CA core/PIC into the nucleus, and its depletion retargets integration to less gene dense regions (Matreyek and Engelman, 2011; Koh et al., 2013; Matreyek et al., 2013; Lelek et al., 2015; Buffone et al., 2018). Nucleoporin protein RANBP2 interacts with the docking cytoplasmic CA core (Yokoyama et al., 1995; Frosst et al., 2002; Bichel et al., 2013). Like CPSF6 and Nup153, depletion of RANBP2 results in HIV-1 integration away from gene dense regions (Ocwieja et al., 2011). Taken together, the interaction of RANBP2 and Nup153 with the CA core encapsulating the PIC could explain the propensity for HIV-1 integration closer to the nuclear pore (Marini et al., 2015). However, retargeting integration of gene therapy vectors through alterations in HIV-1 CA appear unlikely due to the essential and genetically fragile nature of the CA core (Rihn et al., 2013). In addition, depletion of these additional cellular factors does not alter integration into active genes but instead retargets away from gene dense regions. Such broad retargeting is unlikely to aid in developing improved gene therapy vectors for integration at safe harbors.
Retroviral Gene Therapy Vectors
Early animal and human studies using MLV-based gene therapy vectors were initially very promising. The first retroviral-based vectors were created in the early 1980s with other viral vectors such as those using adenovirus components following in the mid-1990s (Joyner and Bernstein, 1983; Miller et al., 1983; Perkins et al., 1983; Flotte et al., 1996). Murine bone marrow progenitor cells were transduced with MLV-based vectors expressing human gp91phoxex vivo and engrafted into mice with X-CGD. The mice displayed partial reconstitution of superoxide production, increased phagocytosis, and significantly increased survival after challenge with B. cepacia (Dinauer et al., 1999). In humans, MLV-based gene therapy vectors were first successfully used in hematopoietic stem cell (HSC) gene-therapy of X-SCID (Blaese et al., 1995; Cavazzana-Calvo et al., 2000). In clinical trials from 1999 to 2009, 20 X-SCID patients received gene therapy for a defect in the interleukin 2 common gamma chain gene encoding γc (also called IL-2RG (Wu and Dunbar, 2011)). While 17 patients were successfully treated for X-SCID, 5 of 20 patients developed leukemia (Wu and Dunbar, 2011; Cavazzana et al., 2016). These tumors correlated with integration of the MLV vectors near the LMO-2 and CCND2 oncogenes resulting in increased transcription (Schmidt et al., 2002; Hacein-Bey-Abina et al., 2003; Hacein-Bey-Abina et al., 2008). Patients who had received gene therapy for other genetic disorders, such as WAS and X-CGD, also developed leukemia (Dewey et al., 2006; Ott et al., 2006; Boztug et al., 2010; Stein et al., 2010). While these studies demonstrated the successful treatment of human genetic disorders with MLV-based vectors, they also revealed the significant hazards inherent to retroviral integration.
Following the development of leukemia in several MLV vector treated patients, the retroviral gene therapy field shifted focus to lentiviral-based vectors. Initially, there was concern that these vectors could also be oncogenic or have other unexpected deleterious outcomes. Lentiviruses lead to immunosuppression but are not oncogenic. Patients receiving anti-retroviral therapy (ART) do have higher incidence of non-AIDS-defining malignancies (NADM) such as Hodgkin’s lymphoma, oropharyngeal cancer, anal cancer, hepatocellular carcinoma, and non–small cell lung cancer (Lurain et al., 2019). Increased incidence of these malignancies could due to several reasons, including immunosuppression, co-infection with other oncogenic viruses such as Hepatitis B, and chronic immune activation and/or dysregulation (de Martel et al., 2015; Saeidi et al., 2018; Pinato et al., 2019). Studies evaluating links between HIV-1 infection and increased NADM have examined integration sites in cells and in cells from patients receiving ART. In HEK293T cells it was observed that HIV-1 integration events are ∼3-fold enriched in cancer driving genes and highly mutated genes (identified in the Cancer Genome Atlas) (Kandoth et al., 2013; Vogelstein et al., 2013; Singh et al., 2015). In patients receiving ART, it was observed that ∼40% of total integration events were detected in clonally expanded latent cells including integration into MKL2 and BACH2 oncogenes (Maldarelli et al., 2014). A second study showed similar results in HIV-1 repressed patients receiving ART with slightly enriched clonal expansion seen in oncogenes (Wagner et al., 2014). While these clonal expansions have been shown to play a role in reemergence of HIV-1 viremia in patients discontinuing ART, there has not been any validated link to cancer onset (Gantner et al., 2020; Halvas et al., 2020).
Lentiviral-based vectors are more amenable for manipulation in the clinic due to their ability to infect non-dividing cells (Swiggard et al., 2005). When cells are transduced in a resting, non-activated state, such as naïve T cells or HSCs, they may retain more functional potential when engrafted into patients (McLean and Michie, 1995). Thus, lentiviral-based vectors have been employed in multiple clinical trials, including for the treatment of certain blood cancers (Morgan et al., 2006; Bobisse et al., 2009; Johnson et al., 2009; Milone and O’Doherty, 2018). Development of clinically relevant lentiviral-based vectors has included removal of virulence factors, splitting the genome to multiple plasmids to reduce recombination, and deletions of viral promoter elements in the LTR to generate self-inactivating (SIN) vectors (Dull et al., 1998; Vannucci et al., 2013). In early generations of lentiviral-based vectors, insertional mutagenesis was observed in proliferative HSCs and tumors were observed in mice (Themis et al., 2005; Wu and Dunbar, 2011). Later generations of lentiviral-based vectors have successfully treated a variety of genetic diseases, such as WAS, metachromatic leukodystrophy, beta-thalassemia, X-linked adrenoleukodystrophy, and metachromatic leukodystrophy (Cartier et al., 2009; Aiuti et al., 2013; Biffi et al., 2013; Milone and O’Doherty, 2018). For example, gene therapy treatment of beta-thalassemia has led to several patients no longer requiring transfusions for several years post treatment, suggesting stable long-term expression and no apparent adverse reactions. While there are no reported cases of leukemogenesis in these trials, clonal expansion of cells with integration in the HMGA2 gene was observed in a single patient (Cavazzana-Calvo et al., 2010). However, a subsequent study of 22 patients do not observe any clonal expansion (Thompson et al., 2018).
Other retroviruses have been proposed for use in human gene therapy including ASLV-based vectors (Hu et al., 2007). Transgenic mouse lines have been developed using an ASLV-based retroviral vector system for delivery of genes to preimplantation mouse embryos (Federspiel et al., 1994; Federspiel et al., 1996). In other studies, these vectors were shown to transduce rhesus macaque CD34+ hematopoietic progenitor cells efficiently (33%) and stably up to 18 months (Hu et al., 2007). In a study looking at a limited number of integration sites of rhesus long-term repopulating cells there was no detectable integration at enhancers, promoters, or oncogenes (Hu et al., 2008). This integration pattern could be linked to ASLV IN interactions with the FACT complex, which is proposed to be enriched in gene bodies, (Winans et al., 2017). To date ASLV vectors have not progressed to human gene therapy trials.
Foamy viruses (FV), such as PFV, are not known to cause disease in animal infections or xenotropic human infections. The FV life cycle differs from other retroviruses and lentiviruses which precludes them from being efficiently pseudotyped (reviewed in (Lindemann and Rethwilm, 2011)). However, it is possible to generate high titer FV vectors which have been shown to transduce several cell types including human primary macrophages, human and rhesus embryonic stem cells, human induced pluripotent stem cells, and murine hematopoietic stem cells (Vassilopoulos et al., 2001; Trobridge et al., 2002a; Gharwan et al., 2007; Taylor et al., 2008; Deyle et al., 2013; Nasimuzzaman et al., 2016; Rajawat et al., 2019). FVs are not known to have a host integration co-factor and have little preference for genomic features. Sequencing FV integration sites suggests that FV integration shows a slight preference for TSSs and CpG islands, but less so than MLV integration (Nowrouzi et al., 2006; Trobridge et al., 2006; Serrao et al., 2015). Importantly, FV integration does not appear to be oncogenic. Five dogs with canine leukocyte adhesion deficiency (CLAD) caused by deficient expression of CD18 were treated with a FV gene therapy vector (Bauer et al., 2008; Ohmine et al., 2011; Bauer et al., 2013). Autologous CD34+ hematopoietic stem cells were transduced and infused to the animals (Bauer et al., 2008). Four of the dogs were cured of CLAD, a phenotype which lasted 4–7 years (Bauer et al., 2013). There was no evidence of leukemia in any of these animals (Ohmine et al., 2011; Bauer et al., 2013). Similar FV gene therapy of myoblast cells ex vivo followed by intramuscular transplantation has successfully led to muscle regeneration in a mouse model of Duchenne muscular dystrophy (Meng et al., 2020).
While most retroviral gene therapy protocols include transduction of cells ex vivo, FV has also been directly administered intravenously to dogs (Burtner et al., 2014; Humbert et al., 2018). Six dogs with X-SCID were given FV vectors expressing the γc gene intravenously. The FV vectors expressed the natural Env and were not targeted to a particular cell type. However, two animals were treated with granulocyte colony-stimulating factor (G-CSF) and AMD3100 to mobilize hematopoietic stem and progenitor cells, followed by injection of the FV gene therapy vector, and showed the greatest survival of 2.5 years (Burtner et al., 2014). There was no evidence of oncogenesis in any of the animals. These studies suggest that FV vectors may naturally present the least possibility of oncogenic transformation with the benefit of in vivo delivery. The greatest limitation is the inability to pseudotype and alter the tropism of FV vectors.
