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Transplanting HIV-1 positive patients with hematopoietic stem cells homozygous for a 32 bp deletion in the chemokine receptor type 5 (CCR5) gene resulted in a loss of detectable HIV-1, suggesting genetically disrupting CCR5 is a promising approach for HIV-1 cure. Targeting the CCR5-locus with CRISPR-Cas9 was shown to decrease the amount of CCR5 expression and HIV-1 susceptibility in vitro as well as in vivo. Still, only the individuals homozygous for the CCR5-Δ32 frameshift mutation confer complete resistance to HIV-1 infection. In this study we introduce a mechanism to target CCR5 and efficiently select for cells with biallelic frameshift insertion, using CRISPR-Cas9 mediated homology directed repair (HDR). We hypothesized that cells harboring two different selectable markers (double positive), each in one allele of the CCR5 locus, would carry a frameshift mutation in both alleles, lack CCR5 expression and resist HIV-1 infection. Inducing double-stranded breaks (DSB) via CRISPR-Cas9 leads to HDR and integration of a donor plasmid. Double-positive cells were selected via fluorescence-activated cell sorting (FACS), and CCR5 was analyzed genetically, phenotypically, and functionally. Targeted and selected populations showed a very high frequency of mutations and a drastic reduction in CCR5 surface expression. Most importantly, double-positive cells displayed potent inhibition to HIV-1 infection. Taken together, we show that targeting cells via CRISPR-Cas9 mediated HDR enables efficient selection of mutant cells that are deficient for CCR5 and highly resistant to HIV-1 infection.
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Introduction

Since the discovery of the human immunodeficiency virus (HIV) in 1983, the introduction of antiretroviral drug therapy (ART) has turned classically acute HIV infection into a chronic condition. Although ART effectively inhibits HIV replication and disease progression, it does not eliminate the virus (1). Consequently, viral load rebounds when ART is removed and lifelong therapy is required to control viral reactivation and replication (2). Hence, research continues to find a cure for HIV (3, 4).

One potential target is CCR5, a major co-receptor utilized by HIV-1 for cellular entry (5, 6). High levels of CCR5 expression are found in CD4+ T cells and specific myeloid cell types, which become depleted during HIV-1 infection. A small population of individuals are resistant to HIV-1 infection and were found to be homozygous for a naturally occurring 32 bp deletion (CCR5 Δ32) mutation that inhibits CCR5 surface expression and confers resistance to infection by HIV-1 (7–9). So far, population studies were not able to identify deleterious effects of CCR5 Δ32, even in the case of homozygosity, indicating genetic disruption of CCR5 is not associated with major health risks (10). However, subtle changes like increased susceptibility to certain flaviviruses have been reported (11, 12). Based on this natural resistance, cancer patients with an active HIV-1 infection received allogeneic hematopoietic stem cell transplantation (HSCT ) from donors homozygous for CCR5 Δ32 (13). In two cases, individuals have been reported with a functional cure from HIV-1 infection (14, 15). Thus, CCR5 Δ32 has been identified as a promising target for curing HIV-1 (16–18). As not all patients have suitable donors, additional approaches are necessary to create a widespread applicable cure for HIV-1 (4). Several approaches for creating a CCR5 deficiency by disrupting its genomic locus have been undertaken, some of them even tested in clinical trials (17–21).

In these successful cases, cord-blood derived hematopoietic stem cells were used as the regenerative cell population (22–24). Besides HSC, other types of human stem cells have been characterized for their hematopoietic potential, such as induced pluripotent stem cells (iPSC), embryonic stem cells (ESC ) and mesenchymal stem cells (MSC ) (25–30). Adipose tissue derived stem cells (ASCs) are MSC resident within the heterogeneous group of cells within the stromal vascular fraction (SVF), which are more specifically labeled as vascular-associated, pluripotent stem (vaPS) cells (31). They have been shown to be differentiable into cells of all three germ layers including hematopoietic lineage and infectable by HIV-1 in vitro, which makes them a potential regenerative source for the blood cell pool depleted during HIV-1 infection (26, 29). In support of this hypothesis transplantation of MSCs isolated from mouse adipose tissue has been shown to efficiently rescue lethally irradiated mice from death as well as resulting in reconstitution of the major hematopoietic lineage (32). In addition, intravenous MSC transfusions in HIV-1 infected nonimmune responder (NIR) individuals showed a significant increase in their naive and central memory CD4+ T-cell counts, but it is unclear if the transplanted MSCs themselves filled up the T-cell compartment (33, 34). MSCs are attracted to latent HIV-1-infected cells and enable virus reactivation from the latent reservoir, so this cell type may play a role in HIV-1 infection beyond the ability to act as progeny for depleted cell pools (35). Because of its abundant availability within the easily accessible white fatty tissue, ASCs have become an attractive source of regenerative cells (31, 36, 37). After isolation from the patient‘s own adipose tissue, ASCs are suitable for immediate transplantation or expansion, genetic modification, and autologous transplantation. Thus, employing autologous ASCs may bypass bone marrow stromal/stem cells (BMSC) and HSC associated obstacles like complex isolation processes and unsatisfactory cell yields (38, 39). Additionally, autologous transplantation avoids the need for HLA matching and health risks associated with allogeneic stem cell transplantation (40).

Besides many others, CRISPR- Cas9 is a promising gene editing tool enabling the induction of precise changes in the human genome by creating double stranded breaks (DSB) (41–44). The resulting mutations are mediated by two major DNA repair mechanisms: non homologous end joining (NHEJ) and homology directed repair (HDR). While NHEJ mostly creates insertions or deletions (InDels) of smaller size, HDR fixes DSB via recombination of homologous sequences. This allows for the integration of foreign sequences into the targeted locus when located within the homology domain (HD) (45–47). Successful gene editing of CCR5 using CRISPR-Cas9 has been reported in a broad variety of studies (23, 27, 48–52). Yet, genomic changes induced by the CRISPR system, especially HDR, exhibit limitations in efficiency and creating predictable genotype outcomes has remained challenging (53–55). Because CCR5 heterozygosity is associated with postponed progression to AIDS in infected patients, only the individuals homozygous for the CCR5-Δ32 frameshift mutation, which lack all CCR5 expression, confer complete resistance to HIV-1 infection (7). Therefore, the efficiency of CRISPR mutations is important for a curative therapy. For inhibition of viral replication in an individual’s body, mathematical modeling estimates the fraction of susceptive cells needed to be made refractory to infection lies above 75 - 87.5% (56–58). Consequently, gene edited stem cells used for transplantation should have the highest possible or ideally complete mutational status. By this means it could be possible to provide the patient with a sufficient pool of resistant cells to regenerate the blood system under the selective pressure of HIV-1 infection (59, 60).

