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Abstract

:

Human hematopoietic stem/progenitor cell (HSPC)-based gene therapy is a promising direction for curing HIV-1-infected individuals. The zinc finger protein (2LTRZFP) designed to target the 2-LTR-circle junction of HIV-1 cDNA was previously reported as an intracellular antiviral molecular scaffold that prevents HIV integration. Here, we elucidate the efficacy and safety of using 2LTRZFP in human CD34+ HSPCs. We transduced 2LTRZFP which has the mCherry tag (2LTRZFPmCherry) into human CD34+ HSPCs using a lentiviral vector. The 2LTRZFPmCherry-transduced HSPCs were subsequently differentiated into macrophages. The expression levels of pro-apoptotic proteins of the 2LTRZFPmCherry-transduced HSPCs showed no significant difference from those of the non-transduced control. Furthermore, the 2LTRZFPmCherry-transduced HSPCs were successfully differentiated into mature macrophages, which had normal phagocytic function. The cytokine secretion assay demonstrated that 2LTRZFPmCherry-transduced CD34+ derived macrophages promoted the polarization towards classically activated (M1) subtypes. More importantly, the 2LTRZFPmCherry transduced cells significantly exhibited resistance to HIV-1 integration in vitro. Our findings demonstrate that the 2LTRZFPmCherry-transduced macrophages were found to be functionally and phenotypically normal, with no adverse effects of the anti-HIV-1 scaffold. Our data suggest that the anti-HIV-1 integrase scaffold is a promising antiviral molecule that could be applied to human CD34+ HSPC-based gene therapy for AIDS patients.






Keywords:


anti-HIV-1 scaffold; zinc finger protein; zinc finger domain; hematopoietic stem/progenitor cell; gene therapy












1. Introduction


Antiretroviral therapy (ART) is the current standard treatment for HIV-1-infected patients. It is categorized into six different classes that affect different steps of HIV-1 replication [1]. In the past few decades, ART has been used as a single-tablet-a-day dose that contains a combination of the three most effective anti-viral drugs [2]. This combination can suppress HIV-1 replication to undetectable levels (≤50 copies/mL) and prevent HIV-1 infection of new cells; however, it cannot cure HIV [3]. ART does not eliminate latent HIV reservoirs in memory CD4+ T cells and macrophages [3,4]. Additionally, poor medication adherence or interruption of dosage can accelerate the emergence of HIV-1 drug resistance (HIVDR), which can lead to a viral rebound in peripheral blood [5]. To address this issue, several alternative approaches have been developed in the attempt to completely cure HIV. Despite the fact that several candidates are being tested in clinical trials, no effective HIV-1 vaccine has yet been developed [6]. In the meantime, alternative therapies, including broadly neutralizing antibodies [7], adoptive transfer of expanded cytotoxic T cells targeting latent HIV reservoirs [8], and chimeric antigen receptor T cells, are currently being investigated [9,10].



Given the limitations of ART and the unavailability of alternative therapies for HIV, hematopoietic stem/progenitor cell (HSPC) gene therapy is a promising approach to provide a long-term treatment of HIV-1-infected individuals with a one-time dose without a daily ART. Validation of the use of HSPC transplantation to cure HIV occurred in 2009 in the case of Timothy Ray Brown, known as “the Berlin patient,” who received an allogeneic stem cell transplant from a donor naturally immune to HIV-1 (CCR5Δ32 homozygous) [11]. More than ten years later, RNA detection indicated that he remains free of HIV-1 [12,13,14]. HSPCs have the ability to self-renew and differentiate into multilineage hematopoietic cell types including T lymphocytes and macrophages, which are the HIV-1 target cells. Therefore, HSPCs are an attractive tool for gene therapy to maintain life-long resistance to HIV infection or replication [15]. Transplantation of anti-HIV-1 gene-modified HSPCs in AIDS patients could continuously provide HIV-resistant hematopoietic cells throughout the life of a patient [16]. Hence, finding potential anti-HIV targets for use in combination with HSPC-based therapy could increase the chance of curing HIV.



Several anti-HIV-1 targets have been identified for use in HSPC-based therapy to achieve intracellular immunization, including RNA-based methods [17,18], C46 fusion inhibitor [19], revM10 dominant-negative protein [20], and gene editing proteins such as zinc finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), and clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) [21,22]. However, these strategies have some restrictions. The extremely high mutation rate of the viral RNA genome, which allows evasion from the immune system, leads to insensitive binding of RNA-based molecules to their viral target sites [23,24]. Disruption of chemokine receptors such as CCR5 and CXCR4 by gene editing strategies can negatively affect the immune cell function and induce chronic inflammation [25,26]. Moreover, the unexpected adverse effects of CRISPR/Cas9 can occur due to the development of viral resistance to Cas9/sgRNA, resulting in replication-competent viral escape mutants [27]. Consequently, the discovery of anti-HIV-1 molecules that target more conserved regions of the HIV-1 genome and are not harmful to normal cell function could overcome these limitations.



2LTRZFP containing six adjacent ZFP motifs was explicitly designed to bind non-covalently to the 2LTR junction of HIV-1 DNA to interfere with the HIV-1 integration process [28]. The target of 2LTRZFP is a highly conserved region of HIV-1 and discrete to human cell compartments. It has been shown that the anti-HIV-1 gene activity significantly reduced HIV-1 integration and replication in human T cell lines and primary peripheral blood mononuclear cells (PBMCs) [28,29]. Moreover, the combination of 2LTRZFP with another anti-HIV-1 molecule, AnkGAG1D4, inhibited both HIV-1 integration and assembly [30]. Since the anti-HIV-1 activity of 2LTRZFP has not been evaluated in HSPCs, the present study aims to validate the efficiency of 2LTRZFP in HSPCs to retain the antiviral effects and induce their differentiation into mature macrophages, which are the early cellular targets of HIV-1 infection. Macrophages are more resistant to virally induced cytopathic effects of HIV-1 than CD4+ T lymphocytes, thus HIV-1-infected macrophages can produce viruses for more extended periods [31,32]. Functional analysis of 2LTRZFP in human HSPCs and human HSPC-derived macrophages will be an essential foundation for further study in animal models.