Integrase Fusions
Attempts to target retroviral integration to a sequence specific site with chimeric IN proteins were reported over 25 years ago (Bushman, 1994; Kniazhanskaia et al., 2011). It was recognized that retroviral integration was possible at multiple sites throughout a host genome with some preference for particular sites (Vijaya et al., 1986; Shih et al., 1988). At that time, it was known that the Saccharomyces cerevisiae LTR retrotransposon Ty3 precisely integrates at the transcription start site of tRNA genes (Chalker and Sandmeyer, 1992). It was suggested that Ty3 IN might bind to polymerase III associated transcription factors which directed integration to tRNA genes. Several groups investigated the possibility of directing retroviral integration to specific genomic sites by engineering a chimera of a DNA binding domain (DBD) and IN. The DNA binding domain (DBD) of lambda repressor was fused to the HIV-1 IN amino terminus or the E. coli LexA repressor full length protein or its DBD was fused to the HIV-1 IN carboxyl terminus (Bushman, 1994; Goulaouic and Chow, 1996). Two chimeras of the ASLV IN were engineered with the LexA DBD at either the amino or carboxyl termini (Katz, Merkel et al., 1996). The LexA recognition site is 16 bp and the lambda repressor binds 17 bp (Lewis et al., 1994; Albright and Matthews, 1998). Recombinant chimeric proteins were purified and their abilities to target integration to a specific DNA site were assayed in vitro. While the results were not quantified, these experiments suggested that chimeric INs showed an increase of integration efficiency near a DNA sequence specific site under in vitro conditions. These early experiments were highly suggestive that retroviral INs were amenable to sequence specific targeting, and might be enhanced with further development. Both LexA and lambda repressor must dimerize to bind DNA, which may have complicated these experiments.
Zinc finger DNA binding proteins are capable of binding specific sequences as monomers. These proteins consist of zinc finger domains that individually bind a specific 3 bp sequence. The murine Zif268/Egr1 transcription factor has 3 zinc fingers and recognizes a 9 bp sequence (Pavletich and Pabo, 1991). Zif268 was fused to the carboxyl terminus of HIV-1 IN and tested for activity in cellular integration assays (Bushman and Miller, 1997). HIV-1 viruses with the IN-Zif268 fusion could not be produced by transfection of HEK293T cells. However, virion production was rescued by generating virus particles with a mixture of wild type and chimeric IN. The HEK293T producer cells were transfected with varying ratios of HIV-1 plasmid encoding wild type IN or IN-Zif268. These virions were added to target cells and PICs were obtained 7 h post infection. The PICs were allowed to integrate to a target in vitro and integration sites were evaluated by high resolution gel electrophoresis. PICs with the chimeric IN displayed some preference for the Zif268 binding site, while also integrating at multiple other sites. Whether the integration sites of the cellular infection also occurred near Zif268 binding sites is unknown.
A more definitive strategy to engineer HIV-1 viruses including the chimeric IN protein employed delivery in trans (Holmes-Son and Chow, 2000). IN chimeras with carboxyl terminal full length LexA protein or its DBD were cloned to the 3′ end of vpr. An HIV-1 protease cleavage site between Vpr and IN-LexA allowed the chimera to be packaged in the virion via Vpr targeting and subsequently liberated by HIV-1 protease cleavage within the virion. The IN encoded by pol was engineered to be catalytically inactive. This strategy would ensure that catalytically active integration complexes must include the chimeric IN. The production by HEK293T cells of virions with Vpr-IN fusions was significantly reduced compared to Vpr alone. When equivalent amounts of virions were added to target cells, the fusion of IN-LexA reduced integration efficiency but was readily detectable. Reduced integration efficiency may be an expected consequence of the restrictions imposed by targeting integration in vivo to a limited number of sites. However, sequencing a limited number of the integration sites from these IN-LexA infected cells found that LexA recognition sites were not observed within 200–300 bp (Holmes-Son and Chow, 2002).
A synthetic protein of 6 zinc finger domains termed E2C binds specifically to an 18 bp sequence. This protein was fused to the amino or carboxyl terminus of HIV-1 IN and analyzed for integration to a plasmid encoding the E2C recognition site (Tan et al., 2004). Although the assays were not quantitated, the chimeras displayed a dramatic preference for integration within 20 bp of the E2C binding site. A caveat to this apparent targeting is the use of a PCR-based assay for integration that does not distinguish between the joining of two viral DNA ends mimicking integration in vivo vs. a non-physiological joining of a single viral DNA end. The E2C chimeras were also assayed for integration during cellular infection using the Vpr fusion strategy developed with the LexA chimeras (Tan et al., 2006). The E2C recognition site is present in the human genome in the erbB-2 gene 5′ untranslated region. Viruses with the E2C chimeras displayed 11–24% infection efficiency compared to wild type virus. Quantitative PCR allowed the measurement of the total number of integrated proviruses and the number of proviruses near the E2C site. While 0.15% of wild type HIV-1 proviruses were near the E2C site, 1.5% of viruses with E2C at the amino terminus of IN integrated near the recognition site (Tan et al., 2006).
Similar to the increased targeting observed with an E2C chimera, a limited increase in targeting HIV-1 integration was observed with an IN fusion to I-PpoI (Schenkwein et al., 2013). I-Ppol, a slime mold homing endonuclease, recognizes a 15 bp sequence that is present in eukaryotic rDNA at ∼600 copies/genome. An enzymatically inactive mutant of I-PpoI was fused to the carboxyl terminus of HIV-1 IN (Schenkwein et al., 2010). Lentiviral vector particles were produced with a mixture of catalytically inactive HIV-1 IN and the IN-I-PpoI chimera. Sequencing integration sites revealed that 2.7% of integration sites with the chimera were at rDNA loci while only 0.1% of wild type HIV-1 IN integration sites were at these sites. The targeting by this chimera may have been confounded by the dimerization of I-PpoI.
In the past several years multiple retroviral intasomes have been visualized. These integration complexes include tetramers (PFV, HTLV-1), octamers (MMTV, RSV), and hexadecamer (maedi visna virus, MVV) (Hare et al., 2010; Maertens et al., 2010; Ballandras-Colas et al., 2016; Yin et al., 2016; Ballandras-Colas et al., 2017; Barski et al., 2020; Bhatt et al., 2020). Several multimeric forms have been observed for simian immunodeficiency virus (SIV) and HIV-1 IN (Passos et al., 2017; Cook et al., 2020). The multimerization of INs suggest that fusion of DNA binding domains to IN may negatively affect the assembly of functional complexes. The most promising approach for an IN fusion is possibly the tetrameric PFV intasome that does not appear to require a host co-factor. An elegant pairing of point mutations has been shown to direct PFV IN monomers to the catalytically active “inner” positions or the structural “outer” positions of the intasome (Maskell et al., 2015). While the inner protomers make extensive DNA and protein contacts, the amino and carboxyl termini of the outer protomers are unstructured and may readily tolerate the addition of DNA or chromatin binding domains. The recent visualization of retroviral intasome multimeric structures provide clarifying insights into the practicality of engineering functional IN fusions for targeting integration.
Fusions of Intasome Tethering Factors
Retroviral integration site selection may be redirected by altering the chromatin binding domain of the respective cellular co-factors. Perhaps the best studied integration cofactor is LEDGF/p75. There have been a variety of reported alternative chromatin binding domains fused to the IBD of LEDGF/p75. The first successful attempt involved fusing the first 31 amino acids of kaposi’s sarcoma-associated herpesvirus (KSHV) latency-associated nuclear antigen (LANA) to LEDGF/p75 (93–530) lacking the PWWP domain (Meehan et al., 2009). KSHV is a gammaherpes virus whose genome persists as a DNA episome via the N-terminal residues (5–13) of LANA which interact with the groove between histones 2A and 2B (Chang et al., 1994; Ballestas et al., 1999; Barbera et al., 2006). While integration site selection was not examined in this study, expression of this fusion in LEDGF/p75 deletion cells led to rescued HIV-1 infectivity (Meehan et al., 2009). Other protein domains such as plant homeodomain (PHD) finger from inhibitor of growth protein 2 (ING2) and the chromodomain from heterochromatin binding protein 1alpha (HP1alpha or CBX5) have also been fused to the LEDGF IBD (Ferris et al., 2010; Silvers et al., 2010). The PHD domain binds H3K4me3, typically found in regions of active transcription, and the HP1alpha chromodomain binds H3K9me2/3 located in heterochromatin (Vakoc et al., 2005; Wysocka et al., 2006; Ruthenburg et al., 2007). These fusion proteins were expressed in a LEDGF/p75 deletion cell line. In these cases, HIV-1 integration was redirected toward TSSs and actively expressed genes and regions of lower gene expression, respectively. A second study using HP1alpha saw a similar trend with retargeting toward repetitive sequences and away from genes, typical of heterochromatin (Silvers et al., 2010). An alternative approach used fusions of heterochromatin protein 1beta (also called chromobox protein homolog 1 or CBX1) to IBD which retargeted integration to silent gene regions (Maison and Almouzni, 2004; Gijsbers et al., 2010). Interestingly, a marker gene was efficiently expressed despite residing in transcriptionally silent chromatin.