In this study, we test an approach for targeting the CCR5 gene and selecting biallelic frameshift mutated cells to create populations consisting of completely CCR5 deficient cells. We hypothesized that integrating two different fluorescent markers using CRISPR-Cas9 mediated HDR induces large frameshift mutations, which subsequently would result in a definite disruption of the CCR5 gene . Cells that constitutively express both fluorescent markers (double positive) could thus be recognized with a bi allelic frameshift mutation and selected rapidly and in large quantities using FACS. We disrupted the CCR5 gene in four different cell types, including human ASCs, and showed loss of CCR5 expression and inhibition of HIV-1 replication.



Materials and Methods


Cas9 and gRNA Targeting Plasmids

The pX330-U6-Chimeric_BB-CBh-hSpCas9 expressing a humanized S. pyogenes Cas9 (hSpCas9) from Dr. Feng Zhang (Plasmid #42230, Addgene, Watertown, MA) served as a scaffold. The guide RNAs (gRNAs) were synthesized as single-stranded synthetic oligonucleotides (IDT, Coralville, IA) and the complementary oligonucleotides were annealed to generate double-stranded DNA fragments with 5’ ACCG and 5’ AAAC overhangs (61). To generate the Cas9-gRNA expressing plasmids (Figure S1A), the gRNA linker was ligated into the Cas9 plasmids after BbSI digestion (New England Biolabs (NEB), Ipswich, MA, Cat. # R3539) using T4 DNA Ligase (NEB, Cat. # M0202). Two plasmids, pDONOR-tagBFP-PSM-EGFP (Addgene #100603) and pDONOR-tagBFP-PSM-dTOMATO (Addgene #100604), kindly provided by Jens Schwamborn, served as a template for the donor plasmids. To generate the homology domains (HD), we used a two-step PCR approach to insert the gRNA target sequence at the extremities of the HD into the donor plasmids. Cloning of the final donor plasmids (pDs) (Figure S1B) was carried out using Gibson Assembly Cloning Kit (NEB, Cat. # E5510S) in a modified fashion of the protocol published by Jarazo et al. (62). All plasmids were screened for correct formation via sanger sequencing.



Cell Culture and Differentiation Assays

TZM-bl cell line (Cat. #ARP5011) and human T-cell Lymphoma Jurkat (E6-1) cell line (Cat. #ARP-177) were obtained through the NIH HIV Reagent Program. TZM-bl and HEK-293FT (Invitrogen, Carlsbad, CA, Cat. #R70007) cell lines and were cultured in low glucose DMEM medium (Invitrogen, Cat. #11885084) supplemented with 10% fetal bovine serum (FBS) (Invitrogen, Cat. #26140079) and 1% Penicillin/Streptomycin (Invitrogen, Cat. #15140163) at 37°C and 5% CO2, while Jurkat cells were cultured in RPMI-1640 (Invitrogen, Cat. #61870036) plus 10% FBS and 1% Penicillin/Streptomycin.

ASCs were isolated from fresh human lipoaspirate samples collected from healthy individuals during surgical procedures. The collection of all human tissue samples was done with the patient’s consent in an anonymized fashion and approved by the Institutional Review Board (IRB) of Tulane University, School of Medicine, New Orleans, Louisiana (IRB protocol #168758). Isolation was performed employing a Transpose® RT Tissue Processing Unit (InGeneron, Houston, TX) according to the manufacturer’s instructions (36). These cells, designated as a passage 0 (P0), were then plated at a density of max. 5000/cm2 in alpha-MEM (Invitrogen, Cat. #12571063), supplemented with 20% FBS in standard cell culture conditions. For the following experiments, only low passage cells (P1-3) were used. To test isolated ASCs for multilineage differentiation potential adipogenic and osteogenic differentiation was performed as previously described (39, 63). For chondrogenic differentiation, cells were plated as a micromass culture using StemPro™ Chondrogenesis Differentiation Kit (Invitrogen, Cat. #A1007101) (Figure S2).



Transfection

Since 293FT and TZM-bl are considered easily transfectable cell lines, lipofection was the transfection method of choice. Lipofectamine 2000 (Invitrogen Cat. # 11668500) was used according to the manufacturer’s instructions. Jurkat T-cells and especially primary ASCs are considered difficult to transfect. Due to the need of transfecting four different, largely sized (8.4kb/11.7kb) vector plasmids, the Neon Electroporation System (Invitrogen Cat. # MPK5000) was found to be the most promising approach. The system was used according to the manufacturer’s instructions. Briefly, 1 µg of each plasmid (4 µg total) and 5 x 105 cells were brought into suspension in a 10 µl neon tip. After optimization, ASCs were transfected with 1 pulse at 1500V for 20 ms or 3 pulses at 1400V for 10 ms; while Jurkat cells were transfected with 1 pulse at 1200 to 1300V for 30 ms. The cells were immediately transferred to prewarmed antibiotic-free media. The viability and transfection efficiency was estimated by trypan blue staining and fluorescence microscopy or flow cytometry.



Fluorescent Activated Cell Sorting

In cells with low transfection efficiency, cells underwent sorting for positive transfection 48 hrs post transfection (p.T.). To sort cells for constitutive expression of both fluorescent positive selection marker (PSM), and lacking the negative selection module (NSM) BFP expression (EGFP+,dTomato+,BFP-) 14 days post transfection, cells were suspended in PBS with 2% fetal bovine serum, 1% Penicillin/streptomycin. Sorting in all cell types was conducted with the same defined gating hierarchy: First FSC-A/SSC-A was used to identify the isoform cell population of interest and exclude debris. Secondly, FSC-W/FSC-H and SSC-W/SSC-H gating helped exclude doublets. Cells were then gated for BFP negativity. In the last gating step, we identified the EGFP and dTomato positive cells. For compensation reasons and identifying positive populations, negative and singly positive control groups were applied. All cell analysis and sorting steps were performed with a BD FACSAria III at the Cell Analysis & Immunology Core Facility at Louisiana Cancer Research Center. EGFP, dTomato and BFP were assessed by using FITC, PE and V450 filter sets respectively. Data was analyzed using FlowJo Software v_10.6.1 (FlowJo LLC, Ashland, Oregon).



Immunophenotyping

ASCs were characterized by immunostaining with differently fluorescent labeled antibodies for mesenchymal and hematopoietic stem cell markers: CD90-APC, CD49b-APC, CD44-FITC, CD105-PE/APC, CCR5-APC, CD4-eFluor, CD34-PE, CD14-PE-Cy5, CD45-PE and CD68-PE (BD Biosciences, Franklin Lakes, NJ) (26). Analogously TZM-bl and Jurkat-T-cells were stained for CCR5 (CD195, BD Bioscience, Cat. #556903) surface expression using standard staining methods. If positive and negative cells were not distinguishable as two separate populations, Overton histogram subtraction technique was utilized for determining the fraction of positive cells (64).