2. Results


2.1. Generation of Human CD34+ HSPCs Expressing 2LTRZFPmCherry


HSPCs are frequently characterized by the surface expression of CD34 [33]. Downregulation of CD34 has been shown to correlate with loss of self-renewal and reflects the differentiated fate of HSPCs in cell culture. Here, CD34 was used as a marker to isolate HSPCs from G-CSF-mobilized peripheral blood samples from healthy donors using an anti-CD34 antibody conjugated to magnetic beads. To assess the safety of 2LTRZFP in human CD34+ HSPCs and validate the inhibition of HIV-1 integration, the CGW-2LTRZFPmCherry lentiviral vectors [30] were used for transduction into human CD34+ HSPCs. The isolated CD34+ HSPCs were cultured for three days before transduction with either CGW-2LTRZFPmCherry or CGW-AartmCherry control vectors at an MOI of 20 (Figure 1A). Aart is a six ZFP designed to recognize a unique 18 bp target sequence that is not present in the human genome [34]. Aart was used as a negative control for non-specific ZFP binding. Alignment of the amino acid sequences of 2LTRZFP and Aart shows 80% identity [28].



Flow cytometric analysis showed that we obtained 51% and 56% of the mCherry+ cells in human CD34+ HSPCs transduced with CGW-2LTRZFPmCherry and CGW-AartmCherry, respectively (Figure 1B). Fluorescence microscopy indicated that 2LTRZFPmCherry and AartmCherry were expressed in human CD34+ HSPCs (Figure 1C).




2.2. The 2LTRZFPmCherry-Transduced Cells Maintained Good Viability and Showed No Difference in Levels of Pro-Apoptotic Proteins after the Lentiviral Transduction


To determine whether the lentiviral gene transfer of 2LTRZFP affects cell viability in the transduced cells, the trypan blue dye exclusion method was performed in the transduced CD34+ HSPCs. We found that the viability of the transduced cells was not significantly different from the non-transduced CD34+ HSPCs (Figure 2A). In addition, the levels of pro-apoptotic proteins including Bak, Bax, and Smac in both 2LTRZFPmCherry- and AartmCherry-transduced cells were not significantly different from the non-transduced cells (p = 0.33, by Kolmogorov-Smirnov test) (Figure 2B). Taken together, these results demonstrated that anti-HIV-1 integrase 2LTRZFP did not affect cell viability or levels of pro-apoptotic proteins of the CD34+ HSPCs.




2.3. Functional Analyses of the CD34+ HSPC-Derived Macrophages Expressing 2LTRZFP


Macrophages play a critical role in the immune system, specifically in the inflammatory response. Since macrophages are typically distributed in tissues throughout the body, introducing anti-HIV genes into macrophages could prevent and eradicate latent HIV-1 reservoirs. We differentiated the 2LTRZFPmCherry- or AartmCherry-transduced cells to a myeloid lineage in cytokine culture media to generate mature macrophages (Figure 3A). Morphological analysis showed that the macrophages derived from CD34+ HSPCs had a elongated shape typical of macrophages (Figure 3B). We then investigated the levels of the monocyte/macrophage marker, CD14, and found that the 2LTRZFPmCherry transgenic macrophages expressed similar levels of CD14 when compared to those of the AartmCherry-transduced cells, the non-transduced cells, and the monocyte-derived macrophages that were purified from primary PBMCs. Similarly, the levels of CD4, a primary HIV-1 receptor on macrophages, and helper T lymphocytes in all samples were comparable (Figure 3C).



To determine the phagocytic function of the 2LTRZFPmCherry-transduced CD34+ HSPC-derived macrophages, we added the CFW-labelled Pichia pastoris at an MOI of 10 to the culture medium for 4 h. Phagocytosis was observed using fluorescent microscopy. The results showed that the 2LTRZFPmCherry transgenic CD34+ HSPC-derived macrophages had similar phagocytic activity as the non-transduced control (Figure 4).




2.4. Cytokine Secretion Assay of the CD34+ HSPC-Derived Macrophages Expressing 2LTRZFP


To determine whether the transgenic macrophages retained their functional capacity to secrete cytokines at similar levels to the primary monocyte-derived macrophages, the non-transduced, 2LTRZFPmCherry- or AartmCherry-transduced CD34+ HSPC-derived macrophages were stimulated with IFN-γ. The levels of secreted cytokines were measured by cytokine bead array. The results demonstrated no significant differences in levels of secreted IL-10 and GM-CSF among the non-transduced, 2LTRZFPmCherry-, AartmCherry CD34+ HSPC-derived macrophages, and the PBMC monocyte-derived macrophages. However, the levels of secreted IL-12 and TNF-α in the 2LTRZFPmCherry transduced macrophages were higher than those of the AartmCherry and the non-transduced control cells (Figure 5). The results indicated that the transgenic macrophages still provided the ability to produce the normal cytokine profiles similar to the non-transduced macrophages. Interestingly, the 2LTRZFPmCherry transduced macrophages displayed higher levels of IL-12 and TNF-α, suggesting that transduction of 2LTRZFPmCherry could increase the possibility of macrophages being polarized into the M1 (classically activated) subtype [35].




2.5. 2LTRZFP Mediated Inhibition of HIV-1 Integration in CD34+ HSPCs and Their Mature Macrophages


The success of anti-HIV gene therapy in HSPCs requires a safe and efficient gene delivery system, with inhibition of HIV-1 replication proficiency. The efficiency of 2LTRZFP to inhibit HIV-1 integration was evaluated in CD34+ HSPCs and CD34+ HSPC-derived macrophages. The non-transduced control, AartmCherry− and 2LTRZFPmCherry-transduced cells were infected with an X4-tropic HIV-1-based luciferase reporter virus pseudotyped with the envelope glycoprotein of vesicular stomatitis virus (VSV-G) (HIV-1NL4-3.Luc.R−E−/VSV-G) at 50 ng of p24 per 105 cells. This non-replicative chimeric virus comprises the HIV-1 core (NL4-3), the luciferase reporter gene, and the VSV-G envelope glycoprotein. It enters all cells with equal efficiency, independent of CD4 expression levels, and integrates its genome to express luciferase as an indicator of HIV-1 infection and integration [36]. The levels of HIV-1 infection were evaluated at three days post-infection by detecting the luciferase activity.



Both CD34+ HSPCs (Figure 6A) and CD34+ HSPC-derived macrophages (Figure 6B) expressing 2LTRZFPmCherry had significant protection against X4-tropic HIV-1 integration indicated by around 2.3- and 2.1-fold reduction of luciferase activity, respectively, when compared to the non-transduced control. As expected, CD34+ HSPCs and CD34+ HSPC-derived macrophages expressing AartmCherry did not have any anti-HIV effect. This result indicated that the lentiviral vectors efficiently delivered the 2LTRZFPmCherry genes and significantly inhibited the HIV-1 integration in the CD34+ HSPCs and their mature macrophages.