Most of the re-targeting studies of LEDGF/p75 fusions have been performed in LEDGF/p75 knockdown or depleted cells. This is an impractical approach for patients due to the necessity of removing endogenous LEDGF/p75 prior to gene therapy. There is one reported attempt of using a LEDGF/p75 fusion in a wild type background (Vets et al., 2013). Cells were electroporated to introduce mRNA encoding LEDGF/p75 IBD with an amino terminal fusion of CBX1. The following day the cells were transduced with an HIV-1 vector. Interestingly, integration to RefSeq genes was reduced from 75.2 to 54.1%. Similar to other studies, short-term expression of a transgene from the provirus was efficient but long-term expression is unknown. While it may be possible to target integration to safe harbor heterochromatin regions, the long-term expression of the transgene is unclear. Indeed, retroviruses such as ASLV, which has a preference for integration into heterochromatin, may be silenced over time and long-term expression is dependent on being in transcriptionally active regions (Senigl et al., 2017; Miklik et al., 2018). This gene silencing can be counteracted by the incorporation of an anti-silencing CpG island core sequence in the provirus (Senigl et al., 2017). However, the potential consequences of a CpG island in an integrated provirus in patients are unclear.
Tether Independent Integration Targeting
PFV IN is not known to require a host co-factor that tethers integration complexes to chromatin. However, the PFV IN CTD appears to interact with the amino terminus of nucleosome protein H2A (Maskell et al., 2015). In addition, a three amino acid motif in the carboxyl terminus of PFV Gag also appears to interact with histones H2A and H2B (Tobaly-Tapiero et al., 2008; Hocum et al., 2016). It is not clear what role histone PTMs might have on this interaction. It has been shown that alanine mutations of the Gag chromatin binding site (CBS) alter the integration site selection in cells away from TSSs and CpG islands (Hocum et al., 2016). Combination of the Gag CBS alanine mutant with a PFV IN fusion to the CBX1 protein had little further effect on re-targeting integration to any chromatin element (Hocum et al., 2016). Perhaps alternative PFV IN targeting fusions will prove better able to direct integration in the context of the Gag CBS mutation.
Another avenue for tether independent targeting is to generate retroviral vectors that no longer need their respective co-factor. This is not possible with HIV-1 IN as LEDGF/p75 not only plays a critical role in tethering but is also essential for IN catalytic activity (Llano et al., 2004; Cherepanov et al., 2005; Llano et al., 2006b; Vandekerckhove et al., 2006; Zielske and Stevenson, 2006; McKee et al., 2008; Kessl et al., 2011). However, a different situation exists for the generation of MLV-based retroviral vectors which are BET protein independent. While important for integration site selection, the carboxyl terminal tail of MLV IN is not essential for catalytic activity in vitro or infection of cells (Aiyer et al., 2014; Larue et al., 2014). Biochemical studies have confirmed that these truncations abolish interaction with the BET proteins, demonstrating its significance for the binding interface (Larue et al., 2014). Truncations or mutations in the carboxyl terminal tail of MLV IN reduce MLV integration near TSSs without significant effects on replication (Aiyer et al., 2014; El Ashkar et al., 2014). Studies using alanine mutagenesis of the carboxyl terminal tail, deletion of the tail, or treatment with JQ-1 all led to a decrease in MLV integration at TSSs (Sharma et al., 2013; Aiyer et al., 2014; El Ashkar et al., 2014). These studies demonstrate that MLV-based vectors can be guided away from TSSs by removal of interaction with BET proteins. Importantly, mutations of the MLV carboxyl terminal tail is not sufficient to retarget all integration away from TSSs, raising concerns that this avenue would not be appropriate for gene therapy.
Remaining Questions and Conclusions
The first goal of safer retroviral gene therapy vectors is to remove the possibility of cellular transformation and oncogenesis. This must be coupled with sufficient functional rescue and sustained gene expression. Recent evidence suggests that lentiviral-based gene therapy vectors are closer to achieving these goals (Hocum et al., 2016; El Ashkar et al., 2017). Functional rescue of monogenic disorders has been reported with integration in gene silent regions (Vets et al., 2013). However, it is unclear if such retargeting will allow for long-term expression due to either limited experimental time points or the recent initiation of the gene therapy trials (Senigl et al., 2017; Miklik et al., 2018). Using methods such as alteration to retroviral IN or host cofactors remain untested in patients. Recent studies of MLV and HIV-1 retroviral vectors with altered IN targeting suggest that the constraints imposed by host tethering factors may be reduced but not eliminated (Hocum et al., 2016; El Ashkar et al., 2017). Integration site analysis of BET independent MLV infection of a MYC/Runx2 mouse model revealed less integration at TSSs, decreased rate of tumorigenesis, and decreased integration at histone marks associated with BET proteins (Loyola et al., 2019). However, in the mice that developed tumors, integration was in regions containing oncogenic genes. This implies that residual MLV integration into TSSs can still lead to oncogenesis. For this reason, it appears that MLV-based vectors may not be clinically relevant without significant additional modification. Non-integrating lentiviral vectors with enzymatic mutations of integrase are in development but have not yet entered clinical use (reviewed in (Luis, 2020)).
One question in retroviral gene therapy is to what extent will directed integration be possible: sequence specific sites, unique histone PTMs, or genomic regions? Retroviral INs may impose some subtle preference for sequence at the integration site, but the preference is not stringent (Bennett et al., 2014). Directing retroviral vector integration to highly repetitive genomic sequences could be a first step toward advancing integration sequence specific targeting. The probability targeting a single site using retroviral-based vectors is empirically unlikely; a single PIC would have to search the entire genome to find the select site. This would lead to a dramatic reduction of transduction efficiency. Sequence site specific targeting by Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR), transcription activator-like effector nucleases (TALENs), or zinc finger nucleases (ZFNs) is successful due to their effective concentration in the nucleus, allowing for genome-wide searching (Romero et al., 2018). These genome editors are either transfected or transduced into cells allowing for high protein expression and multiple nuclear complexes to search the genome. Although cultured cells may be transduced with multiplicities of infection >1, it seems unlikely that sufficient numbers of retroviruses to perform sequence specific targeting could efficiently infect a single cell. More optimistic re-directing of retroviral integration may be to repetitive sequences in safe harbors or to abundant histone PTMs that mark such regions.
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 Dinauer, M. C., Li, L. L., Björgvinsdóttir, H., Ding, C., and Pech, N. (1999). Long-Term Correction of Phagocyte NADPH Oxidase Activity by Retroviral-Mediated Gene Transfer in Murine X-Linked Chronic Granulomatous Disease. Blood 94 (3), 914–922. doi:10.1182/blood.v94.3.914.415a11_914_922
 Dull, T., Zufferey, R., Kelly, M., Mandel, R. J., Nguyen, M., Trono, D., et al. (1998). A Third-Generation Lentivirus Vector with a Conditional Packaging System. J. Virol. 72 (11), 8463–8471. doi:10.1128/jvi.72.11.8463-8471.1998
 Duvergé, A., and Negroni, M. (2020). Pseudotyping Lentiviral Vectors: When the Clothes Make the Virus. Viruses 12 (11), 1311. doi:10.3390/v12111311
 Eichler, F., Duncan, C., Musolino, P. L., Orchard, P. J., De Oliveira, S., Thrasher, A. J., et al. (2017). Hematopoietic Stem-Cell Gene Therapy for Cerebral Adrenoleukodystrophy. N. Engl. J. Med. 377 (17), 1630–1638. doi:10.1056/NEJMoa1700554
 Eidahl, J. O., Crowe, B. L., North, J. A., McKee, C. J., Shkriabai, N., Feng, L., et al. (2013). Structural Basis for High-Affinity Binding of LEDGF PWWP to Mononucleosomes. Nucleic Acids Res. 41, 3924–3936. doi:10.1093/nar/gkt074
 El Ashkar, S., De Rijck, J., Demeulemeester, J., Vets, S., Madlala, P., Cermakova, K., et al. (2014). BET-Independent MLV-Based Vectors Target Away from Promoters and Regulatory Elements. Mol. Ther. - Nucleic Acids 3, e179. doi:10.1038/mtna.2014.33
 El Ashkar, S., Van Looveren, D., Schenk, F., Vranckx, L. S., Demeulemeester, J., De Rijck, J., et al. (2017). Engineering Next-Generation BET-independent MLV Vectors for Safer Gene Therapy. Mol. Ther. - Nucleic Acids 7, 231–245. doi:10.1016/j.omtn.2017.04.002
 Fakhiri, J., and Grimm, D. (2021). Best of Most Possible Worlds: Hybrid Gene Therapy Vectors Based on Parvoviruses and Heterologous Viruses. Mol. Ther. S1525-0016 (21). 00192-1. doi:10.1016/j.ymthe.2021.04.005
 Federspiel, M. J., Bates, P., Young, J. A., Varmus, H. E., and Hughes, S. H. (1994). A System for Tissue-Specific Gene Targeting: Transgenic Mice Susceptible to Subgroup A Avian Leukosis Virus-Based Retroviral Vectors. Proc. Natl. Acad. Sci. 91 (23), 11241–11245. doi:10.1073/pnas.91.23.11241
 Federspiel, M. J., Swing, D. A., Eagleson, B., Reid, S. W., and Hughes, S. H. (1996). Expression of Transduced Genes in Mice Generated by Infecting Blastocysts with Avian Leukosis Virus-Based Retroviral Vectors. Proc. Natl. Acad. Sci. 93 (10), 4931–4936. doi:10.1073/pnas.93.10.4931
 Feng, L., Dharmarajan, V., Serrao, E., Hoyte, A., Larue, R. C., Slaughter, A., et al. (2016). The Competitive Interplay between Allosteric HIV-1 Integrase Inhibitor BI/D and LEDGF/p75 during the Early Stage of HIV-1 Replication Adversely Affects Inhibitor Potency. ACS Chem. Biol. 11 (5), 1313–1321. doi:10.1021/acschembio.6b00167
 Ferris, A. L., Wu, X., Hughes, C. M., Stewart, C., Smith, S. J., Milne, T. A., et al. (2010). Lens Epithelium-Derived Growth Factor Fusion Proteins Redirect HIV-1 DNA Integration. Proc. Natl. Acad. Sci. 107 (7), 3135–3140. doi:10.1073/pnas.0914142107
 Filippakopoulos, P., Qi, J., Picaud, S., Shen, Y., Smith, W. B., Fedorov, O., et al. (2010). Selective Inhibition of BET Bromodomains. Nature 468 (7327), 1067–1073. doi:10.1038/nature09504