T7EI- Assay

To assess the cleavage efficiency of CRISPR-Cas9 targeted cells, T7 endonuclease I (T7EI) mismatch cleavage assay (IDT, Coralville, IA) was employed. Genomic DNA was isolated using the Mammalian Genomic DNA Miniprep Kit (Sigma-Aldrich). A PCR was performed, spanning a segment of 590 bp surrounding the targeted region using T7EI primer pair (Table S1). T7EI- Assay was carried out according to manufacturer’s instructions and the product was visualized via TBE Gel electrophoresis. Cleavage efficiency [Fcut = (b + c)/(a + b + c)] was calculated by measuring the band intensity of the undigested PCR product (a) and each cleavage product (b and c) with ImageJ_1.52a software (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA). It should be noted, however, that the mutation rates determined by this strategy underestimate actual mutation frequency since small insertions or deletions (InDels) are not detected.



qPCR for Assessment of Integration and Quantification of the Frequency of Mutation

Targeted and sorted populations were screened for integration of the PSM and disruption of the WT locus by qPCR using four primer pairs (Figure 1 and Table S1). The vector knock-in (VKI) left and right primers span the left and right junction from the PSM across the Homology Arms to Intron 2 or Exon 3 respectively and positive amplification validates VKI of the PSM. The PuroR primer pair span the puromycin resistance gene and detect the either episomal or integrated PSM plasmid present in the population. The DWT (detecting the wildtype) primer pair spans the target site. Integration of the ~4200bp PSM inhibits amplification of the DWT by increasing the distance between the primer pair and therefore indicates integration in the CCR5 locus.




Figure 1 | Genomic integration of the donor. Two Cas9-gRNA ribonucleoproteins are directed against closely adjacent sites on the coding sequence (CDS) at the beginning of Exon 3 of the CCR5 gene (dark red arrows). Double stranded breaks lead to integration of a donor template with homologous sequences matching the region surrounding the DSBs. The positive selection module (PSM), a non-homologous graft sequence, which lies between the left (LHA) and right homology arm (RHA) is being integrated into the CCR5 gene as homologous recombination occurs. It contains an expression cassette for either EGFP or dTomato. The knock-in of this long functional sequence creates a massive frameshift mutation, disrupting the CCR5 gene. Half arrows display the location of the primer pairs used for genomic qPCR. (violett: VKI; red: PuroR; blue: DWT).



Since this study aims to inhibit the expression of CCR5 by disrupting its genomic locus, the amount of remaining and potentially functional WT Locus is of significant interest. Real-time quantitative PCR is considered a semiquantitative method of measuring a nucleic load, only allowing comparisons within signals detected with the same primer pairs on different genomic samples.

To estimate the percentage of undisrupted CCR5 loci in a targeted population, a standard curve was created from wild type genomic DNA (gDNA) mixed with gDNA derived from a single ASC clone carrying a complete biallelic knock-in of the PSM at different ratios (Figure S4A). It was thus possible to infer the percentage of DWT from the ΔCt via a linear regression by using the slope of the standard curve. Due to the logarithmic nature of qPCR, a correlation between the Ct value and the amount of wild-type locus exists only in the lower percentage ranges (Figure S4B). In a population with low levels of integration, minor ΔCt alterations would reflect increased levels of calculated alleles not carrying a knock-in. Consequently, the percentage of CCR5 alleles not carrying a knock-in (DWT) is only valid for populations in which ΔCt lies within a certain range (<20%), valid for reflecting mutational status. Thus this qPCR approach is rather an approximation of disruption by integration than an exact determination. Since CRISPR-Cas9 induced DSB themselves (without the occurrence of HDR) may lead to genetic disruption by InDels, a T7EI assay has been performed on the DWT amplicon. Therefore the mutational frequency is calculated as:

	

with [% HDR = 1 – % DWT]. For all populations not targeted with HDR and with DWT ΔCt signals above ranges considered valid, only the InDel frequency was taken into account for calculating the total remaining WT Alleles.



HIV-1 Infection and Luciferase Reporter Gene Assay

TZM-bl cells express a firefly luciferase (Luc) reporter gene based on HIV-1 infection and HIV-1-Tat expression (50). Viral inhibition assay was performed by infecting 30,000 TZM-bl cells with R5-Tropic HIV-1BaL virus (NIH HIV Reagent Program, Division of AIDS, NIAID, NIH, Manassas, VA Cat. # ARP-510) (titrated to induce >100,000 RLU Luciferase activity) for 3 hours (65). Cells were washed and cultured for 48 hours before lysis with 1x Reporter Lysis Buffer (Promega, Madison, Wisconsin, Cat. # E4030). The cell lysate was centrifuged at 20000 × g for 10 min and 20 μl of the supernatant were mixed with 100 μl of Luciferase Assay Reagent (Promega, Madison, Wisconsin Cat. # E4030) immediately before measuring luminescence with a Lumat LB 9507 (Berthold Technologies GmbH & Co. KG, Bad Wildbad, Germany). The protein concentration, as measured with NanoDrop™ 2000 spectrophotometer (ThermoFisher Cat. # ND-2000), was used to normalize the RLU/ug for each population in quadruplicates.



Statistical Analysis

Results were presented graphically using GraphpadPrism8.1 (GraphPad Software Inc., San Diego, CA) or Excel 14.0.7265.5000 (Microsoft, Redmond, WA). Where meaningful, data is summarized using descriptive statistics such as mean, and standard deviation. Two-tailed student’s t-test and Wilcoxon matched-pairs signed-rank test were used as statistical methods and are referred to in combination with the presentation of the data . The study hypotheses were tested at a 5% level of significance throughout the analysis.




Results


Identification of the Most Efficient gRNAs and Their Combinations

Targeting CCR5 via CRISPR-Cas9 induced HDR requires three components: the Cas9 nuclease or its encoding sequence, a single guide RNA (gRNA) and a donor which will be integrated into the targeted locus. We hypothesized if cleavage occurs slightly downstream of the beginning of the coding sequence (CDS), mutations may be more likely to inhibit the expression of any functional CCR5 product (Figure 1). We used CRISPOR Version 4.99 (http://crispor.tefor.net/) to identify potential gRNAs and CasOFFfinder 2.4 (http://www.rgenome.net/cas-offinder/) to identify potential off-target sites (Table S2). gRNAs were excluded if they only displayed two or less mismatches with an off-target site, while three or more mismatches were considered acceptable. The four gRNAs with the highest predicted efficiency and least probability for off target effects were selected for screening (Table S1). The aim of this study is to create a selectable, biallelic, frameshift mutation, via the integration of two different fluorescent selectable markers, one in each allele. Arias-Fuenzalida et al. published a mechanism for fluorescence guided biallelic HDR targeting selection, using CRISPR-Cas9 and two donor plasmids to induce a single nucleotide change exclusively on one allele, linked to early-onset Parkinson’s disease (54). We assumed the integration of fluorescent markers would also act as a large frameshift mutation and therefore efficiently disrupt the CCR5 gene. In our previous study, we showed increased efficiency for biallelic mutations in the CCR5 locus using multiple guide RNAs in ASCs (55). This approach has previously been tested for ZFNs and TALENs and achieved predictable deletions (49). Hence two pCas9-gRNAs were selected and implemented in this study.