3. Discussion


HSPC-based gene therapy is considered a novel therapeutic approach to achieving long-term resistance against HIV infection and could potentially cure HIV/AIDS with a single treatment [4,15,16,37,38,39,40]. Gene therapy in human CD34+ HSPCs could prevent the infection of susceptible cells because HSPCs give rise to all blood cell types in HIV-1 pathogenesis, including CD4+ T cells, macrophages, dendritic cells, and microglia. These cells function as a source of HIV-resistant cells in central and mucosal lymphoid organs. Various gene-based therapies have been developed to inhibit different stages of HIV replication. The greatest challenge is to find safe and efficient anti-HIV gene therapy molecules for HSPC-based therapy. Specifically designed scaffold proteins are attractive for anti-HIV gene therapy due to their remarkable physical stability, simple expression in prokaryotic systems, and inexpensive production [41]. In addition, the binding sites of scaffold proteins are easily designed to specifically bind to target HIV-1 DNA, amino acid sequences, or crucial cell receptors to block HIV-1 entry into target cells.



This study focused on inhibiting HIV replication using anti-HIV-1 integrase molecular scaffolds, namely 2LTRZFP, a ZFP designed without FokI endonuclease activity. The 2LTRZFP was designed to specifically target non-covalent 2-LTR circle junctions of HIV-1, which are highly conserved and essential sequences for HIV-1 integration without interfering with the host genome or proteome [28,29]. The benefit of the construct lacking FokI nuclease is that it prevents off-target cleavage of the host genome. Here, we show that 2LTRZFP expression was achieved in human CD34+ HSPCs using the self-inactivating (SIN) CGW lentiviral vector transduction system, with at least 50% of mCherry+ cells at an MOI of 20. HIV-1 integration was significantly inhibited in human CD34+ HSPCs expressing 2LTRZFPmCherry, but not in those expressing the ZFP (AartmCherry) (negative control) and the non-transduced control.



Since 2LTRZFP is a new tool for HSPC-based gene therapy, it was necessary to evaluate its safety in HSPCs and their mature derivatives. We found that the introduction of the 2LTRZFPmcherry into human CD34+ HSPCs by the lentiviral vectors did not affect the cell viability and proliferation in the transduced cells. The transduced HSPCs could be differentiated into mature functional macrophages. There was no significant difference in the yields of mature macrophages upon cytokine induction. However, it is necessary to determine the distribution of the lentiviral vector common insertion sites to avoid benign integration bias and oncogenic selection [42]. Furthermore, as regenerative medicine advances, 2LTRZFP applied in induced pluripotent stem cells (iPSCs) could have the potential for generating a continuous supply of HIV-1-resistant HSPCs for transplantation into HIV-infected patients [43].



Using several strategies, stem cell-based HIV gene therapy is currently being tested in clinical trials. The history of major developments in HSPC-based gene therapy transplantation for AIDS patients from 1981 to date was reviewed by Hütter [4]. On-going and planned clinical trials of HSPC therapy for HIV-infected patients have been described by Kuritzkes [44]. Numerous approaches are currently under investigation, including allogeneic CCR5-deficient HSPC transplantation and autologous anti-HIV genetically modified HSPC transplantation. In early clinical trials, oncogenic gamma retroviruses, such as Moloney murine leukaemia virus (MMLV), were used to mediate gene transfer of the trans-dominant rev protein [45,46] or anti-HIV ribozyme-targeted tat and vpr genes [47] into CD34+ cells of HIV-positive patients. The results demonstrated the safety and feasibility of gene transfer and HSPC transplantation with no adverse effects. However, there was no significant long-term anti-HIV effect due to the low expression of the genes of interest and the production of a replication-competent virus, which are the primary potential hazards of this technology [48].



In a recent clinical study, retrovirus vectors were superseded by a lentiviral vector that enabled integration in the absence of cell division and prevented replication of the competent virus. The first clinical study that applied the lentiviral vector for anti-HIV gene delivery introduced a triple combination of a Tat/Rev shRNA, a TAR decoy, and a CCR5 ribozyme into CD34+ cells of patients with AIDS-related non-Hodgkin lymphoma (NHL). However, the outcome showed low levels of anti-HIV gene markers in 0.2–0.32% PBMCs at up to 24 months after reinfusion [49].



In addition to the stability of anti-HIV modified cells and cell transplantation protocol, an essential requirement of a successful HIV-1 gene therapy applied in HSPCs is to maintain phenotypically and functionally normal differentiated cells and restore their immunological function. Accordingly, the 2LTRZFP-transduced CD34+ HSPCs were differentiated to mature macrophages. We demonstrated that the 2LTRZFP transgenic macrophages expressed normal levels of CD14 and CD4 surface markers as compared to those of the non-transduced, AartmCherry-transduced, or PBMC monocyte-derived macrophages. This result indicated that the transgenic macrophages were phenotypically normal.



To further investigate the function of macrophages, we stimulated the 2LTRZFPmCherry-transduced macrophages with IFN-γ to induce polarization into the M1 (classically activated) subtype. The M1 subtype expressed IL-12high, IL-23high, IL-10low and secreted inflammatory cytokines including IL-1β, TNF, and IL-6, which promote inflammation and Th1 polarization of CD4 cells [50,51]. These results indicated that introducing the 2LTRZFPmCherry gene in CD34+ cell-derived macrophages had no apparent effect on IL-10 and GM-CSF secretions compared to the AartmCherry transgenic and non-transduced cells [52,53]. Interestingly, the levels of TNF-α and IL-12 were up-regulated in the 2LTRZFPmCherry-transduced macrophages suggesting that the 2LTRZFPmCherry could affect the polarization of macrophages towards the classically activated M1 state. However, further study on this effect should be performed in an animal model, which provides a better physiological environment than the in vitro system.



Our previous work demonstrated that 2LTRZFP inhibited the viral integration process in SupT1 cells [29,30,54]. In this study, we use the X4-tropic HIV-1 pseudotyped luciferase reporter virus since the virus needs to integrate into the host chromosome and then trigger luciferase expression. Thus, the protection of 2LTRZFP against HIV integration can be determined. The human CD34+ HSPCs and CD34+ HSPC-derived macrophages expressing 2LTRZFP revealed moderate protection against HIV integration, as evidenced by the X4-tropic HIV-1 pseudotyped luciferase reporter assay. Further analysis of 2LTRZFP anti-HIV-1 activity in mouse models is required to determine their suitability and safety before use in the human field [55,56]. The NOD scid gamma (NSG) and humanized bone marrow/liver/thymus (BLT) mouse models are small animal models that permit evaluation of anti-HIV-1 gene therapy of human CD34+ HSPCs. The reconstitution and differentiation into mature human leukocytes and HIV-1 infection can be assessed in these models to determine anti-HIV-1 gene-modified HSPC properties in vivo [39,56,57,58,59,60,61]. Experiments in non-human primate models are necessary to further characterize this molecular scaffold’s biosafety and antiviral activity in immune systems more closely related to that of humans.