 Flotte, T., Carter, B., Conrad, C., Guggino, W., Reynolds, T., Rosenstein, B., et al. (1996). A Phase I Study of an Adeno-Associated Virus-CFTR Gene Vector in Adult CF Patients with Mild Lung Disease. Johns Hopkins Children’s Center, Baltimore, Maryland. Hum. Gene Ther. 7 (9), 1145–1159. doi:10.1089/hum.1996.7.9-1145
 Formosa, T. (2012). The Role of FACT in Making and Breaking Nucleosomes. Biochim. Biophys. Acta (BBA) - Gene Regul. Mech. 1819 (3-4), 247–255. doi:10.1016/j.bbagrm.2011.07.009
 Francis, A. C., Di Primio, C., Quercioli, V., Valentini, P., Boll, A., Girelli, G., et al. (2014). Second Generation Imaging of Nuclear/cytoplasmic HIV-1 Complexes. AIDS Res. Hum. Retroviruses 30 (7), 717–726. doi:10.1089/AID.2013.0277
 Francis, A. C., Marin, M., Singh, P. K., Achuthan, V., Prellberg, M. J., Palermino-Rowland, K., et al. (2020). HIV-1 Replication Complexes Accumulate in Nuclear Speckles and Integrate into Speckle-Associated Genomic Domains. Nat. Commun. 11 (1), 3505. doi:10.1038/s41467-020-17256-8
 Francis, A. C., and Melikyan, G. B. (2018). Single HIV-1 Imaging Reveals Progression of Infection through CA-Dependent Steps of Docking at the Nuclear Pore, Uncoating, and Nuclear Transport. Cell Host & Microbe 23 (4), 536–548. doi:10.1016/j.chom.2018.03.009
 Frosst, P., Guan, T., Subauste, C., Hahn, K., and Gerace, L. (2002). Tpr Is Localized within the Nuclear Basket of the Pore Complex and Has a Role in Nuclear Protein Export. J. Cel Biol 156 (4), 617–630. doi:10.1083/jcb.200106046
 Gantner, P., Pagliuzza, A., Pardons, M., Ramgopal, M., Routy, J.-P., Fromentin, R., et al. (2020). Single-cell TCR Sequencing Reveals Phenotypically Diverse Clonally Expanded Cells Harboring Inducible HIV Proviruses during ART. Nat. Commun. 11 (1), 4089. doi:10.1038/s41467-020-17898-8
 Ge, H., Si, Y., and Roeder, R. G. (1998). Isolation of cDNAs Encoding Novel Transcription Coactivators P52 and P75 Reveals an Alternate Regulatory Mechanism of Transcriptional Activation. EMBO J. 17 (22), 6723–6729. doi:10.1093/emboj/17.22.6723
 Gharwan, H., Hirata, R. K., Wang, P., Richard, R. E., Wang, L., Olson, E., et al. (2007). Transduction of Human Embryonic Stem Cells by Foamy Virus Vectors. Mol. Ther. 15 (10), 1827–1833. doi:10.1038/sj.mt.6300244
 Gijsbers, R., Ronen, K., Vets, S., Malani, N., De Rijck, J., McNeely, M., et al. (2010). LEDGF Hybrids Efficiently Retarget Lentiviral Integration into Heterochromatin. Mol. Ther. 18 (3), 552–560. doi:10.1038/mt.2010.36
 Goulaouic, H., and Chow, S. A. (1996). Directed Integration of Viral DNA Mediated by Fusion Proteins Consisting of Human Immunodeficiency Virus Type 1 Integrase and Escherichia coli LexA Protein. J. Virol. 70 (1), 37–46. doi:10.1128/JVI.70.1.37-46.1996
 Guan, R., Aiyer, S., Cote, M. L., Xiao, R., Jiang, M., Acton, T. B., et al. (2017). X-ray Crystal Structure of the N-Terminal Region of Moloney Murine Leukemia Virus Integrase and its Implications for Viral DNA Recognition. Proteins 85 (4), 647–656. doi:10.1002/prot.25245
 Gupta, S. S., Maetzig, T., Maertens, G. N., Sharif, A., Rothe, M., Weidner-Glunde, M., et al. (2013). Bromo- and Extraterminal Domain Chromatin Regulators Serve as Cofactors for Murine Leukemia Virus Integration. J. Virol. 87 (23), 12721–12736. doi:10.1128/JVI.01942-13
 Gutierrez-Guerrero, A., Cosset, F.-L., and Verhoeyen, E. (2020). Lentiviral Vector Pseudotypes: Precious Tools to Improve Gene Modification of Hematopoietic Cells for Research and Gene Therapy. Viruses 12 (9), 1016. doi:10.3390/v12091016
 Hacein-Bey-Abina, S., Garrigue, A., Wang, G. P., Soulier, J., Lim, A., Morillon, E., et al. (2008). Insertional Oncogenesis in 4 Patients after Retrovirus-Mediated Gene Therapy of SCID-X1. J. Clin. Invest. 118 (9), 3132–3142. doi:10.1172/JCI35700
 Hacein-Bey-Abina, S., Von Kalle, C., Schmidt, M., McCormack, M. P., Wulffraat, N., Leboulch, P., et al. (2003). LMO2-associated Clonal T Cell Proliferation in Two Patients after Gene Therapy for SCID-X1. Science 302 (5644), 415–419. doi:10.1126/science.1088547
 Hacker, C. V., Vink, C. A., Wardell, T. W., Lee, S., Treasure, P., Kingsman, S. M., et al. (2006). The Integration Profile of EIAV-Based Vectors. Mol. Ther. 14 (4), 536–545. doi:10.1016/j.ymthe.2006.06.006
 Halvas, E. K., Joseph, K. W., Brandt, L. D., Guo, S., Sobolewski, M. D., Jacobs, J. L., et al. (2020). HIV-1 Viremia Not Suppressible by Antiretroviral Therapy Can Originate from Large T Cell Clones Producing Infectious Virus. J. Clin. Invest. 130 (11), 5847–5857. doi:10.1172/JCI138099
 Hare, S., Gupta, S. S., Valkov, E., Engelman, A., and Cherepanov, P. (2010). Retroviral Intasome Assembly and Inhibition of DNA Strand Transfer. Nature 464 (7286), 232–236. doi:10.1038/nature08784
 Hocum, J. D., Linde, I., Rae, D. T., Collins, C. P., Matern, L. K., and Trobridge, G. D. (2016). Retargeted Foamy Virus Vectors Integrate Less Frequently Near Proto-Oncogenes. Sci. Rep. 6, 36610. doi:10.1038/srep36610
 Holman, A. G., and Coffin, J. M. (2005). Symmetrical Base Preferences Surrounding HIV-1, Avian Sarcoma/leukosis Virus, and Murine Leukemia Virus Integration Sites. Proc. Natl. Acad. Sci. 102 (17), 6103–6107. doi:10.1073/pnas.0501646102
 Holmes-Son, M. L., and Chow, S. A. (2002). Correct Integration Mediated by Integrase-LexA Fusion Proteins Incorporated into HIV-1. Mol. Ther. 5 (4), 360–370. doi:10.1006/mthe.2002.0559
 Holmes-Son, M. L., and Chow, S. A. (2000). Integrase-lexA Fusion Proteins Incorporated into Human Immunodeficiency Virus Type 1 that Contains a Catalytically Inactive Integrase Gene Are Functional to Mediate Integration. J. Virol. 74 (24), 11548–11556. doi:10.1128/jvi.74.24.11548-11556.2000
 Howe, S. J., Mansour, M. R., Schwarzwaelder, K., Bartholomae, C., Hubank, M., Kempski, H., et al. (2008). Insertional Mutagenesis Combined with Acquired Somatic Mutations Causes Leukemogenesis Following Gene Therapy of SCID-X1 Patients. J. Clin. Invest. 118 (9), 3143–3150. doi:10.1172/JCI35798
 Hu, J., Ferris, A., Larochelle, A., Krouse, A. E., Metzger, M. E., Donahue, R. E., et al. (2007). Transduction of Rhesus Macaque Hematopoietic Stem and Progenitor Cells with Avian Sarcoma and Leukosis Virus Vectors. Hum. Gene Ther. 18 (8), 691–700. doi:10.1089/hum.2006.175
 Hu, J., Renaud, G., Golmes, T., Ferris, A., Hendrie, P. C., Donahue, R. E., et al. (2008). Reduced Genotoxicity of Avian Sarcoma Leukosis Virus Vectors in Rhesus Long-Term Repopulating Cells Compared to Standard Murine Retrovirus Vectors. Mol. Ther. 16 (9), 1617–1623. doi:10.1038/mt.2008.135
 Huang, J., Gurung, B., Wan, B., Matkar, S., Veniaminova, N. A., Wan, K., et al. (2012). The Same Pocket in Menin Binds Both MLL and JUND but Has Opposite Effects on Transcription. Nature 482 (7386), 542–546. doi:10.1038/nature10806
 Humbert, O., Chan, F., Rajawat, Y. S., Torgerson, T. R., Burtner, C. R., Hubbard, N. W., et al. (2018). Rapid Immune Reconstitution of SCID-X1 Canines after G-CSF/AMD3100 Mobilization and In Vivo Gene Therapy. Blood Adv. 2 (9), 987–999. doi:10.1182/bloodadvances.2018016451
 Johnson, L. A., Morgan, R. A., Dudley, M. E., Cassard, L., Yang, J. C., Hughes, M. S., et al. (2009). Gene Therapy with Human and Mouse T-Cell Receptors Mediates Cancer Regression and Targets Normal Tissues Expressing Cognate Antigen. Blood 114 (3), 535–546. doi:10.1182/blood-2009-03-211714
 Jones, N. D., Lopez, M. A., Hanne, J., Peake, M. B., Lee, J.-B., Fishel, R., et al. (2016). Retroviral Intasomes Search for a Target DNA by 1D Diffusion Which Rarely Results in Integration. Nat. Commun. 7, 11409. doi:10.1038/ncomms11409
 Joyner, A. L., and Bernstein, A. (1983). Retrovirus Transduction: Generation of Infectious Retroviruses Expressing Dominant and Selectable Genes Is Associated with In Vivo Recombination and Deletion Events. Mol. Cel. Biol. 3 (12), 2180–2190. doi:10.1128/mcb.3.12.2180
 Jurado, K. A., Wang, H., Slaughter, A., Feng, L., Kessl, J. J., Koh, Y., et al. (2013). Allosteric Integrase Inhibitor Potency Is Determined through the Inhibition of HIV-1 Particle Maturation. Proc. Natl. Acad. Sci. 110, 8690–8695. doi:10.1073/pnas.1300703110
 Kandoth, C., McLellan, M. D., Vandin, F., Ye, K., Niu, B., Lu, C., et al. (2013). Mutational Landscape and Significance across 12 Major Cancer Types. Nature 502 (7471), 333–339. doi:10.1038/nature12634
 Kang, Y., Moressi, C. J., Scheetz, T. E., Xie, L., Tran, D. T., Casavant, T. L., et al. (2006). Integration Site Choice of a Feline Immunodeficiency Virus Vector. Jvi 80 (17), 8820–8823. doi:10.1128/JVI.00719-06
 Katz, R. A., Merkel, G., and Skalka, A. M. (1996). Targeting of Retroviral Integrase by Fusion to a Heterologous DNA Binding Domain:In VitroActivities and Incorporation of a Fusion Protein into Viral Particles. Virology 217 (1), 178–190. doi:10.1006/viro.1996.0105
 Kaul, R., Cohen, C. R., Chege, D., Yi, T. J., Tharao, W., McKinnon, L. R., et al. (2011). Biological Factors that May Contribute to Regional and Racial Disparities in HIV Prevalence. Am. J. Reprod. Immunol. 65 (3), 317–324. doi:10.1111/j.1600-0897.2010.00962.x
 Kessl, J. J., Jena, N., Koh, Y., Taskent-Sezgin, H., Slaughter, A., Feng, L., et al. (2012). Multimode, Cooperative Mechanism of Action of Allosteric HIV-1 Integrase Inhibitors. J. Biol. Chem. 287, 16801–16811. doi:10.1074/jbc.m112.354373
 Kessl, J. J., Kutluay, S. B., Townsend, D., Rebensburg, S., Slaughter, A., Larue, R. C., et al. (2016). HIV-1 Integrase Binds the Viral RNA Genome and Is Essential during Virion Morphogenesis. Cell 166 (5), 1257–1268. doi:10.1016/j.cell.2016.07.044
 Kessl, J. J., Li, M., Ignatov, M., Shkriabai, N., Eidahl, J. O., Feng, L., et al. (2011). FRET Analysis Reveals Distinct Conformations of IN Tetramers in the Presence of Viral DNA or LEDGF/p75. Nucleic Acids Res. 39 (20), 9009–9022. doi:10.1093/nar/gkr581
 Kirk, P. D. W., Huvet, M., Melamed, A., Maertens, G. N., and Bangham, C. R. M. (2016). Retroviruses Integrate into a Shared, Non-palindromic DNA Motif. Nat. Microbiol. 2, 16212. doi:10.1038/nmicrobiol.2016.212
 Kniazhanskaia, E. S., Kondrashina, O. V., and Gottikh, M. B. (2011). [Approaches towards Directed DNA Integration by the Use of Retroviral Integrases and Transposases]. Mol. Biol. (Mosk) 45 (6), 931–948.
 Kobiler, O., Drayman, N., Butin-Israeli, V., and Oppenheim, A. (2012). Virus Strategies for Passing the Nuclear Envelope Barrier. Nucleus 3 (6), 526–539. doi:10.4161/nucl.21979