To determine whether dual or single targeting is more efficient in this target site and which combination of gRNAs displays the highest cleavage efficiency, four gRNAs (gRNA 1, 2, 3 and 4) as well as their combinations were screened. Transfections and T7EI Assays were performed in triplicates in 293FT Cells (Figure S3). gRNA3 showed to induce the highest amount of genomic alterations (32.3 ± 1.7% SD; n=3), followed by gRNA2. gRNA1 displayed only very weak activity and gRNA4 no activity at all. With (44.8 ± 18.0% SD; n=3), the combination of 2 + 3 showed the overall highest cleavage efficiency. Still, in this specific setup, the difference in mutational events by targeting with two gRNAs (2 + 3) rather than one (3) was not found to be statistically significant (p=0.15) as determined by using a two-tailed student’s t-test.



Transfection of pDonor-EGFP/dTomato and pCas9-gRNA Together Leads to Constitutive Expression of Both Fluorescent Selectable Markers

Either an EGFP or dTomato encoding sequence functioned as a positive selection marker (PSM) selectable by flow cytometry for a successful knock-in. DSB induced HDR is often found to be a very inefficient process. Multiple strategies to increase the integration rate have been incorporated into the donor design. First, the length of the homology arms has been shown to have a substantial impact on the integration efficiency (66). Second, linear donors were found to display higher integration rates than circular plasmids. However linear DNA is subject to relatively fast degradation which might limit the amount of donor available for integration. Therefore, gRNAs were integrated into the donor plasmids for linearization in presence of Cas9 activity (66). Third, minimizing the replaced sequence surrounding the DSB (66). Thus, the interior ends of the homology arms include the primary cutting sides of the Cas9. To prevent cleavage activity within the Homology Domain, the protospacer adjacent motif (PAM), the 5’.NGG.3’ sequence of gRNA 2 and 3, was changed to 5’.NCC.3’ so it will not be recognized by the Cas9-gRNA complex. All modifications listed above were integrated into the homology arms by designing specific primers (Table S1).

In total, four different cell types (293FT, TZM-bl, ASCs and Jurkat T-cells) have been employed for testing the constructs. pDonor and pCas9-gRNA were delivered either by using Lipofectamine 2000 (293FT and TZM-bl) or the Neon Electroporation System (Jurkat T-cells and ASCs). HEK 293FT c ells showed high transfectability (>90% estimated by microscopy, data not shown); however, TZM-bl, Jurkat, and ASCs did not show as high transfection efficiencies (25.0-32.9% TZM-bl; 23.6% Jurkat; 37.9% ASC; assessed by flow cytometry, data not shown). Hence, TZM-bl, Jurkat and ASCs were sorted for positive transfection 48 hr post transfection (p.T.). Additionally, every transfection included the pCas9-gRNA only transfected comparison group, a negative, as well as a pDonor only control. Transfecting the pDonor alone allowed us to estimate the time until the transient expression of fluorescent marker subsides due to plasmid degradation as observed by fluorescent microscopy. After 14 days, control groups in all cell types lost their fluorescent signal (data not shown). Fluorescence displayed beyond this point in time was expected to be subject to constitutive expression due to the integration of the selectable marker into the genome. Consequently, sorting for constitutive expression of both PSMs (dTomato and EGFP) and absence of the NSM (BFP) was carried out on day 14 p.T. (Figures 2A, B). Using two sgRNAs, the frequency of double-positive cells was found to be between 1-2% across all cell types. Testing single targeting in TZM-bls induced comparable frequencies (1.3%) with gRNA3, while gRNA2 induced almost no constitutive expression (0.04%) (Figures 2A, C). To ensure a correct and stable expression pattern, the sorted population was reanalyzed directly and prior to conducting downstream experiments.




Figure 2 | Selection of double positive (BFP-, EGFP+, dTomato+) cells via FACS. Four different cell types (HEK, TZMbl, Jurkat and ASC) have been transfected with both pDonor and both pgRNA-Cas9 14 days prior to sorting. To compare dual to single targeting, TZMbl have been transfected with both pDonors and single pgRNA-Cas9. (A) Cells were sorted for BFP negativity (not shown) and dual positivity for EGFP and dTomato (presort). The sorted population was reanalyzed immediately and 7 days later, prior to conducting the experiments (postsort) (B) Flourescent microscopy of cells 14 day post transfection (presort) and 7 days after sorting for double positivity (postsort) (C) Quantification of BFP-, EGFP+ and dTomanto+ cells before and 7 days after sorting. To compare dual to single targeting, TZMbl have additionally been transfected with both pDonors and single pCas9-gRNA (pD+gRNA3/pD+gRNA2).





Targeting-Selecting Enables the Selection of Genetically Disrupted Cells

To quantify integration and non-integration of the PSM, real time quantitative PCR was employed (Figure 3, row I). In all four cell types, dually targeted and selected cells were compared to WT cells and a dually CRISPR-Cas9 targeted control group (Figure 3A–D). WT cells and pCas9-gRNA only transfected control groups did not show any PuroR or VKI signal. PuroR was detectable in all groups transfected with pDonor, but the transfection of the donor alone (pD Ctrl) did not lead to any integration (VKI). VKI was only detectable in groups generating the DSB (transfected with pDonor and pCas9-gRNA), indicating only simultaneous transfection of all plasmids leads to integration of the Donor. To ensure that both CCR5 alleles are targeted, we included two pDonor plasmids with either EGFP or dTomato fluorescent markers. After selecting the pDonor + pCas9-gRNA transfected groups for double positive cells, the frequency of PuroR and both VKI increased compared to the corresponding unsorted group in TZM-bls and Jurkats (Figures 3B, C). More importantly, sorting for double positivity leads to a definite reduction of the CCR5 wild-type allele (DWT). All other control groups (WT, pCas9-gRNA alone, pD Ctrl, unsorted) display almost equal DWT signals, differing by less than one ΔCt within each cell type. Only the targeted and sorted populations had DWT in a range low enough to infer the fraction of alleles not carrying a knock-in (Figure 3, row III). T7EI Assay was performed on the DWT amplicon to quantify the InDel frequency within the alleles not carrying a knock-in (Figure 3, row II). WT and pD control do not display cleaved fragments. All groups transfected with pCas9-gRNA show cleavage activity with band sizes to the corresponding gRNAs transfected. Targeting with two gRNAs showed a mean mutational activity of 22.3% (± 10.6%; n=4) (Figure 3E), which is found to differ between the different cell types (Figures 3A-D). In TZM-bls (Figure 3B), two gRNAs (27.3%) show slightly higher cleavage efficiency compared to single gRNAs (14.9 – 20.4%) coinciding with the findings in HEK293FT cells (Figure S3). Additionally in TZM-bls and Jurkats (Figures 3B, C) sorted groups show higher InDel frequencies within the fraction of alleles without recombination (DWT) than their unsorted counterparts as detected by the surveyor Assay (Figure 3, row II).