4. Materials and Methods


4.1. Ethical Approval and Consent to Participate


The human CD34+ HSPCs from individual donors were acquired using protocols approved by the Committee on Human Rights Related to Research Involving Human Subjects, Faculty of Medicine, Ramathibodi Hospital, Mahidol University (study approval code: ID 06-56-07). Written informed consent was obtained from each individual. All methods were carried out in accordance with relevant guidelines and regulations.




4.2. Isolation and Culture of Human CD34+ HSPCs


Human CD34+ HSPCs were isolated from granulocyte-colony-stimulating factor (G-CSF)-mobilized peripheral blood using the CD34 MicroBead Kit (Miltenyi Biotec, Auburn, CA, USA) [62]. The purity of human CD34+ HSPCs was determined by co-staining with anti-human CD34 mAbs (BioLegend, San Diego, CA, USA) and anti-human CD45 mAbs (BioLegend) and analyzed by flow cytometry. Purified human CD34+ HSPCs were frozen in a cryopreservation medium containing 10% dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA) and 90% Fetal Bovine Serum (FBS; Thermo Scientific HyClone, Cramlington, UK). Human CD34+ HSPCs were thawed and cultured in Iscove’s Modified Dulbecco’s Medium (IMDM; Gibco, Grand Island, NY, USA) containing 100 ng/mL recombinant human stem cell factor (rhSCF), 50 ng/mL recombinant human interleukin-3 (rhIL-3), and 50 ng/mL recombinant human interleukin-6 (rhIL-6) (all from Cell Guidance Systems, Cambridge, UK), and 10% FBS. Cultures were maintained in a 37 °C humidified incubator containing 5% CO2.




4.3. Generation of Human CD34+ HSPCs Stably Expressing 2LTRZFPmCherry or CGW-AartmCherry by Lentiviral Gene Transfer


Frozen human CD34+ HSPCs were thawed and cultured in IMDM containing 10% FBS, 100 ng/mL rhSCF, 50 ng/mL rhIL-3, and 50 ng/mL rhIL-6 for three days before transduction with either the CGW-2LTRZFPmCherry lentiviral vector or the CGW-AartmCherry control lentiviral vector at an MOI of 20. After adding the virus, the cells were subjected to spinoculation by centrifugation at 2000× g at 32 °C for 1.5 h, in the medium containing 4 µg/mL of Polybrene (Sigma–Aldrich, St. Louis, MO, USA). The cells were then transferred to a humidified incubator and maintained at 37 °C and 5% CO2 for 24 h. The next day, the transduced cells were washed three times with a fresh medium and further cultured in the fresh cytokine medium. The transduction efficiency was determined at day three post-transduction by fluorescence microscopy and flow cytometry (FACSCalibur™; BD Biosciences, Le Pont-de-Claix, France).




4.4. Determination of Cell Viability by Trypan Blue Exclusion Assay


Aliquots of non-transduced, 2LTRZFPmCherry- and AartmCherry-transduced CD34+ HSPCs were centrifuged at 500× g for 5 min. The cell pellets were then resuspended in a proper amount of PBS and subsequently stained with 0.4% Trypan Blue solution (Gibco). The unstained (viable) and stained (nonviable) cells were counted using a hemacytometer and the percentages of viable cells were determined.




4.5. Apoptosis Assay


Total protein was extracted from 3 × 106 HSPCs. According to the manufacturer’s instruction, the apoptosis assay was performed using the Bio-Plex Pro™RBM Apoptosis Assays (Bio-Rad Laboratories, Hercules, CA, USA). Then, 30 µL of 250 µg/mL of each protein sample was used to assess pro-apoptotic proteins (Bak, Bax, and Smac) using the Bio-Plex Multiplex System (Bio-Rad Laboratories, Hercules, CA, USA).




4.6. Differentiation of the 2LTRZFPmCherry-Transduced HSPCs into Mature Macrophages


The HSPCs were differentiated into macrophages, which are the HIV-1 target cells, following the previously published protocol [63]. Briefly, cells were cultured in a complete medium: IMDM containing 10% FBS, 100 U/mL penicillin (Gibco), 100 μg/mL streptomycin (Gibco), and 2 mM L-glutamine (Gibco), supplemented with 100 ng/mL rhSCF, 50 ng/mL rhIL-3, and 50 ng/mL rhIL-6 for four days. After four days, the medium was replaced with a complete medium supplemented with 50 ng/mL rhSCF, 50 ng/mL rhIL-6, and 50 ng/mL recombinant human GM-CSF (rhGM-CSF; Cell Guidance Systems) for five days. The cells were then cultured in the macrophage medium: RPMI-1640 medium (Gibco) containing 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine, supplemented with 50 ng/mL rhGM-CSF and 100 ng/mL recombinant human macrophage colony-stimulating factor (rhM-CSF; Cell Guidance Systems) for three days. The medium was replaced with the macrophage medium supplemented with 100 ng/mL rhM-CSF for 14 days. The expression of mCherry was examined by fluorescence microscopy. Macrophage surface markers were assessed by staining with anti-human CD14 mAbs (BioLegend) and CD4 mAbs (clone MT4/3; generously provided by Prof. Watchara Kasinrerk, Chiang Mai University, Chiang Mai, Thailand), and analyzed by flow cytometry (FACSCalibur™; BD Biosciences, Franklin Lakes, NJ, USA).




4.7. Measurement of Phagocytosis of Human CD34+ HSPC-Derived Macrophages


HSPC-derived macrophages expressing 2LTRZFPmCherry were seeded at a density of 2 × 105 cells/well of a 24-well plate and maintained in RPMI-1640 medium containing 100 ng/mL rhM-CSF at 37 °C and 5% CO2 for 14 days. The mCherry expression was examined by fluorescence microscopy. Next, the cell wall of P. pastoris was stained with calcofluor-white (CFW). The differentiated macrophages were co-cultured with the CFW-labelled P. pastoris at an MOI of 10 and maintained at 37 °C and 5% CO2 for 4 h. After 4 h, the co-cultured cells were washed three times with 1X PBS, and the cell membrane of macrophages was labelled with anti-human CD45-FITC (ImmunoTools GmbH, Friesoythe, Germany). The phagocytosis was determined by confocal microscopy.




4.8. Assessment of Cytokine Production in CD34+ HSPC-Derived Macrophages


CD34+ HSPC-derived macrophages expressing either 2LTRZFP or AartmChery were seeded at a density of 1 × 105 cells/well of a 24-well plate and maintained at 37 °C and 5% CO2 for 24 h. The cells were stimulated with 20 ng/mL of interferon-gamma (IFN-γ) (R&D Systems, Minneapolis, MN, USA) for 24 h in a humidified incubator at 37 °C and 5% CO2. The cell-free culture supernatant was collected and stored at −80 °C for measuring cytokine production using Bio-plex ProTM Human Cytokine Th1/Th2 panel (Bio-Rad, Hercules, CA, USA). The non-transduced CD34+ cell-derived macrophages and unstimulated cells were used as controls.