 Koh, Y., Wu, X., Ferris, A. L., Matreyek, K. A., Smith, S. J., Lee, K., et al. (2013). Differential Effects of Human Immunodeficiency Virus Type 1 Capsid and Cellular Factors Nucleoporin 153 and LEDGF/p75 on the Efficiency and Specificity of Viral DNA Integration. J. Virol. 87 (1), 648–658. doi:10.1128/JVI.01148-12
 Krull, S., Thyberg, J., Björkroth, B., Rackwitz, H.-R., and Cordes, V. C. (2004). Nucleoporins as Components of the Nuclear Pore Complex Core Structure and Tpr as the Architectural Element of the Nuclear Basket. MBoC 15 (9), 4261–4277. doi:10.1091/mbc.e04-03-0165
 Kvaratskhelia, M., Sharma, A., Larue, R. C., Serrao, E., and Engelman, A. (2014). Molecular Mechanisms of Retroviral Integration Site Selection. Nucleic Acids Res. 42 (16), 10209–10225. doi:10.1093/nar/gku769
 Lafave, M. C., Varshney, G. K., Gildea, D. E., Wolfsberg, T. G., Baxevanis, A. D., and Burgess, S. M. (2014). MLV Integration Site Selection Is Driven by Strong Enhancers and Active Promoters. Nucleic Acids Res. 42, 4257–4269. doi:10.1093/nar/gkt1399
 Larue, R. C., Plumb, M. R., Crowe, B. L., Shkriabai, N., Sharma, A., Difiore, J., et al. (2014). Bimodal High-Affinity Association of Brd4 with Murine Leukemia Virus Integrase and Mononucleosomes. Nucleic Acids Res. 42, 4868–4881. doi:10.1093/nar/gku135
 Lee, K., Ambrose, Z., Martin, T. D., Oztop, I., Mulky, A., Julias, J. G., et al. (2010). Flexible Use of Nuclear Import Pathways by HIV-1. Cell Host & Microbe 7 (3), 221–233. doi:10.1016/j.chom.2010.02.007
 Lelek, M., Casartelli, N., Pellin, D., Rizzi, E., Souque, P., Severgnini, M., et al. (2015). Chromatin Organization at the Nuclear Pore Favours HIV Replication. Nat. Commun. 6, 6483. doi:10.1038/ncomms7483
 Lewis, L. K., Harlow, G. R., Gregg-Jolly, L. A., and Mount, D. W. (1994). Identification of High Affinity Binding Sites for LexA Which Define New DNA Damage-Inducible Genes in Escherichia coli. J. Mol. Biol. 241 (4), 507–523. doi:10.1006/jmbi.1994.1528
 Lindemann, D., and Rethwilm, A. (2011). Foamy Virus Biology and its Application for Vector Development. Viruses 3 (5), 561–585. doi:10.3390/v3050561
 Liu, Q., Wang, X.-F., Ma, J., He, X.-J., Wang, X.-J., and Zhou, J.-H. (2015). Characterization of Equine Infectious Anemia Virus Integration in the Horse Genome. Viruses 7 (6), 3241–3260. doi:10.3390/v7062769
 Llano, M., Saenz, D. T., Meehan, A., Wongthida, P., Peretz, M., Walker, W. H., et al. (2006a). An Essential Role for LEDGF/p75 in HIV Integration. Science 314 (5798), 461–464. doi:10.1126/science.1132319
 Llano, M., Vanegas, M., Fregoso, O., Saenz, D., Chung, S., Peretz, M., et al. (2004). LEDGF/p75 Determines Cellular Trafficking of Diverse Lentiviral but Not Murine Oncoretroviral Integrase Proteins and Is a Component of Functional Lentiviral Preintegration Complexes. Jvi 78 (17), 9524–9537. doi:10.1128/jvi.78.17.9524-9537.2004
 Llano, M., Vanegas, M., Hutchins, N., Thompson, D., Delgado, S., and Poeschla, E. M. (2006b). Identification and Characterization of the Chromatin-Binding Domains of the HIV-1 Integrase Interactor LEDGF/p75. J. Mol. Biol. 360 (4), 760–773. doi:10.1016/j.jmb.2006.04.073
 Logan, A. C., Lutzko, C., and Kohn, D. B. (2002). Advances in Lentiviral Vector Design for Gene-Modification of Hematopoietic Stem Cells. Curr. Opin. Biotechnol. 13 (5), 429–436. doi:10.1016/s0958-1669(02)00346-4
 Lovén, J., Hoke, H. A., Lin, C. Y., Lau, A., Orlando, D. A., Vakoc, C. R., et al. (2013). Selective Inhibition of Tumor Oncogenes by Disruption of Super-enhancers. Cell 153 (2), 320–334. doi:10.1016/j.cell.2013.03.036
 Loyola, L., Achuthan, V., Gilroy, K., Borland, G., Kilbey, A., Mackay, N., et al. (2019). Disrupting MLV Integrase:BET Protein Interaction Biases Integration into Quiescent Chromatin and Delays but Does Not Eliminate Tumor Activation in a MYC/Runx2 Mouse Model. Plos Pathog. 15 (12), e1008154. doi:10.1371/journal.ppat.1008154
 Lu, T., Lu, W., and Luo, C. (2020). A Patent Review of BRD4 Inhibitors (2013-2019). Expert Opin. Ther. Patents 30 (1), 57–81. doi:10.1080/13543776.2020.1702645
 Luis, A. (2020). The Old and the New: Prospects for Non-integrating Lentiviral Vector Technology. Viruses 12 (10). 1103. doi:10.3390/v12101103
 Lurain, K., Yarchoan, R., and Ramaswami, R. (2019). The Changing Face of HIV-Associated Malignancies: Advances, Opportunities, and Future Directions. Am. Soc. Clin. Oncol. Educ. Book 39, 36–40. doi:10.1200/EDBK_100017
 Maertens, G. N. (2016). B′-protein Phosphatase 2A Is a Functional Binding Partner of Delta-Retroviral Integrase. Nucleic Acids Res. 44 (1), 364–376. doi:10.1093/nar/gkv1347
 Maertens, G. N., Hare, S., and Cherepanov, P. (2010). The Mechanism of Retroviral Integration from X-Ray Structures of its Key Intermediates. Nature 468 (7321), 326–329. doi:10.1038/nature09517
 Maison, C., and Almouzni, G. (2004). HP1 and the Dynamics of Heterochromatin Maintenance. Nat. Rev. Mol. Cel Biol 5 (4), 296–305. doi:10.1038/nrm1355
 Maldarelli, F., Wu, X., Su, L., Simonetti, F. R., Shao, W., Hill, S., et al. (2014). Specific HIV Integration Sites Are Linked to Clonal Expansion and Persistence of Infected Cells. Science 345 (6193), 179–183. doi:10.1126/science.1254194
 Marini, B., Kertesz-Farkas, A., Ali, H., Lucic, B., Lisek, K., Manganaro, L., et al. (2015). Nuclear Architecture Dictates HIV-1 Integration Site Selection. Nature 521 (7551), 227–231. doi:10.1038/nature14226
 Marshall, H. M., Ronen, K., Berry, C., Llano, M., Sutherland, H., Saenz, D., et al. (2007). Role of PSIP1/LEDGF/p75 in Lentiviral Infectivity and Integration Targeting. PLoS ONE 2 (12), e1340. doi:10.1371/journal.pone.0001340
 Maskell, D. P., Renault, L., Serrao, E., Lesbats, P., Matadeen, R., Hare, S., et al. (2015). Structural Basis for Retroviral Integration into Nucleosomes. Nature 523 (7560), 366–369. doi:10.1038/nature14495
 Matreyek, K. A., and Engelman, A. (2011). The Requirement for Nucleoporin NUP153 during Human Immunodeficiency Virus Type 1 Infection Is Determined by the Viral Capsid. J. Virol. 85 (15), 7818–7827. doi:10.1128/jvi.00325-11
 Matreyek, K. A., Yücel, S. S., Li, X., and Engelman, A. (2013). Nucleoporin NUP153 Phenylalanine-glycine Motifs Engage a Common Binding Pocket within the HIV-1 Capsid Protein to Mediate Lentiviral Infectivity. Plos Pathog. 9 (10), e1003693. doi:10.1371/journal.ppat.1003693
 Matreyek, K., and Engelman, A. (2013). Viral and Cellular Requirements for the Nuclear Entry of Retroviral Preintegration Nucleoprotein Complexes. Viruses 5 (10), 2483–2511. doi:10.3390/v5102483
 Matsuura, E., Nozuma, S., Tashiro, Y., Kubota, R., Izumo, S., and Takashima, H. (2016). HTLV-1 Associated Myelopathy/tropical Spastic Paraparesis (HAM/TSP): A Comparative Study to Identify Factors that Influence Disease Progression. J. Neurol. Sci. 371, 112–116. doi:10.1016/j.jns.2016.10.030
 McKee, C. J., Kessl, J. J., Shkriabai, N., Dar, M. J., Engelman, A., and Kvaratskhelia, M. (2008). Dynamic Modulation of HIV-1 Integrase Structure and Function by Cellular Lens Epithelium-Derived Growth Factor (LEDGF) Protein. J. Biol. Chem. 283 (46), 31802–31812. doi:10.1074/jbc.m805843200
 McLean, A. R., and Michie, C. A. (1995). In vivo estimates of Division and Death Rates of Human T Lymphocytes. Proc. Natl. Acad. Sci. 92 (9), 3707–3711. doi:10.1073/pnas.92.9.3707
 Meehan, A. M., Saenz, D. T., Morrison, J. H., Garcia-Rivera, J. A., Peretz, M., Llano, M., et al. (2009). LEDGF/p75 Proteins with Alternative Chromatin Tethers Are Functional HIV-1 Cofactors. Plos Pathog. 5 (7), e1000522. doi:10.1371/journal.ppat.1000522
 Meehan, A. M., Saenz, D. T., Morrison, J., Hu, C., Peretz, M., and Poeschla, E. M. (2011). LEDGF Dominant Interference Proteins Demonstrate Prenuclear Exposure of HIV-1 Integrase and Synergize with LEDGF Depletion to Destroy Viral Infectivity. J. Virol. 85 (7), 3570–3583. doi:10.1128/JVI.01295-10
 Meng, J., Sweeney, N. P., Doreste, B., Muntoni, F., McClure, M., and Morgan, J. (2020). Restoration of Functional Full-Length Dystrophin after Intramuscular Transplantation of Foamy Virus-Transduced Myoblasts. Hum. Gene Ther. 31 (3–4), 241–252. doi:10.1089/hum.2019.224
 Mennechet, F. J. D., Paris, O., Ouoba, A. R., Salazar Arenas, S., Sirima, S. B., Takoudjou Dzomo, G. R., et al. (2019). A Review of 65 Years of Human Adenovirus Seroprevalence. Expert Rev. Vaccin. 18 (6), 597–613. doi:10.1080/14760584.2019.1588113
 Miklík, D., Šenigl, F., and Hejnar, J. (2018). Proviruses with Long-Term Stable Expression Accumulate in Transcriptionally Active Chromatin Close to the Gene Regulatory Elements: Comparison of ASLV-, HIV- and MLV-Derived Vectors. Viruses 10 (3), 116. doi:10.3390/v10030116
 Miller, A. D., Jolly, D. J., Friedmann, T., and Verma, I. M. (1983). A Transmissible Retrovirus Expressing Human Hypoxanthine Phosphoribosyltransferase (HPRT): Gene Transfer into Cells Obtained from Humans Deficient in HPRT. Proc. Natl. Acad. Sci. 80 (15), 4709–4713. doi:10.1073/pnas.80.15.4709
 Miller, A. D. (1992). Retroviral Vectors. Curr. Top. Microbiol. Immunol. 158, 1–24. doi:10.1007/978-3-642-75608-5_1
 Milone, M. C., and O’Doherty, U. (2018). Clinical Use of Lentiviral Vectors. Leukemia 32 (7), 1529–1541. doi:10.1038/s41375-018-0106-0
 Mitchell, R. S., Beitzel, B. F., Schroder, A. R. W., Shinn, P., Chen, H., Berry, C. C., et al. (2004). Retroviral DNA Integration: ASLV, HIV, and MLV Show Distinct Target Site Preferences. Plos Biol. 2 (8), E234. doi:10.1371/journal.pbio.0020234
 Morgan, R. A., Dudley, M. E., Wunderlich, J. R., Hughes, M. S., Yang, J. C., Sherry, R. M., et al. (2006). Cancer Regression in Patients after Transfer of Genetically Engineered Lymphocytes. Science 314 (5796), 126–129. doi:10.1126/science.1129003
 Morinière, J., Rousseaux, S., Steuerwald, U., Soler-López, M., Curtet, S., Vitte, A.-L., et al. (2009). Cooperative Binding of Two Acetylation Marks on a Histone Tail by a Single Bromodomain. Nature 461 (7264), 664–668. doi:10.1038/nature08397
 Naldini, L., Blomer, U., Gallay, P., Ory, D., Mulligan, R., Gage, F. H., et al. (1996). In vivo gene Delivery and Stable Transduction of Nondividing Cells by a Lentiviral Vector. Science 272 (5259), 263–267. doi:10.1126/science.272.5259.263
 Nasimuzzaman, M., Lynn, D., Ernst, R., Beuerlein, M., Smith, R. H., Shrestha, A., et al. (2016). Production and Purification of High-Titer Foamy Virus Vector for the Treatment of Leukocyte Adhesion Deficiency. Mol. Ther. - Methods Clin. Develop. 3, 16004. doi:10.1038/mtm.2016.4