Figure 3 | Quantitative analysis of genomic changes in target site. Dually targeted and selected cells (pD + gRNA2/3 sorted) were compared to WT and cells dually targeted with gRNA2/3. Additionally the genomic profile of targeted populations before sorting for dual positivity (pD+gRNA2/3 unsorted) was analyzed in (B, C) B also includes comparison groups targeted and target-selected with single gRNAs. I: Real Time quantitative PCR of total PSM (PuroR), the integrated PSM (VKI left/right) and the CCR5 Locus not carrying a knock-in (DWT). qPCR r esults are presented inversely (1/ΔCt), so a high and a low genomic load are represented by a tall and a low bar respectively. II: T7EI-Assay of the DWT Amplicon. III: Calculation of the Fraction of Mutant Alleles, carrying a knock-in (HDR) or an InDel (InDel): [%Mutant Alleles = HDR + ((1-HDR)*InDel)]. [HDR = 1 - DWT]. DWT, the fraction of alleles not carrying a knock-in, is calculated through linear regression of the ΔCt (DWT) on the standard curve as described above. InDel frequency was calculated as previously mentioned. (A) HEK 293FT. (B) TZM-bl. (C) Jurkat. (D) ASC. (E) Mean fraction of mutant alleles across all cell types in double positive, dual targeting selecting group (pDonor-EGFP/dTomato + pCas9-gRNA2/3) compared to dual targeted control group (pCas9-gRNA2/3). Error bars show ± SD. Statistical analysis was performed using Wilcoxon matched-pairs signed rank test.



To calculate the total fraction of mutant alleles for the sorted populations, disruption by HDR and InDel frequency were added (Figure 3, row III). Assuming all WT, comparison and unsorted groups do not carry any (detectable) KI, indicated by their DWT signal, only the InDel frequency was taken into account for calculating the mutational frequency. Across all cell types (Figures 3A–D), dually targeted and selected (double positive) populations showed consistently high mutation rates of averaging 92.4% (± 1.6%; n=4) (Figure 3E), of which 87.7% (± 2.6%; n=4) were due to HDR. Double positive TZM-bls targeted with only gRNA3 and two donor-plasmids showed a mutational frequency of 78.2%.

To examine the genomic structure of an individual double-positive cell rather than a whole population, ASC clones were isolated and analyzed for homologous recombination, indicated by detectable VKI and PuroR signals (Figure 4). PuroR was positive in all clones. However, VKI signal intensity differed very widely between the different clones and even within one clone comparing VKI left and right. 7/12 clones display no DWT signal, suggesting integration inhibiting DWT amplification on both alleles. In 5/12 clones, DWT did amplify, but with a lower signal than the WT. Still, in these clones at least one allele can be expected to not carry a knock-in. The widely varying signal of the knock-in associated sequences, may be an indication for polyform integration mechanisms.




Figure 4 | Semiquantitative analysis of genomic changes in dual target-selected, double positive ASC clones. ASCs were transfected with both pDonor and pgRNA-Cas9 (pD+gRNA2/3). 14 days p.T. twelve BFP-, EGFP+, dT+ clones were selected and separately cultured upon reaching enough cells for genomic analysis. (A) Real Time Quantitative PCR of sequences associated with HDR was carried out analogously to population analysis. (B) Agarose gel electrophoresis of PCR-Products.





CCR5 Surface Expression Is Abolished After Selection for Double Positive Cells

The genomic analysis of the targeted selected cells indicated substantial disruption of the CCR5 locus. The CCR5 receptor executes its function by being displayed on the host cell‘s surface. To investigate whether the genomic changes lead to a loss in CCR5 surface expression, TZM-bls, Jurkat T cells and ASCs were stained for CCR5 expression (Figures 5A‐C). Jurkat T cells and ASCs express low levels of CCR5 on their surface. Overton histogram subtraction technique was used to distinguish positive cells (64). However, dual targeting selection was able to reduce the fraction of CCR5 positive cells from 22.4% in WT Jurkat to 6.5% after targeting (Figure 5A). Similarly, a reduction of CCR5 positive cells from 60.4% to 25.6% was found in ASCs (Figure 5B ). In TZM-bl cells, CCR5 is expressed in 97.4% of WT cells (Figure 5C). Targeting with CRISPR-Cas9 alone using gRNA2, gRNA3 and dual targeting only lead to minor reduction in CCR5 expression. In contrast, targeting and selection of dual positive cells lead to a significant reduction of detectable surface CCR5 to 9.7% and 2.0% using one and two gRNAs respectively (Figure 5C).




Figure 5 | CCR5 surface expression was analyzed by flow cytometry in three different cell types. Untreated (WT) as well as dual targeted-selected (pD+gRNA2/3) populations were stained with an APC labeled Anti-CCR5 Antibody (black lined graph). Unstained negative samples (light gray filled graph) are shown to distinguish the CCR5 positive fraction. (A) Jurkat. (B) ASC. Fractions are presented next to the Graph. The dashed line points towards the CCR5 positive subset (white area) as calculated by overton subtraction technique. (C) TZM-bl includes additional differently targeted populations. Because of the easily distinguishable positive population, only the stained samples are shown. (D) HIV-1 infectivity of TZM-bl was measured by Luciferase Assay. Cell lysate was obtained 48h after infection with HIV-1BaL. Uninfected cells were used to measure the background signal. All experiments were carried out in quadruplicates. The results are presented as the fold change in luciferase activity by infection. Error bars show ± SD and significant changes are represented as p-values (*p < 0.05, ***p < 0.0005).





Double Positive TZM-bl Cells Show Low Infectability for HIV-1

For successful entry of the host cell, the HIV-1 particle binds first to CD4 and opens the CCR binding domain in the gp120 variable loop; then, binding to CCR5 forms an integration complex, which mediates fusion of the virion into the cell (67). To determine whether the mutations in CCR5 prevented infection, TZM-bls were exposed to HIV-1BaL and infectability was assessed by Luciferase Assay (Figure 5D). WT TZM-bls show a significant increase in luciferase activity when challenged with HIV-1 (64.1 ± 8.0 fold increase; n=4) compared to uninfected control. The increase is reduced in cells dually targeted with CRISPR-Cas9 alone (43.5 ± 11.8 fold increase; n=4). Dually targeted and selected TZM-bls show almost no change in luciferase activity, when exposed to HIV-1 (1.2 ± 0.1 fold increase; n=4) compared to uninfected controls (Figure 5D). Consequently targeting with two gRNAs leads to a significant reduction in infectability (67.2 ± 17.6%; p=0.03) compared to WT cells but still leaves a high level of infection. In contrast, double positive TZM-bls show only a minor fraction of the infectability of WT Cells (1.9 ± 0.4%; p=0.00043) (Figure 5D).