4.9. VSV-G-Pseudotyped HIV-1NL4-3.Luc.R−.E− Infection


Human CD34+ HSPCs and their derived mature macrophages stably expressing 2LTRZFPmCherry or AartmCherry were tested for antiviral integration by challenging with VSV-G-pseudotyped HIV-1NL4-3.Luc. R−.E− . First, cells were seeded at a density of 1 × 105 cells/well of a 96-well plate in 150 µL RPMI-1640 medium containing 100 ng/mL rhM-CSF for 24 h. The cells were treated with 50 µL VSV-G-pseudotyped HIV-1NL4-3.Luc. R−.E− (50 ng of HIV-1 p24 per 105 cells) and centrifuged at 2000× g at 32 °C for 1.5 h. The cells were then transferred to a humidified incubator and maintained at 37 °C and 5% CO2 for 72 h. The infected cells were examined for viral integration by measuring luciferase expression (Steady-Glo® Luciferase Assay System; Promega Corporation, Madison, WI, USA). The luminescent signal was detected using the BioTek Synergy™ 4 Hybrid Microplate Reader (BioTek Instruments, Winooski, VT, USA).




4.10. Statistics


Statistical analyses were performed using GraphPad Prism software. Statistical significance was determined by Kolmogorov-Smirnov test and one-way ANOVA analysis. We indicated other significance levels as follows: p < 0.05 *, p < 0.01 **, p < 0.001 ***, p < 0.0001 ****.








Author Contributions


Conceptualization, methodology, formal analysis, investigation, writing, K.C. and W.K.; investigation, validation, C.P.; resources, writing–review and editing, S.S., B.E.T., S.B. and S.H.; conceptualization, supervision, writing–review and editing, M.W.; conceptualization, supervision, funding acquisition, C.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Distinguished Research Professor Grant [NRCT 808/2563] of the National Research Council of Thailand, the Office of National Higher Education Science Research and Innovation Policy Council (NXPO), Thailand, through Program Management Unit for Competitiveness (PMU C), contract number C10F630145, the Program Management Unit for Human Resources and Institutional Development, Research and Innovation [grant number B05F630102], the Permanent Secretary, Ministry of Higher Education, Science, Research and Innovation [grant number RGNS 63-067], Fundamental Fund 2022, Chiang Mai University, CMU Junior Research Fellowship Program, AMS Research Grant of Faculty of Associated Medical Sciences, Chiang Mai University, and King Mongkut’s Institute of Technology Ladkrabang [2563–0216006].




Institutional Review Board Statement


The human CD34+ HSPCs from individual donors were acquired using protocols approved by the Committee on Human Rights Related to Research Involving Human Subjects, Faculty of Medicine, Ramathibodi Hospital, Mahidol University (study approval code: ID 06-56-07).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Any data or material that support the findings of this study can be made available by the corresponding author upon request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Arts, E.J.; Hazuda, D.J. HIV-1 antiretroviral drug therapy. Cold Spring Harb. Perspect. Med. 2012, 2, a007161. [Google Scholar] [CrossRef] [PubMed]

	



Negredo, E.; Clotet, B. Efficacy of single-tablet darunavir, cobicistat, emtricitabine, and tenofovir alafenamide in the treatment of HIV-1. Expert Opin. Pharmacother. 2018, 19, 929–934. [Google Scholar] [CrossRef] [PubMed]

	



Chun, T.W.; Stuyver, L.; Mizell, S.B.; Ehler, L.A.; Mican, J.A.; Baseler, M.; Lloyd, A.L.; Nowak, M.A.; Fauci, A.S. Presence of an inducible HIV-1 latent reservoir during highly active antiretroviral therapy. Proc. Natl. Acad. Sci. USA 1997, 94, 13193–13197. [Google Scholar] [CrossRef] [PubMed]

	



Hutter, G. Stem cell transplantation in strategies for curing HIV/AIDS. AIDS Res. Ther. 2016, 13, 31. [Google Scholar] [CrossRef]

	



Chun, T.W.; Davey, R.T., Jr.; Engel, D.; Lane, H.C.; Fauci, A.S. Re-emergence of HIV after stopping therapy. Nature 1999, 401, 874–875. [Google Scholar] [CrossRef] [PubMed]

	



Shin, S.Y. Recent update in HIV vaccine development. Clin. Exp. Vaccine Res. 2016, 5, 6–11. [Google Scholar] [CrossRef]

	



Caskey, M.; Klein, F.; Lorenzi, J.C.; Seaman, M.S.; West, A.P., Jr.; Buckley, N.; Kremer, G.; Nogueira, L.; Braunschweig, M.; Scheid, J.F.; et al. Viraemia suppressed in HIV-1-infected humans by broadly neutralizing antibody 3BNC117. Nature 2015, 522, 487–491, Corrigendum in Nature 2016, 535, 580. [Google Scholar] [CrossRef]

	



Sung, J.A.; Lam, S.; Garrido, C.; Archin, N.; Rooney, C.M.; Bollard, C.M.; Margolis, D.M. Expanded cytotoxic T-cell lymphocytes target the latent HIV reservoir. J. Infect. Dis. 2015, 212, 258–263. [Google Scholar] [CrossRef]

	



Ali, A.; Kitchen, S.G.; Chen, I.S.Y.; Ng, H.L.; Zack, J.A.; Yang, O.O. HIV-1-Specific Chimeric Antigen Receptors Based on Broadly Neutralizing Antibodies. J. Virol. 2016, 90, 6999–7006. [Google Scholar] [CrossRef]

	



Kitchen, S.G.; Zack, J.A. Engineering HIV-Specific Immunity with Chimeric Antigen Receptors. AIDS Patient Care STDs 2016, 30, 556–561. [Google Scholar] [CrossRef]

	



Brown, T.R. I am the Berlin patient: A personal reflection. AIDS Res. Hum. Retrovir. 2015, 31, 2–3. [Google Scholar] [CrossRef] [PubMed]

	



Hutter, G.; Nowak, D.; Mossner, M.; Ganepola, S.; Mussig, A.; Allers, K.; Schneider, T.; Hofmann, J.; Kucherer, C.; Blau, O.; et al. Long-term control of HIV by CCR5 Delta32/Delta32 stem-cell transplantation. N. Engl. J. Med. 2009, 360, 692–698. [Google Scholar] [CrossRef] [PubMed]

	