 Nowrouzi, A., Dittrich, M., Klanke, C., Heinkelein, M., Rammling, M., Dandekar, T., et al. (2006). Genome-wide Mapping of Foamy Virus Vector Integrations into a Human Cell Line. J. Gen. Virol. 87 (Pt 5), 1339–1347. doi:10.1099/vir.0.81554-0
 Ocwieja, K. E., Brady, T. L., Ronen, K., Huegel, A., Roth, S. L., Schaller, T., et al. (2011). HIV Integration Targeting: a Pathway Involving Transportin-3 and the Nuclear Pore Protein RanBP2. Plos Pathog. 7 (3), e1001313. doi:10.1371/journal.ppat.1001313
 Ohmine, K., Li, Y., Bauer, T. R., Hickstein, D. D., and Russell, D. W. (2011). Tracking of Specific Integrant Clones in Dogs Treated with Foamy Virus Vectors. Hum. Gene Ther. 22 (2), 217–224. doi:10.1089/hum.2010.072
 Orphanides, G., LeRoy, G., Chang, C.-H., Luse, D. S., and Reinberg, D. (1998). FACT, a Factor that Facilitates Transcript Elongation through Nucleosomes. Cell 92 (1), 105–116. doi:10.1016/s0092-8674(00)80903-4
 Orphanides, G., Wu, W.-H., Lane, W. S., Hampsey, M., and Reinberg, D. (1999). The Chromatin-specific Transcription Elongation Factor FACT Comprises Human SPT16 and SSRP1 Proteins. Nature 400 (6741), 284–288. doi:10.1038/22350
 Ott, M. G., Schmidt, M., Schwarzwaelder, K., Stein, S., Siler, U., Koehl, U., et al. (2006). Correction of X-Linked Chronic Granulomatous Disease by Gene Therapy, Augmented by Insertional Activation of MDS1-EVI1, PRDM16 or SETBP1. Nat. Med. 12 (4), 401–409. doi:10.1038/nm1393
 Papapetrou, E. P., Lee, G., Malani, N., Setty, M., Riviere, I., Tirunagari, L. M. S., et al. (2011). Genomic Safe Harbors Permit High β-globin Transgene Expression in Thalassemia Induced Pluripotent Stem Cells. Nat. Biotechnol. 29 (1), 73–78. doi:10.1038/nbt.1717
 Passos, D. O., Li, M., Yang, R., Rebensburg, S. V., Ghirlando, R., Jeon, Y., et al. (2017). Cryo-EM Structures and Atomic Model of the HIV-1 Strand Transfer Complex Intasome. Science 355 (6320), 89–92. doi:10.1126/science.aah5163
 Pavletich, N., and Pabo, C. (1991). Zinc Finger-DNA Recognition: Crystal Structure of a Zif268-DNA Complex at 2.1 A. Science 252 (5007), 809–817. doi:10.1126/science.2028256
 Pelish, H. E., Liau, B. B., Nitulescu, , Tangpeerachaikul, A., PossDa Silva, Z. C. D. H., Da Silva, D. H., et al. (2015). Mediator Kinase Inhibition Further Activates Super-enhancer-associated Genes in AML. Nature 526 (7572), 273–276. doi:10.1038/nature14904
 Perkins, A. S., Kirschmeier, P. T., Gattoni-Celli, S., and Weinstein, I. B. (1983). Design of a Retrovirus-Derived Vector for Expression and Transduction of Exogenous Genes in Mammalian Cells. Mol. Cel. Biol. 3 (6), 1123–1132. doi:10.1128/mcb.3.6.1123
 Perner, F., and Armstrong, S. A. (2020). Targeting Chromatin Complexes in Myeloid Malignancies and beyond: From Basic Mechanisms to Clinical Innovation. Cells 9 (12), 2721. doi:10.3390/cells9122721
 Peters, C. W., Maguire, C. A., and Hanlon, K. S. (2021). Delivering AAV to the Central Nervous and Sensory Systems. Trends Pharmacol. Sci. doi:10.1016/j.tips.2021.03.004
 Pinato, D. J., Allara, E., Chen, T.-Y., Trevisani, F., Minguez, B., Zoli, M., et al. (2019). Influence of HIV Infection on the Natural History of Hepatocellular Carcinoma: Results from a Global Multicohort Study. Jco 37 (4), 296–304. doi:10.1200/JCO.18.00885
 Pradeepa, M. M., Sutherland, H. G., Ule, J., Grimes, G. R., and Bickmore, W. A. (2012). Psip1/Ledgf P52 Binds Methylated Histone H3K36 and Splicing Factors and Contributes to the Regulation of Alternative Splicing. Plos Genet. 8 (5), e1002717. doi:10.1371/journal.pgen.1002717
 Price, A. J., Fletcher, A. J., Schaller, T., Elliott, T., Lee, K., KewalRamani, V. N., et al. (2012). CPSF6 Defines a Conserved Capsid Interface that Modulates HIV-1 Replication. Plos Pathog. 8 (8), e1002896. doi:10.1371/journal.ppat.1002896
 Rahman, S., Sowa, M. E., Ottinger, M., Smith, J. A., Shi, Y., Harper, J. W., et al. (2011). The Brd4 Extraterminal Domain Confers Transcription Activation Independent of pTEFb by Recruiting Multiple Proteins, Including NSD3. Mol. Cell Biol. 31 (13), 2641–2652. doi:10.1128/MCB.01341-10
 Rajawat, Y. S., Humbert, O., and Kiem, H.-P. (2019). In-Vivo Gene Therapy with Foamy Virus Vectors. Viruses 11 (12), 1091. doi:10.3390/v11121091
 Reinberg, D., and Sims, R. J. (2006). De Facto Nucleosome Dynamics*. J. Biol. Chem. 281 (33), 23297–23301. doi:10.1074/jbc.R600007200
 Rensen, E., Mueller, F., Scoca, V., Parmar, J. J., Souque, P., Zimmer, C., et al. (2021). Clustering and Reverse Transcription of HIV‐1 Genomes in Nuclear Niches of Macrophages. EMBO J. 40 (1), e105247. doi:10.15252/embj.2020105247
 Rihn, S. J., Wilson, S. J., Loman, N. J., Alim, M., Bakker, S. E., Bhella, D., et al. (2013). Extreme Genetic Fragility of the HIV-1 Capsid. Plos Pathog. 9 (6), e1003461. doi:10.1371/journal.ppat.1003461
 Riyad, J. M., and Weber, T. (2021). Intracellular Trafficking of Adeno-Associated Virus (AAV) Vectors: Challenges and Future Directions. Gene Ther. [Epub ahead of print]. doi:10.1038/s41434-021-00243-z
 Romero, Z., DeWitt, M., and Walters, M. C. (2018). Promise of Gene Therapy to Treat Sickle Cell Disease. Expert Opin. Biol. Ther. 18 (11), 1123–1136. doi:10.1080/14712598.2018.1536119
 Ruepp, M.-D., Aringhieri, C., Vivarelli, S., Cardinale, S., Paro, S., Schümperli, D., et al. (2009). Mammalian Pre-mRNA 3′ End Processing Factor CF Im68 Functions in mRNA Export. MBoC 20 (24), 5211–5223. doi:10.1091/mbc.E09-05-0389
 Ruthenburg, A. J., Allis, C. D., and Wysocka, J. (2007). Methylation of Lysine 4 on Histone H3: Intricacy of Writing and Reading a Single Epigenetic Mark. Mol. Cel 25 (1), 15–30. doi:10.1016/j.molcel.2006.12.014
 Saeidi, A., Zandi, K., Cheok, Y. Y., Saeidi, H., Wong, W. F., Lee, C. Y. Q., et al. (2018). T-cell Exhaustion in Chronic Infections: Reversing the State of Exhaustion and Reinvigorating Optimal Protective Immune Responses. Front. Immunol. 9, 2569. doi:10.3389/fimmu.2018.02569
 Sáez-Cirión, A., Bacchus, C., Hocqueloux, L., Avettand-Fenoel, V., Girault, I., Lecuroux, C., et al. (2013). Post-treatment HIV-1 Controllers with a Long-Term Virological Remission after the Interruption of Early Initiated Antiretroviral Therapy ANRS VISCONTI Study. Plos Pathog. 9 (3), e1003211. doi:10.1371/journal.ppat.1003211
 Sáez-Cirión, A., and Manel, N. (2018). Immune Responses to Retroviruses. Annu. Rev. Immunol. 36, 193–220. doi:10.1146/annurev-immunol-051116-052155
 Sauter, D., and Kirchhoff, F. (2016). HIV Replication. Curr. Opin. HIV AIDS 11 (2), 173–181. doi:10.1097/COH.0000000000000233
 Schenkwein, D., Turkki, V., Ahlroth, M. K., Timonen, O., Airenne, K. J., and Ylä-Herttuala, S. (2013). rDNA-directed Integration by an HIV-1 Integrase-I-PpoI Fusion Protein. Nucleic Acids Res. 41 (5), e61. doi:10.1093/nar/gks1438
 Schenkwein, D., Turkki, V., Kärkkäinen, H.-R., Airenne, K., and Ylä-Herttuala, S. (2010). Production of HIV-1 Integrase Fusion Protein-Carrying Lentiviral Vectors for Gene Therapy and Protein Transduction. Hum. Gene Ther. 21 (5), 589–602. doi:10.1089/hum.2009.051
 Schmidt, M., Zickler, P., Hoffmann, G., Haas, S., Wissler, M., Muessig, A., et al. (2002). Polyclonal Long-Term Repopulating Stem Cell Clones in a Primate Model. Blood 100 (8), 2737–2743. doi:10.1182/blood-2002-02-0407
 Schröder, A. R. W., Shinn, P., Chen, H., Berry, C., Ecker, J. R., and Bushman, F. (2002). HIV-1 Integration in the Human Genome Favors Active Genes and Local Hotspots. Cell 110 (4), 521–529. doi:10.1016/s0092-8674(02)00864-4
 Senigl, F., Miklik, D., Auxt, M., and Hejnar, J. (2017). Accumulation of Long-Term Transcriptionally Active Integrated Retroviral Vectors in Active Promoters and Enhancers. Nucleic Acids Res. 45 (22), 12752–12765. doi:10.1093/nar/gkx889
 Serrao, E., Ballandras-Colas, A., Cherepanov, P., Maertens, G. N., and Engelman, A. N. (2015). Key Determinants of Target DNA Recognition by Retroviral Intasomes. Retrovirology 12, 39. doi:10.1186/s12977-015-0167-3
 Sharaf, R., Lee, G. Q., Sun, X., Etemad, B., Aboukhater, L. M., Hu, Z., et al. (2018). HIV-1 Proviral Landscapes Distinguish Posttreatment Controllers from Noncontrollers. J. Clin. Invest. 128 (9), 4074–4085. doi:10.1172/JCI120549
 Sharma, A., Larue, R. C., Plumb, M. R., Malani, N., Male, F., Slaughter, A., et al. (2013). BET Proteins Promote Efficient Murine Leukemia Virus Integration at Transcription Start Sites. Proc. Natl. Acad. Sci. 110 (29), 12036–12041. doi:10.1073/pnas.1307157110
 Sharma, A., Slaughter, A., Jena, N., Feng, L., Kessl, J. J., Fadel, H. J., et al. (2014). A New Class of Multimerization Selective Inhibitors of HIV-1 Integrase. Plos Pathog. 10 (5), e1004171. doi:10.1371/journal.ppat.1004171
 Shih, C.-C., Stoye, J. P., and Coffin, J. M. (1988). Highly Preferred Targets for Retrovirus Integration. Cell 53 (4), 531–537. doi:10.1016/0092-8674(88)90569-7
 Shirley, J. L., de Jong, Y. P., Terhorst, C., and Herzog, R. W. (2020). Immune Responses to Viral Gene Therapy Vectors. Mol. Ther. 28 (3), 709–722. doi:10.1016/j.ymthe.2020.01.001
 Shun, M.-C., Raghavendra, N. K., Vandegraaff, N., Daigle, J. E., Hughes, S., Kellam, P., et al. (2007). LEDGF/p75 Functions Downstream from Preintegration Complex Formation to Effect Gene-specific HIV-1 Integration. Genes Develop. 21 (14), 1767–1778. doi:10.1101/gad.1565107
 Silvers, R. M., Smith, J. A., Schowalter, M., Litwin, S., Liang, Z., Geary, K., et al. (2010). Modification of Integration Site Preferences of an HIV-1-Based Vector by Expression of a Novel Synthetic Protein. Hum. Gene Ther. 21 (3), 337–349. doi:10.1089/hum.2009.134
 Singh, P. K., Plumb, M. R., Ferris, A. L., Iben, J. R., Wu, X., Fadel, H. J., et al. (2015). LEDGF/p75 Interacts with mRNA Splicing Factors and Targets HIV-1 Integration to Highly Spliced Genes. Genes Dev. 29 (21), 2287–2297. doi:10.1101/gad.267609.115
 Sinn, P. L., Sauter, S. L., and McCray, P. B. (2005). Gene Therapy Progress and Prospects: Development of Improved Lentiviral and Retroviral Vectors - Design, Biosafety, and Production. Gene Ther. 12 (14), 1089–1098. doi:10.1038/sj.gt.3302570
 Sowd, G. A., Serrao, E., Wang, H., Wang, W., Fadel, H. J., Poeschla, E. M., et al. (2016). A Critical Role for Alternative Polyadenylation Factor CPSF6 in Targeting HIV-1 Integration to Transcriptionally Active Chromatin. Proc. Natl. Acad. Sci. USA 113 (8), E1054–E1063. doi:10.1073/pnas.1524213113