Targeting Selecting ASCs Leaves Regenerative Potential Unaltered

Analogue to testing ASCs prior to conducting experiments, it was investigated whether targeted-selected ASCs keep their multipotency characteristics. Roughly 70% of ASCs appeared to be double positive, leaving the remaining 30% only dTomato positive. Characteristic mesenchymal stem cell marker antigens were displayed on the cell’s surface (CD49b, CD105, CD90) (Figure 6A). The population was clearly negative for surface CCR5, unlike the WT ASCs which displayed a low but detectable signal when stained for CCR5. Targeted and s elected ASCs were capable of differentiating into adipogenic, osteogenic and chondrogenic lineages (Figures 6B II-IV) to the same extent as WT ASCs. Double positive cells consistently expressed EGFP and dTomato throughout differentiation but lost EGFP expression due to fixation and the staining process (Figure 6B I).




Figure 6 | Targeting – selecting ASCs leaves regenerative potential unaltered. (A) Immunophenotypic analysis of cell surface profile of double positive ASCs. Cells were stained with fluorescent marker labeled antibodies for CD90, CD49b, CD105 and CCR5. The gray filled graph represents the signal of an unstained control, the black line the population stained with the corresponding antibody. (B) Multilineage differentiation Assay. Double positive ASCs were capable of adipo- (II), osteo- (III) and chondrogenic (IV) differentiation. Cells were checked for the correct fluorescent expression pattern. EGFP was washed out during formaldehyde fixation (I).






Discussion

Among many other approaches to create a functional or sterilizing cure for HIV-1, the clinical success in the “Berlin Patient” has made genetically ablating CCR5 a focal point of research in this area (18, 19, 68, 69). New gene editing techniques, in particular CRISPR-Cas9, offer promising possibilities for targeted mutation of the CCR5 gene, but often the mutation rate falls short and not every mutation reliably leads to a functional disruption. Thus, after genetic modification, one obtains a diverse population of cells containing completely disrupted, partially disrupted, or undisrupted cells. Mathematical modeling estimates, for inhibition of viral replication in an individual, the fraction of cells (CD4+ T cells) refractory to infection needs to be above 75-87.5% (56–58). Another study suggests that only 10–20% CCR5 knock- out in CD34+ HSC would maintain CD4+ T cell counts >200 cells/μl after 10 years when the modified cells have a selective advantage (70). To achieve this proportion of modified cells in patients, the generation and transplantation of sufficient amounts of regenerative cells rendered resistant to HIV-1 infection is a prerequisite, especially when there is no previous cytoreduction by ablative chemotherapy. These cells would ideally be autologous, deficient of CCR5, and have complete regenerative potential. Many strategies have been investigated to increase knock- out efficiencies in CCR5 (23, 49, 50, 55, 71, 72). Besides increasing gene editing efficiency, one strategy is to select edited cells prior to transplantation (73). However, stem cell populations such as HSCs, iPSCs, and ASCs, which have been shown to differentiate into CCR5 expressing cells with hematopoietic characteristics, normally show only low to no expression of CCR5 (25–30). Thus, it is not possible to select CCR5 disruption in stem cells based on the absence of the receptor’s surface expression, but requires creating the selection based on another phenotype.

In this study we used CRISPR-Cas9 mediated homologous recombination to integrate two different fluorescent markers into the CCR5 gene, functioning as a large frameshift mutation and selectable marker. We hypothesized that this mechanism enables selection of bi allelic frameshift mutated cells based on the genotype which are deficient for CCR5. To completely eliminate CCR5 expression, as in individuals that are homozygous for Δ32, it is expected that both alleles in all cells would need to be edited (55). Instead of increasing the mutation efficiency or isolating single clones with the desired mutational status, we pursued a strategy enabling a bulk selection of cells with a genomic pattern likely to lead to complete disruption, an approach similar to introducing mono allelic single-nucleotide changes (54, 62). HDR, regardless of zygosity, is known to be a quite inefficient process (42, 53, 74). Therefore, we integrate a strategy of dual targeting to allow for selection of bi allelic mutational events (27, 49, 55). Not all biallelic mutations will be double positive (integration of both fluorescent markers, each on one allele), since 50% of biallelic recombination is expected to be with a single fluorescent marker (either EGFP or mCherry) in both alleles. Sorting for double positive cells ensure that both alleles have been targeted. In order to obtain a sufficient number of successfully edited cells, either a large population or expansion of the autologous regenerative cells would be necessary. Adipose tissue derived stem cells (ASCs) show ideal properties regarding isolation and expansion to support such strategies and represent a potential population for replenishing the immune cell compartment (26, 29, 32, 39). Consequently, we tested applicability in four different cell types, including CD4+ Jurkat T cells and ASCs.

Transfection of Cas9 and gRNA encoding vectors as well as donor plasmids with fluorescent selectable markers lead to integration of the donor and constitutive expression of double-positive fluorescent cells. Coinciding with previous findings (54, 62, 75), we were able to observe 1-2% double positive cells, depending on the cell type and gRNAs used. Performing one sorting step using FACS, we were able to create populations consisting of up to 97.6% constitutively double-positive cells in cell lines and 72.0% in ASCs. Genomic analysis revealed dually targeted and selected double-positive populations carry mutations in 92.3% (± 1.6%; n=4) of all alleles, of which the largest share are disrupted by HDR based on the standard curve. The residual WT CCR5 locus was also significantly reduced. This is a much higher mutational status than what we found or has been previously reported by knock-out studies using single or dual targeting with CRISPR-Cas9 without a selection system (23, 27, 48–51, 72, 76). Coinciding with our previous findings, targeting with two gRNAs displayed higher InDel frequencies than using a single gRNA. For example, single-targeted dual-positive TZM-bls showed a lower mutational frequency than dually targeted cells (78.2% vs. 93.4%). So dual targeting may lead to more thorough DSB formation and homologous recombination than using a single gRNA. Sorting for double-positive cells was shown to select cells the majority of which integrated the PSM (increased VKI) and thus had a disrupted CCR5 gene (decreased DWT). Even though sorting enabled selection of a population heavily disrupted in the CCR5 locus, it did not lead to complete elimination of cells with the wild-type allele. One explanation is the limitation in sorting a population with 100% double-positive cells; however, this cannot be completely responsible for the remaining alleles without integration. In the 12 double-positive clones, genomic DNA analysis shows a DWT signal in 5 of the 12 clones. Although DWT is clearly reduced in these clones compared to the wild type, it indicates at least one CCR5 allele remains unintegrated. Therefore, a certain fraction of double-positive cells do contain CCR5 without a knock-in, and thus the expression of one or both selectable markers does not originate from the CCR5 locus but has been integrated elsewhere. Consequently, double-positive populations cannot be considered as completely biallelic frameshift mutated. However, double positivity is a strong indicator for a high frequency of mutant alleles and disruption of the CCR5 gene. Still, to make precise statements about the extent and properties of bi allelic frameshift mutations in double positive cells, sequencing analysis in a large quantity of clones and/or determining the PSM integration site could be conducted.