Allers, K.; Hutter, G.; Hofmann, J.; Loddenkemper, C.; Rieger, K.; Thiel, E.; Schneider, T. Evidence for the cure of HIV infection by CCR5Delta32/Delta32 stem cell transplantation. Blood 2011, 117, 2791–2799. [Google Scholar] [CrossRef] [PubMed]

	



Symons, J.; Vandekerckhove, L.; Hutter, G.; Wensing, A.M.; van Ham, P.M.; Deeks, S.G.; Nijhuis, M. Dependence on the CCR5 coreceptor for viral replication explains the lack of rebound of CXCR4-predicted HIV variants in the Berlin patient. Clin. Infect. Dis. 2014, 59, 596–600. [Google Scholar] [CrossRef]

	



Kiem, H.P.; Jerome, K.R.; Deeks, S.G.; McCune, J.M. Hematopoietic-stem-cell-based gene therapy for HIV disease. Cell Stem Cell 2012, 10, 137–147. [Google Scholar] [CrossRef]

	



Kitchen, S.G.; Shimizu, S.; An, D.S. Stem cell-based anti-HIV gene therapy. Virology 2011, 411, 260–272. [Google Scholar] [CrossRef]

	



Li, M.J.; Kim, J.; Li, S.; Zaia, J.; Yee, J.K.; Anderson, J.; Akkina, R.; Rossi, J.J. Long-term inhibition of HIV-1 infection in primary hematopoietic cells by lentiviral vector delivery of a triple combination of anti-HIV shRNA, anti-CCR5 ribozyme, and a nucleolar-localizing TAR decoy. Mol. Ther. 2005, 12, 900–909. [Google Scholar] [CrossRef]

	



Mitsuyasu, R.T.; Merigan, T.C.; Carr, A.; Zack, J.A.; Winters, M.A.; Workman, C.; Bloch, M.; Lalezari, J.; Becker, S.; Thornton, L.; et al. Phase 2 gene therapy trial of an anti-HIV ribozyme in autologous CD34+ cells. Nat. Med. 2009, 15, 285–292. [Google Scholar] [CrossRef]

	



Wolstein, O.; Boyd, M.; Millington, M.; Impey, H.; Boyer, J.; Howe, A.; Delebecque, F.; Cornetta, K.; Rothe, M.; Baum, C.; et al. Preclinical safety and efficacy of an anti-HIV-1 lentiviral vector containing a short hairpin RNA to CCR5 and the C46 fusion inhibitor. Mol. Ther. Methods Clin. Dev. 2014, 1, 11. [Google Scholar] [CrossRef]

	



Podsakoff, G.M.; Engel, B.C.; Carbonaro, D.A.; Choi, C.; Smogorzewska, E.M.; Bauer, G.; Selander, D.; Csik, S.; Wilson, K.; Betts, M.R.; et al. Selective survival of peripheral blood lymphocytes in children with HIV-1 following delivery of an anti-HIV gene to bone marrow CD34+ cells. Mol. Ther. 2005, 12, 77–86. [Google Scholar] [CrossRef]

	



Holt, N.; Wang, J.; Kim, K.; Friedman, G.; Wang, X.; Taupin, V.; Crooks, G.M.; Kohn, D.B.; Gregory, P.D.; Holmes, M.C.; et al. Human hematopoietic stem/progenitor cells modified by zinc-finger nucleases targeted to CCR5 control HIV-1 in vivo. Nat. Biotechnol. 2010, 28, 839–847. [Google Scholar] [CrossRef] [PubMed]

	



Saydaminova, K.; Ye, X.; Wang, H.; Richter, M.; Ho, M.; Chen, H.; Xu, N.; Kim, J.S.; Papapetrou, E.; Holmes, M.C.; et al. Efficient genome editing in hematopoietic stem cells with helper-dependent Ad5/35 vectors expressing site-specific endonucleases under microRNA regulation. Mol. Ther. Methods Clin. Dev. 2015, 1, 14057. [Google Scholar] [CrossRef] [PubMed]

	



Abram, M.E.; Ferris, A.L.; Shao, W.; Alvord, W.G.; Hughes, S.H. Nature, position, and frequency of mutations made in a single cycle of HIV-1 replication. J. Virol. 2010, 84, 9864–9878. [Google Scholar] [CrossRef] [PubMed]

	



Cuevas, J.M.; Geller, R.; Garijo, R.; Lopez-Aldeguer, J.; Sanjuan, R. Extremely High Mutation Rate of HIV-1 In Vivo. PLoS Biol. 2015, 13, e1002251. [Google Scholar] [CrossRef] [PubMed]

	



Contento, R.L.; Molon, B.; Boularan, C.; Pozzan, T.; Manes, S.; Marullo, S.; Viola, A. CXCR4-CCR5: A couple modulating T cell functions. Proc. Natl. Acad. Sci. USA 2008, 105, 10101–10106. [Google Scholar] [CrossRef]

	



Molon, B.; Gri, G.; Bettella, M.; Gomez-Mouton, C.; Lanzavecchia, A.; Martinez, A.C.; Manes, S.; Viola, A. T cell costimulation by chemokine receptors. Nat. Immunol. 2005, 6, 465–471. [Google Scholar] [CrossRef]

	



Wang, Z.; Pan, Q.; Gendron, P.; Zhu, W.; Guo, F.; Cen, S.; Wainberg, M.A.; Liang, C. CRISPR/Cas9-Derived Mutations Both Inhibit HIV-1 Replication and Accelerate Viral Escape. Cell Rep. 2016, 15, 481–489. [Google Scholar] [CrossRef]

	



Sakkhachornphop, S.; Jiranusornkul, S.; Kodchakorn, K.; Nangola, S.; Sirisanthana, T.; Tayapiwatana, C. Designed zinc finger protein interacting with the HIV-1 integrase recognition sequence at 2-LTR-circle junctions. Protein Sci. 2009, 18, 2219–2230. [Google Scholar] [CrossRef]

	



Sakkhachornphop, S.; Barbas, C.F., 3rd; Keawvichit, R.; Wongworapat, K.; Tayapiwatana, C. Zinc finger protein designed to target 2-long terminal repeat junctions interferes with human immunodeficiency virus integration. Hum. Gene Ther. 2012, 23, 932–942. [Google Scholar] [CrossRef]

	



Khamaikawin, W.; Saoin, S.; Nangola, S.; Chupradit, K.; Sakkhachornphop, S.; Hadpech, S.; Onlamoon, N.; Ansari, A.A.; Byrareddy, S.N.; Boulanger, P.; et al. Combined Antiviral Therapy Using Designed Molecular Scaffolds Targeting Two Distinct Viral Functions, HIV-1 Genome Integration and Capsid Assembly. Mol. Ther. Nucleic Acids 2015, 4, e249. [Google Scholar] [CrossRef]

	