 Stein, S., Ott, M. G., Schultze-Strasser, S., Jauch, A., Burwinkel, B., Kinner, A., et al. (2010). Genomic Instability and Myelodysplasia with Monosomy 7 Consequent to EVI1 Activation after Gene Therapy for Chronic Granulomatous Disease. Nat. Med. 16 (2), 198–204. doi:10.1038/nm.2088
 Swiggard, W. J., Baytop, C., Yu, J. J., Dai, J., Li, C., Schretzenmair, R., et al. (2005). Human Immunodeficiency Virus Type 1 Can Establish Latent Infection in Resting CD4+ T Cells in the Absence of Activating Stimuli. Jvi 79 (22), 14179–14188. doi:10.1128/JVI.79.22.14179-14188.2005
 Tan, W., Dong, Z., Wilkinson, T. A., Barbas, C. F., and Chow, S. A. (2006). Human Immunodeficiency Virus Type 1 Incorporated with Fusion Proteins Consisting of Integrase and the Designed Polydactyl Zinc Finger Protein E2C Can Bias Integration of Viral DNA into a Predetermined Chromosomal Region in Human Cells. Jvi 80 (4), 1939–1948. doi:10.1128/JVI.80.4.1939-1948.2006
 Tan, W., Zhu, K., Segal, D. J., Barbas, C. F., and Chow, S. A. (2004). Fusion Proteins Consisting of Human Immunodeficiency Virus Type 1 Integrase and the Designed Polydactyl Zinc Finger Protein E2C Direct Integration of Viral DNA into Specific Sites. Jvi 78 (3), 1301–1313. doi:10.1128/jvi.78.3.1301-1313.2004
 Taylor, B. S., Tieu, H. V., Jones, J., and Wilkin, T. J. (2019). CROI 2019: Advances in Antiretroviral Therapy. Top. Antivir. Med. 27 (1), 50–68.
 Taylor, J. A., Vojtech, L., Bahner, I., Kohn, D. B., Laer, D. V., Russell, D. W., et al. (2008). Foamy Virus Vectors Expressing Anti-HIV Transgenes Efficiently Block HIV-1 Replication. Mol. Ther. 16 (1), 46–51. doi:10.1038/sj.mt.6300335
 Tesina, P., Čermáková, K., Hořejší, M., Procházková, K., Fábry, M., Sharma, S., et al. (2015). Multiple Cellular Proteins Interact with LEDGF/p75 through a Conserved Unstructured Consensus Motif. Nat. Commun. 6, 7968. doi:10.1038/ncomms8968
 Themis, M., Waddington, S. N., Schmidt, M., von Kalle, C., Wang, Y., Al-Allaf, F., et al. (2005). Oncogenesis Following Delivery of a Nonprimate Lentiviral Gene Therapy Vector to Fetal and Neonatal Mice. Mol. Ther. 12 (4), 763–771. doi:10.1016/j.ymthe.2005.07.358
 Thompson, A. A., Walters, M. C., Kwiatkowski, J., Rasko, J. E. J., Ribeil, J. A., Hongeng, S., et al. (2018). Gene Therapy in Patients with Transfusion-dependent β-Thalassemia. N. Engl. J. Med. 378 (16), 1479–1493. doi:10.1056/NEJMoa1705342
 Tobaly-Tapiero, J., Bittoun, P., Lehmann-Che, J., Delelis, O., Giron, M.-L., de Thé, H., et al. (2008). Chromatin Tethering of Incoming Foamy Virus by the Structural Gag Protein. Traffic 9 (10), 1717–1727. doi:10.1111/j.1600-0854.2008.00792.x
 Trobridge, G. D., Miller, D. G., Jacobs, M. A., Allen, J. M., Kiem, H.-P., Kaul, R., et al. (2006). Foamy Virus Vector Integration Sites in Normal Human Cells. Proc. Natl. Acad. Sci. 103 (5), 1498–1503. doi:10.1073/pnas.0510046103
 Trobridge, G., Josephson, N., Vassilopoulos, G., Mac, J., and Russell, D. W. (2002a). Improved Foamy Virus Vectors with Minimal Viral Sequences. Mol. Ther. 6 (3), 321–328. doi:10.1006/mthe.2002.0672
 Trobridge, G., Vassilopoulos, G., Josephson, N., and Russell, D. W. (2002b). [37] Gene Transfer with Foamy Virus Vectors. Methods Enzymol. 346, 628–648. doi:10.1016/s0076-6879(02)46082-x
 Tsiang, M., Jones, G. S., Niedziela-Majka, A., Kan, E., Lansdon, E. B., Huang, W., et al. (2012). New Class of HIV-1 Integrase (IN) Inhibitors with a Dual Mode of Action. J. Biol. Chem. 287 (25), 21189–21203. doi:10.1074/jbc.M112.347534
 Turlure, F., Devroe, E., Silver, P. A., and Engelman, A. (2004). Human Cell Proteins and Human Immunodeficiency Virus DNA Integration. Front. Biosci. 9, 3187–3208. doi:10.2741/1472
 Turlure, F., Maertens, G., Rahman, S., Cherepanov, P., and Engelman, A. (2006). A Tripartite DNA-Binding Element, Comprised of the Nuclear Localization Signal and Two AT-Hook Motifs, Mediates the Association of LEDGF/p75 with Chromatin In Vivo. Nucleic Acids Res. 34 (5), 1653–1665. doi:10.1093/nar/gkl052
 Utsunomiya, A., Choi, I., Chihara, D., and Seto, M. (2015). Recent Advances in the Treatment of Adult T‐cell Leukemia‐lymphomas. Cancer Sci. 106 (4), 344–351. doi:10.1111/cas.12617
 Vakoc, C. R., Mandat, S. A., Olenchock, B. A., and Blobel, G. A. (2005). Histone H3 Lysine 9 Methylation and HP1γ Are Associated with Transcription Elongation through Mammalian Chromatin. Mol. Cel 19 (3), 381–391. doi:10.1016/j.molcel.2005.06.011
 Valkov, E., Gupta, S. S., Hare, S., Helander, A., Roversi, P., McClure, M., et al. (2009). Functional and Structural Characterization of the Integrase from the Prototype Foamy Virus. Nucleic Acids Res. 37 (1), 243–255. doi:10.1093/nar/gkn938
 van Nuland, R., van Schaik, F. M., Simonis, M., van Heesch, S., Cuppen, E., Boelens, R., et al. (2013). Nucleosomal DNA Binding Drives the Recognition of H3K36-Methylated Nucleosomes by the PSIP1-PWWP Domain. Epigenetics Chromatin 6 (1), 12. doi:10.1186/1756-8935-6-12
 Vandekerckhove, L., Christ, F., Van Maele, B., De Rijck, J., Gijsbers, R., Van den Haute, C., et al. (2006). Transient and Stable Knockdown of the Integrase Cofactor LEDGF/p75 Reveals its Role in the Replication Cycle of Human Immunodeficiency Virus. Jvi 80 (4), 1886–1896. doi:10.1128/jvi.80.4.1886-1896.2006
 Vannucci, L., Lai, M., Chiuppesi, F., Ceccherini-Nelli, L., and Pistello, M. (2013). Viral Vectors: a Look Back and Ahead on Gene Transfer Technology. New Microbiol. 36 (1), 1–22.
 Vassilopoulos, G., Trobridge, G., Josephson, N. C., and Russell, D. W. (2001). Gene Transfer into Murine Hematopoietic Stem Cells with Helper-free Foamy Virus Vectors. Blood 98 (3), 604–609. doi:10.1182/blood.v98.3.604
 Vets, S., De Rijck, J., Brendel, C., Grez, M., Bushman, F., Debyser, Z., et al. (2013). Transient Expression of an LEDGF/p75 Chimera Retargets Lentivector Integration and Functionally Rescues in a Model for X-CGD. Mol. Ther. - Nucleic Acids 2, e77. doi:10.1038/mtna.2013.4
 Vijaya, S., Steffen, D. L., and Robinson, H. L. (1986). Acceptor Sites for Retroviral Integrations Map Near DNase I-Hypersensitive Sites in Chromatin. J. Virol. 60 (2), 683–692. doi:10.1128/JVI.60.2.683-692.1986
 Vogelstein, B., Papadopoulos, N., Velculescu, V. E., Zhou, S., Diaz, L. A., and Kinzler, K. W. (2013). Cancer Genome Landscapes. Science 339 (6127), 1546–1558. doi:10.1126/science.1235122
 Wagner, T. A., McLaughlin, S., Garg, K., Cheung, C. Y. K., Larsen, B. B., Styrchak, S., et al. (2014). Proliferation of Cells with HIV Integrated into Cancer Genes Contributes to Persistent Infection. Science 345 (6196), 570–573. doi:10.1126/science.1256304
 Wang, D., Tai, P. W. L., and Gao, G. (2019). Adeno-associated Virus Vector as a Platform for Gene Therapy Delivery. Nat. Rev. Drug Discov. 18 (5), 358–378. doi:10.1038/s41573-019-0012-9
 Winans, S., Larue, R. C., Abraham, C. M., Shkriabai, N., Skopp, A., Winkler, D., et al. (2017). The FACT Complex Promotes Avian Leukosis Virus DNA Integration. J. Virol. 91 (7). e00082-e00017. doi:10.1128/JVI.00082-17
 Winkler, D. D., and Luger, K. (2011). The Histone Chaperone FACT: Structural Insights and Mechanisms for Nucleosome Reorganization. J. Biol. Chem. 286 (21), 18369–18374. doi:10.1074/jbc.R110.180778
 Wu, C., and Dunbar, C. E. (2011). Stem Cell Gene Therapy: the Risks of Insertional Mutagenesis and Approaches to Minimize Genotoxicity. Front. Med. 5 (4), 356–371. doi:10.1007/s11684-011-0159-1
 Wu, S.-Y., and Chiang, C.-M. (2007). The Double Bromodomain-Containing Chromatin Adaptor Brd4 and Transcriptional Regulation. J. Biol. Chem. 282 (18), 13141–13145. doi:10.1074/jbc.R700001200
 Wu, X., Li, Y., Crise, B., Burgess, S. M., and Munroe, D. J. (2005). Weak Palindromic Consensus Sequences Are a Common Feature Found at the Integration Target Sites of Many Retroviruses. Jvi 79 (8), 5211–5214. doi:10.1128/jvi.79.8.5211-5214.2005
 Wu, X., Li, Y., Crise, B., and Burgess, S. M. (2003). Transcription Start Regions in the Human Genome Are Favored Targets for MLV Integration. Science 300 (5626), 1749–1751. doi:10.1126/science.1083413
 Wysocka, J., Swigut, T., Xiao, H., Milne, T. A., Kwon, S. Y., Landry, J., et al. (2006). A PHD Finger of NURF Couples Histone H3 Lysine 4 Trimethylation with Chromatin Remodelling. Nature 442 (7098), 86–90. doi:10.1038/nature04815
 Yin, Z., Shi, K., Banerjee, S., Pandey, K. K., Bera, S., Grandgenett, D. P., et al. (2016). Crystal Structure of the Rous Sarcoma Virus Intasome. Nature 530 (7590), 362–366. doi:10.1038/nature16950
 Yoder, K. E., Roddick, W., Hoellerbauer, P., and Fishel, R. (2011). XPB Mediated Retroviral cDNA Degradation Coincides with Entry to the Nucleus. Virology 410 (2), 291–298. doi:10.1016/j.virol.2010.11.016
 Yokoyama, A., and Cleary, M. L. (2008). Menin Critically Links MLL Proteins with LEDGF on Cancer-Associated Target Genes. Cancer Cell 14 (1), 36–46. doi:10.1016/j.ccr.2008.05.003
 Yokoyama, N., Hayashi, N., Seki, T., Panté, N., Ohba, T., Nishii, K., et al. (1995). A Giant Nucleopore Protein that Binds Ran/TC4. Nature 376 (6536), 184–188. doi:10.1038/376184a0
 Yves, P., Stephane, M., Rishika, B., Christine, D., and Gérard, P. (2015). Characteristics of Adult T-Cell Leukemia/Lymphoma Patients with Long Survival: Prognostic Significance of Skin Lesions and Possible Beneficial Role of Valproic Acid. Leuk. Res. Treat. 2015, 1–9. doi:10.1155/2015/476805
 Zaware, N., and Zhou, M.-M. (2019). Bromodomain Biology and Drug Discovery. Nat. Struct. Mol. Biol. 26 (10), 870–879. doi:10.1038/s41594-019-0309-8
 Zhu, J., Gaiha, G. D., John, S. P., Pertel, T., Chin, C. R., Gao, G., et al. (2012). Reactivation of Latent HIV-1 by Inhibition of BRD4. Cel Rep. 2 (4), 807–816. doi:10.1016/j.celrep.2012.09.008
 Zielske, S. P., and Stevenson, M. (2006). Modest but Reproducible Inhibition of Human Immunodeficiency Virus Type 1 Infection in Macrophages Following LEDGFp75 Silencing. Jvi 80 (14), 7275–7280. doi:10.1128/JVI.02470-05
 Zuber, J., Shi, J., Wang, E., Rappaport, A. R., Herrmann, H., Sison, E. A., et al. (2011). RNAi Screen Identifies Brd4 as a Therapeutic Target in Acute Myeloid Leukaemia. Nature 478 (7370), 524–528. doi:10.1038/nature10334
 Zufferey, R., Donello, J. E., Trono, D., and Hope, T. J. (1999). Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element Enhances Expression of Transgenes Delivered by Retroviral Vectors. J. Virol. 73 (4), 2886–2892. doi:10.1128/JVI.73.4.2886-2892.1999
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Yoder, Rabe, Fishel and Larue. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fmolb-08-662331-g005.gif