More important than achieving complete mutational status was the question of whether targeting and selection is able to create populations deficient for a functional CCR5 receptor and therefore resistant to HIV-1 infection. Natural resistance is conferred by a 32 bp frameshift mutation in CCR5 leading to a premature stop codon after an additional 25 amino acids. Conventional targeting with CRISPR-Cas9 typically induces smaller size InDel mutations that result in minor insertions or deletions, missense, or nonsense mutation not severe enough to prevent expression of a functioning protein. In only a fraction of targeting events are frameshift mutations generated in both CCR5 alleles (55). Previous knock-out studies using conventional CRISPR-Cas9 targeting in TZM-bls were able to reduce the fraction of cells with CCR5 surface expression to as low as 49.2% (48, 50). Using a Lentiviral vector, a 41.2% or 33.3% reduction was possible (50, 72). Single and dual targeting in TZM-bls lead to InDel frequencies between 14.9 and 27.3% as assessed by surveyor assay (Figure 3B). However, the reduction in CCR5 surface expression was only as low as 1.2 - 3.8% (Figure 5C). This demonstrates that InDels alone do not create mutations severe enough to reliably inhibit CCR5 expression. In contrast, the integration of a large functional sequence including a promoter and terminator into the CCR5 coding sequence can act as a massive frameshift and inhibit proper transcription. We were able to detect a reduction of the measurable surface CCR5 from 97.4% in WT TZM-bl down to 2.0% in double-positive TZM-bls. Therefore in targeted and selected populations the drastic reduction in CCR5 expression correlates with the high frequency of mutation, predominantly caused by HDR. From this it can be concluded that large frameshifts induced by HDR lead to a functional disruption of CCR5 more reliably than it would be the case with InDel mutations alone. Although Jurkat and ASCs express CCR5 at low levels, a similarly significant reduction could be achieved by dual targeting selection in these cell types. Comparable knock-out studies were able to decrease infectability to roughly 40% when using conventional targeting and different transfection techniques in TZM-bls (48, 50). When challenged with HIV-1, double-positive TZM-bls infectability was inhibited 98.1% of WT TZM-bls level, compared to inhibition of 32.7% in the CRISPR-Cas9 dual targeting control. Additionally, the cultivation and modification of stem cells in vitro, even if performed carefully, involves a risk of loss in regenerative capacity. When characterized and tested for multilineage differentiation potential, double-positive ASCs showed the same properties as WT ASCs, suggesting this approach to be successfully applicable in stem cell based therapies. The extent of CCR5 surface expression on MSCs or ASCs in the literature is not clear (26, 29, 77–79), However, we were able to detect slight CCR5 expression on WT ASCs by immunophenotyping, which was eliminated in double-positive ASCs.

Often attempts to create populations with a high rate of a specific mutational pattern are bound to screening and expanding isolated clones. The main benefit associated with the presented strategy is the ability to select highly disrupted cells that are likely to be bi allelic frameshift mutations in a high throughput scale necessary for clinical applications. Although increased, we found the efficiency of HDR-based gene delivery and editing approaches to be a major limitation. We showed that a one-time selection of double-positive transfected cells via FACS enriched CCR5 HDR within the population of successfully transfected cells. Implementing alternative gene delivery methods and ways to increase integration could help yield larger quantities of double-positive cells prior to the sorting step. Fluorescent markers like EGFP and dTomato used in this study are beneficial for application in these preclinical proof-of-concept studies; however, they would be less useful in a clinical application creating the need for alternative selectable markers compatible for in-patients use (80). Previous studies have used puromycin selection to provide continuous selection pressure, eliminating cells which were not transfected or l ose the PSM due to plasmid degradation while subculturing (54). A two-drug selection mechanism would also select for bi allelic HDR; or alternatively, a single-drug mechanism would increase the number of edited cells, but not guarantee that both alleles have been targeted. Dual targeting and selection showed consistent outcomes across the tested cell types proving this concept to be reproducible in different scenarios. Our novel approach opens up new therapeutic options to cure patients from HIV-1 infection by using their own pool of regenerative cells. This would not only avoid the risks of lifelong antiretroviral therapy but also those associated with allogeneic transplantation strategies such as myeloablation and the obstacles of HLA matching.



Conclusion

Taken together, this study provides proof-of-concept that selection for double-positive cells enriches for the integration of selectable markers into both CCR5 loci. It is thus possible to generate populations highly deficient for CCR5 and resistant to HIV-1 infection, representing an approach to bypass inefficiencies to reliably disrupt the CCR5 gene. The strategy doesn’t impair stem cell multilineage differentiation potential, opening up the possibility to be applied in stem cell based therapies. Combined with the application in adipose tissue derived stem cells, this is a novel strategy for the generation of sufficient amounts of HIV-1 resistant autologous regenerative cells. These could partly and repetitively reconstitute the immune system under the selective pressure of an HIV-1 infection and thus represent a possible approach for curing HIV-1.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Ethics Statement

The collection of all human tissue samples was done with the patient’s consent in an anonymized fashion and approved by the Institutional Review Board (IRB) of Tulane University, School of Medicine, New Orleans, Louisiana (IRB protocol #168758).



Author Contributions

Conceptualization: SHS, RI, EUA, SEB. Methodology: SHS, DL, RI, EUA, SEB. Investigation: SHS, YR, FMS, KAW, AR. Analysis: SHS, SEB. Writing—Original Draft: SHS, SEB. Writing—Review and Editing: SHS, YR, FMS, KAW, AR, RI, EUA, SEB. Visualization: SHS, SEB. Funding Acquisition: EUA, SEB. Supervision and Administration: SEB. All authors contributed to the article and approved the submitted version.



Funding

These studies were funded by the Alliance for Cardiovascular Research, and supported by the National Center for Research Resources and the Office of Research Infrastructure Programs (ORIP) at the NIH through grant P51 OD011104 (TNPRC).



Acknowledgments

We would like to thank Dr. Kevin Zwezdaryk (Tulane University), for providing the transfection system. Additionally, we acknowledge Louisiana Cancer Research Center and Tulane’s Center for Stem Cells and Regenerative Medicine for help and expertise in flow cytometry and cell sorting.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.821190/full#supplementary-material



References

1. Shen, L, and Siliciano, RF. Viral Reservoirs, Residual Viremia, and the Potential of Highly Active Antiretroviral Therapy to Eradicate HIV Infection. J Allergy Clin Immunol (2008) 122:22–8. doi: 10.1016/j.jaci.2008.05.033

2. Chun, T-W, Justement, JS, Murray, D, Hallahan, CW, Maenza, J, Collier, AC, et al. Rebound of Plasma Viremia Following Cessation of Antiretroviral Therapy Despite Profoundly Low Levels of HIV Reservoir: Implications for Eradication. AIDS (2010) 24:2803–8. doi: 10.1097/QAD.0b013e328340a239

3. Dybul, M, Attoye, T, Baptiste, S, Cherutich, P, Dabis, F, Deeks, SG, et al. The Case for an HIV Cure and How to Get There. Lancet HIV (2021) 8:e51–8. doi: 10.1016/S2352-3018(20)30232-0