Le Douce, V.; Herbein, G.; Rohr, O.; Schwartz, C. Molecular mechanisms of HIV-1 persistence in the monocyte-macrophage lineage. Retrovirology 2010, 7, 32. [Google Scholar] [CrossRef] [PubMed]

	



Bracq, L.; Xie, M.; Lambele, M.; Vu, L.T.; Matz, J.; Schmitt, A.; Delon, J.; Zhou, P.; Randriamampita, C.; Bouchet, J.; et al. T cell-macrophage fusion triggers multinucleated giant cell formation for HIV-1 spreading. J. Virol. 2017, 91, e01237-17. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.Z.; Au, P.; Chen, T.; Shao, Y.; Daheron, L.M.; Bai, H.; Arzigian, M.; Fukumura, D.; Jain, R.K.; Scadden, D.T. Endothelial cells derived from human embryonic stem cells form durable blood vessels in vivo. Nat. Biotechnol. 2007, 25, 317–318. [Google Scholar] [CrossRef] [PubMed]

	



Dreier, B.; Beerli, R.R.; Segal, D.J.; Flippin, J.D.; Barbas, C.F., 3rd. Development of zinc finger domains for recognition of the 5′-ANN-3′ family of DNA sequences and their use in the construction of artificial transcription factors. J. Biol. Chem. 2001, 276, 29466–29478. [Google Scholar] [CrossRef]

	



Arango Duque, G.; Descoteaux, A. Macrophage cytokines: Involvement in immunity and infectious diseases. Front. Immunol. 2014, 5, 491. [Google Scholar] [CrossRef]

	



Aiken, C. Pseudotyping human immunodeficiency virus type 1 (HIV-1) by the glycoprotein of vesicular stomatitis virus targets HIV-1 entry to an endocytic pathway and suppresses both the requirement for Nef and the sensitivity to cyclosporin A. J. Virol. 1997, 71, 5871–5877. [Google Scholar] [CrossRef]

	



Zhen, A.; Kitchen, S. Stem-cell-based gene therapy for HIV infection. Viruses 2013, 6, 1–12. [Google Scholar] [CrossRef]

	



van Griensven, J.; De Clercq, E.; Debyser, Z. Hematopoietic stem cell-based gene therapy against HIV infection: Promises and caveats. AIDS Rev. 2005, 7, 44–55. [Google Scholar]

	



Pernet, O.; Yadav, S.S.; An, D.S. Stem cell-based therapies for HIV/AIDS. Adv. Drug Deliv. Rev. 2016, 103, 187–201. [Google Scholar] [CrossRef]

	



Johnston, R. Gene Therapy to Cure HIV: Where to from Here? AIDS Patient Care STDS 2016, 30, 531–533. [Google Scholar] [CrossRef]

	



Werkmeister, J.A.; Ramshaw, J.A. Recombinant protein scaffolds for tissue engineering. Biomed. Mater. 2012, 7, 012002. [Google Scholar] [CrossRef] [PubMed]

	



Biffi, A.; Bartolomae, C.C.; Cesana, D.; Cartier, N.; Aubourg, P.; Ranzani, M.; Cesani, M.; Benedicenti, F.; Plati, T.; Rubagotti, E.; et al. Lentiviral vector common integration sites in preclinical models and a clinical trial reflect a benign integration bias and not oncogenic selection. Blood 2011, 117, 5332–5339. [Google Scholar] [CrossRef] [PubMed]

	



Kambal, A.; Mitchell, G.; Cary, W.; Gruenloh, W.; Jung, Y.; Kalomoiris, S.; Nacey, C.; McGee, J.; Lindsey, M.; Fury, B.; et al. Generation of HIV-1 resistant and functional macrophages from hematopoietic stem cell-derived induced pluripotent stem cells. Mol. Ther. 2011, 19, 584–593. [Google Scholar] [CrossRef] [PubMed]

	



Kuritzkes, D.R. Hematopoietic stem cell transplantation for HIV cure. J. Clin. Investig. 2016, 126, 432–437. [Google Scholar] [CrossRef] [PubMed]

	



Castellano, P.; Prevedel, L.; Eugenin, E.A. HIV-infected macrophages and microglia that survive acute infection become viral reservoirs by a mechanism involving Bim. Sci. Rep. 2017, 7, 12866. [Google Scholar] [CrossRef]

	



Kang, E.M.; De Witte, M.; Malech, H.; Morgan, R.A.; Carter, C.; Leitman, S.F.; Childs, R.; Barrett, A.J.; Little, R.; Tisdale, J.F. Gene therapy-based treatment for HIV-positive patients with malignancies. J. Hematother. Stem Cell Res. 2002, 11, 809–816. [Google Scholar] [CrossRef]

	



Amado, R.G.; Mitsuyasu, R.T.; Rosenblatt, J.D.; Ngok, F.K.; Bakker, A.; Cole, S.; Chorn, N.; Lin, L.S.; Bristol, G.; Boyd, M.P.; et al. Anti-human immunodeficiency virus hematopoietic progenitor cell-delivered ribozyme in a phase I study: Myeloid and lymphoid reconstitution in human immunodeficiency virus type-1-infected patients. Hum. Gene Ther. 2004, 15, 251–262. [Google Scholar] [CrossRef]

	



Kurian, K.M.; Watson, C.J.; Wyllie, A.H. Retroviral vectors. Mol. Pathol. 2000, 53, 173–176. [Google Scholar] [CrossRef]

	



DiGiusto, D.L.; Krishnan, A.; Li, L.; Li, H.; Li, S.; Rao, A.; Mi, S.; Yam, P.; Stinson, S.; Kalos, M.; et al. RNA-based gene therapy for HIV with lentiviral vector-modified CD34+ cells in patients undergoing transplantation for AIDS-related lymphoma. Sci. Transl. Med. 2010, 2, 36ra43. [Google Scholar] [CrossRef]

	



Atri, C.; Guerfali, F.Z.; Laouini, D. Role of Human Macrophage Polarization in Inflammation during Infectious Diseases. Int. J. Mol. Sci. 2018, 19, 1801. [Google Scholar] [CrossRef]

	



Martinez, F.O.; Gordon, S.; Locati, M.; Mantovani, A. Transcriptional profiling of the human monocyte-to-macrophage differentiation and polarization: New molecules and patterns of gene expression. J. Immunol. 2006, 177, 7303–7311. [Google Scholar] [CrossRef] [PubMed]

	



Bhattacharya, P.; Budnick, I.; Singh, M.; Thiruppathi, M.; Alharshawi, K.; Elshabrawy, H.; Holterman, M.J.; Prabhakar, B.S. Dual Role of GM-CSF as a Pro-Inflammatory and a Regulatory Cytokine: Implications for Immune Therapy. J. Interferon Cytokine Res. 2015, 35, 585–599. [Google Scholar] [CrossRef] [PubMed]