OPS/images/fmolb-08-662331-t001.jpg
Gene therapy

Fusions of IN

Fusions of tethering
factors

Tether independent
targeting

Advantages
Stable integration and

expression of transgene
Low immunogenicity

Transduction of primary cells
Modifcation of retroviral protein

only

Does not reqire modification
of retroviral proteins

Transduction of primary cells

No cellilar moifications
rociived

Disadvantages

Oncogenesis

Limited ability to target
select genes

Potental disruption of
intasome multimers
Reduced integration
efficiency

Cannot be performed in
primary cells

Does not redirect all
integration events
Requires manipulation of
cellular factors

Limited effcacy

Advances
1983 - Creation of retroviral vectors

1990 - MLV vectors in patients for
X-SCID

20086 - HIV-1 vectors in patients for
cancer treatment

2009 - HIV-1 vectors in patients for
X-ALD and p-thalassemia

2018 - CRISPR-CAS9 in patients
1994 - First chimeric HV-1 IN
fusions

1996 - First chimeric ASLV IN
fusions

1997 - Zine finger fusions to HIV-
1IN

2003 - Discovery of LEDGF/p75 as
HIV-1IN co-factor

2009 - First LEDGF/p75 fusions

2013 - Discovery of BET proteins
as MLV IN co-factors

2013 - LEDGF/p75 fusion
employed in WT cells

2016 - Alterations to PFV GAG

2014 - Alterations to MLV IN

References

Perkins et al. (1983)Miler et al. (1983),
Joyner and Berstein, (1983)

Blaese et al. (1995) Cavazzana-Calvo et al.
(2000)

Morgan et al. (2006)Bobisse et al.
(2009).Johnson et al. (2009)

Cartier et . (2009).Cavazzana-Calvo et al.
(2010)

Romero et . (2018)

Bushman (1994),Goulaouic and Chow
(1996)

Katz et al. (1996)

Bushman and Miller (1997).Tan et al. (2004)
Cherepanov etal. (2003) Turlure et al. (2004)
Meehan et al. (2009),Ferris et al.
(2010),Sivers et al. (2010)

De Riok et al. (2013),Gupta et al.
(2013),Sharma et al. (2013)

Vets et al. (2013)

Hocum et al. (2016)

Aiyer et al. (2014)Larue et al. (2014)El
Ashkar et al. (2014)





OPS/images/fmolb-08-662331-g003.gif
wceron: QI IO CHTIIED
Ay

e Q-EBEDOS





OPS/images/fmolb-08-662331-g004.gif
ML
PRV
HIV-1

-

2

LEDGF/p75,

B

'

Brdd





OPS/xhtml/nav.xhtml
Contents

		Cover

		Strategies for Targeting Retroviral Integration for Safer Gene Therapy: Advances and Challenges		Introduction		Integration Site Selection in Cells

		Retroviral Gene Therapy Vectors

		Integrase Fusions

		Fusions of Intasome Tethering Factors

		Tether Independent Integration Targeting

		Remaining Questions and Conclusions





		Author Contributions

		Funding

		References









OPS/images/cover.jpg
frontiers -
1In Molecular Biosciences

Strategies for Targeting Retroviral
Integration for Safer Gene
Therapy: Advances and
Challenges





OPS/images/fmolb-08-662331-g001.gif





OPS/images/fmolb-08-662331-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Earth Science