	



Edwards, J.P.; Zhang, X.; Frauwirth, K.A.; Mosser, D.M. Biochemical and functional characterization of three activated macrophage populations. J. Leukoc. Biol. 2006, 80, 1298–1307. [Google Scholar] [CrossRef] [PubMed]

	



Moonmuang, S.; Saoin, S.; Chupradit, K.; Sakkhachornphop, S.; Israsena, N.; Rungsiwiwut, R.; Tayapiwatana, C. Modulated expression of the HIV-1 2LTR zinc finger efficiently interferes with the HIV integration process. Biosci. Rep. 2018, 38, BSR20181109. [Google Scholar] [CrossRef]

	



Berges, B.K.; Rowan, M.R. The utility of the new generation of humanized mice to study HIV-1 infection: Transmission, prevention, pathogenesis, and treatment. Retrovirology 2011, 8, 65. [Google Scholar] [CrossRef]

	



Barclay, S.L.; Yang, Y.; Zhang, S.; Fong, R.; Barraza, A.; Nolta, J.A.; Torbett, B.E.; Abedi, M.; Bauer, G.; Anderson, J.S. Safety and efficacy of a tCD25 preselective combination anti-HIV lentiviral vector in human hematopoietic stem and progenitor cells. Stem Cells 2015, 33, 870–879. [Google Scholar] [CrossRef]

	



Heredia, A.; Le, N.; Gartenhaus, R.B.; Sausville, E.; Medina-Moreno, S.; Zapata, J.C.; Davis, C.; Gallo, R.C.; Redfield, R.R. Targeting of mTOR catalytic site inhibits multiple steps of the HIV-1 lifecycle and suppresses HIV-1 viremia in humanized mice. Proc. Natl. Acad. Sci. USA 2015, 112, 9412–9417. [Google Scholar] [CrossRef]

	



Scott, C.T.; DeFrancesco, L. Gene therapy’s out-of-body experience. Nat. Biotechnol. 2016, 34, 600–607. [Google Scholar] [CrossRef]

	



Peterson, C.W.; Haworth, K.G.; Burke, B.P.; Polacino, P.; Norman, K.K.; Adair, J.E.; Hu, S.L.; Bartlett, J.S.; Symonds, G.P.; Kiem, H.P. Multilineage polyclonal engraftment of Cal-1 gene-modified cells and in vivo selection after SHIV infection in a nonhuman primate model of AIDS. Mol. Ther. Methods Clin. Dev. 2016, 3, 16007. [Google Scholar] [CrossRef]

	



Mitsuyasu, R.T.; Zack, J.A.; Macpherson, J.L.; Symonds, G.P. Phase I/II Clinical Trials Using Gene-Modified Adult Hematopoietic Stem Cells for HIV: Lessons Learnt. Stem Cells Int. 2011, 2011, 393698. [Google Scholar] [CrossRef]

	



Wang, C.X.; Cannon, P.M. The clinical applications of genome editing in HIV. Blood 2016, 127, 2546–2552. [Google Scholar] [CrossRef] [PubMed]

	



Kronenwett, R.; Martin, S.; Haas, R. The role of cytokines and adhesion molecules for mobilization of peripheral blood stem cells. Stem Cells 2000, 18, 320–330. [Google Scholar] [CrossRef] [PubMed]

	



Tschan, M.P.; Fischer, K.M.; Fung, V.S.; Pirnia, F.; Borner, M.M.; Fey, M.F.; Tobler, A.; Torbett, B.E. Alternative splicing of the human cyclin D-binding Myb-like protein (hDMP1) yields a truncated protein isoform that alters macrophage differentiation patterns. J. Biol. Chem. 2003, 278, 42750–42760. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 23 02331 g001 550] 





Figure 1. Transduction efficiency of the 2LTRZFPmCherry and AartmCherry lentiviral vectors in the CD34+ HSPCs; Ψ, packaging signal. (A) Schematic diagram of lentiviral vectors of CGW-2LTRZFPmCherry and CGW-AartmCherry (control). (B) Representative flow cytometric analysis of mCherry expression in the 2LTRZFPmCherry- and AartmCherry-transduced HSPCs. (C) Representative images of the transduced cells expressing mCherry under a fluorescence microscope. Scale bar = 50 µm. 
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Figure 2. Viability of CD34+ HSPCs after transduction with the 2LTRZFPmCherry or the AartmCherry. (A) Percentages of cell viability of CD34+ HSPCs transduced with the 2LTRZFPmCherry (grey bar) or the AartmCherry (black bar), and the non-transduced cells (white bar). All data are represented as mean ± SEM. (B) The expression levels of pro-apoptotic proteins; Bak, Bax, and Smac in the CD34+ HSPCs transduced with 2LTRZFPmCherry or the AartmCherry compared to the non-transduced cells. Data are represented as mean ± SEM. (n = 3), p = 0.33, ns = not significant. 
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Figure 3. Differentiation of CD34+ HSPCs into macrophages. (A) The schematic timeline shows the differentiation of CD34+ HSPCs into macrophages. (B) The morphological changes of the CD34+ HSPCs in each stage of differentiation. (C) Representative flow cytometric analysis of CD14 and CD4 on the transgenic CD34+ HSPC-derived macrophages and the PBMC monocyte-derived macrophages. MQ = macrophage (s). 
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Figure 4. The phagocytic activity of the 2LTRZFPmCherry-transduced CD34+ HSPC-derived macrophages compared to the non-transduced CD34+ HSPC-derived macrophages. Green color (anti-CD45 FITC antibody) represents the CD34+ cell-derived macrophages. The 2LTRZFPmCherry and calcofluor-white (CFW) staining of P. pastoris were shown in red and blue colors, respectively (white arrows). 
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Figure 5. Cytokine secretion profiles of transgenic CD34+ derived macrophages. The non-transduced, AartmCherry, and 2LTRZFPmCherry transduced macrophages derived from CD34+ HSPCs, and PBMC monocyte-derived macrophages were stimulated with IFN-γ. At 24 h post-stimulation, supernatants were collected and assayed by cytokine bead array. Experiments were performed in duplicate. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 from one-way ANOVA analysis. MQ = macrophages. 
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Figure 6. 2LTRZFP-mediated inhibition of HIV-1 integration in the (A) transgenic CD34+ HSPCs and (B) transgenic macrophages. All data are represented as fold change of Relative Luminescence Unit (RLU) compared with the non-transduced control and presented as mean ± SEM. Experiments were performed in triplicate and duplicate, respectively. * p < 0.05, ** p < 0.01, and **** p < 0.0001 from one-way ANOVA analysis. 
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