4. Ndung’u, T, McCune, JM, and Deeks, SG. Why and Where an HIV Cure is Needed and How it Might be Achieved. Nature (2019) 576:397–405. doi: 10.1038/s41586-019-1841-8

5. Deng, H, Liu, R, Ellmeier, W, Choe, S, Unutmaz, D, Burkhart, M, et al. Identification of a Major Co-Receptor for Primary Isolates of HIV-1. Nature (1996) 381:661–6. doi: 10.1038/381661a0

6. Dragic, T, Litwin, V, Allaway, GP, Martin, SR, Huang, Y, Nagashima, KA, et al. HIV-1 Entry Into CD4+ Cells is Mediated by the Chemokine Receptor CC-CKR-5. Nature (1996) 381:667–73. doi: 10.1038/381667a0

7. Dean, M, Carrington, M, Winkler, C, Huttley, GA, Smith, MW, Allikmets, R, et al. Genetic Restriction of HIV-1 Infection and Progression to AIDS by a Deletion Allele of the CKR5 Structural Gene. Hemophilia Growth and Development Study, Multicenter AIDS Cohort Study, Multicenter Hemophilia Cohort Study, San Francisco City Cohort, ALIVE Study. Science (1996) 273:1856–62. doi: 10.1126/science.273.5283.1856

8. Liu, R, Paxton, WA, Choe, S, Ceradini, D, Martin, SR, Horuk, R, et al. Homozygous Defect in HIV-1 Coreceptor Accounts for Resistance of Some Multiply-Exposed Individuals to HIV-1 Infection. Cell (1996) 86:367–77. doi: 10.1016/S0092-8674(00)80110-5

9. Samson, M, Libert, F, Doranz, BJ, Rucker, J, Liesnard, C, Farber, CM, et al. Resistance to HIV-1 Infection in Caucasian Individuals Bearing Mutant Alleles of the CCR-5 Chemokine Receptor Gene. Nature (1996) 382:722–5. doi: 10.1038/382722a0

10. Maier, R, Akbari, A, Wei, X, Patterson, N, Nielsen, R, and Reich, D. No Statistical Evidence for an Effect of CCR5-Δ32 on Lifespan in the UK Biobank Cohort. Nat Med (2020) 26:178–80. doi: 10.1038/s41591-019-0710-1

11. Telenti, A. Safety Concerns About CCR5 as an Antiviral Target. Curr Opin HIV AIDS (2009) 4:131–5. doi: 10.1097/COH.0b013e3283223d76

12. Mickienė, A, Pakalnienė, J, Nordgren, J, Carlsson, B, Hagbom, M, Svensson, L, et al. Polymorphisms in Chemokine Receptor 5 and Toll-Like Receptor 3 Genes are Risk Factors for Clinical Tick-Borne Encephalitis in the Lithuanian Population. PloS One (2014) 9:e106798. doi: 10.1371/journal.pone.0106798

13. Allers, K, Hütter, G, Hofmann, J, Loddenkemper, C, Rieger, K, Thiel, E, et al. Evidence for the Cure of HIV Infection by CCR5Δ32/Δ32 Stem Cell Transplantation. Blood (2011) 117:2791–9. doi: 10.1182/blood-2010-09-309591

14. Hütter, G, Nowak, D, Mossner, M, Ganepola, S, Müssig, A, Allers, K, et al. Long-Term Control of HIV by CCR5 Delta32/Delta32 Stem-Cell Transplantation. N Engl J Med (2009) 360:692–8. doi: 10.1056/NEJMoa0802905

15. Gupta, RK, Abdul-Jawad, S, McCoy, LE, Mok, HP, Peppa, D, Salgado, M, et al. HIV-1 Remission Following CCR5Δ32/Δ32 Haematopoietic Stem-Cell Transplantation. Nature (2019) 568:244–8. doi: 10.1038/s41586-019-1027-4

16. Peterson, CW, and Kiem, H-P. Cell and Gene Therapy for HIV Cure. Curr Top Microbiol Immunol (2018) 417:211–48. doi: 10.1007/82_2017_71

17. Hütter, G, Bodor, J, Ledger, S, Boyd, M, Millington, M, Tsie, M, et al. CCR5 Targeted Cell Therapy for HIV and Prevention of Viral Escape. Viruses (2015) 7:4186–203. doi: 10.3390/v7082816

18. Allen, AG, Chung, C-H, Atkins, A, Dampier, W, Khalili, K, Nonnemacher, MR, et al. Gene Editing of HIV-1 Co-Receptors to Prevent and/or Cure Virus Infection. Front Microbiol (2018) 9:2940. doi: 10.3389/fmicb.2018.02940

19. Yu, AQ, Ding, Y, Lu, ZY, Hao, YZ, Teng, ZP, Yan, SR, et al. TALENs-Mediated Homozygous CCR5Δ32 Mutations Endow CD4+ U87 Cells With Resistance Against HIV−1 Infection. Mol Med Rep (2018) 17:243–9. doi: 10.3892/mmr.2017.7889

20. Holt, N, Wang, J, Kim, K, Friedman, G, Wang, X, Taupin, V, et al. Human Hematopoietic Stem/Progenitor Cells Modified by Zinc-Finger Nucleases Targeted to CCR5 Control HIV-1. vivo Nat Biotechnol (2010) 28:839–47. doi: 10.1038/nbt.1663

21. Tebas, P, Stein, D, Tang, WW, Frank, I, Wang, SQ, Lee, G, et al. Gene Editing of CCR5 in Autologous CD4 T Cells of Persons Infected With HIV. N Engl J Med (2014) 370:901–10. doi: 10.1056/NEJMoa1300662

22. Pernet, O, Yadav, SS, and An, DS. Stem Cell-Based Therapies for HIV/AIDS. Adv Drug Delivery Rev (2016) 103:187–201. doi: 10.1016/j.addr.2016.04.027

23. Xu, L, Yang, H, Gao, Y, Chen, Z, Xie, L, Liu, Y, et al. CRISPR/Cas9-Mediated CCR5 Ablation in Human Hematopoietic Stem/Progenitor Cells Confers HIV-1 Resistance. In Vivo Mol Ther (2017) 25:1782–9. doi: 10.1016/j.ymthe.2017.04.027

24. Braun, SE, Wong, FE, Connole, M, Qiu, G, Lee, L, Gillis, J, et al. Inhibition of Simian/Human Immunodeficiency Virus Replication in CD4+ T Cells Derived From Lentiviral-Transduced CD34+ Hematopoietic Cells. Mol Ther (2005) 12:1157–67. doi: 10.1016/j.ymthe.2005.07.698

25. Bernareggi, D, Pouyanfard, S, and Kaufman, DS. Development of Innate Immune Cells From Human Pluripotent Stem Cells. Exp Hematol (2019) 71:13–23. doi: 10.1016/j.exphem.2018.12.005

26. Freisinger, E, Cramer, C, Xia, X, Murthy, SN, Slakey, DP, Chiu, E, et al. Characterization of Hematopoietic Potential of Mesenchymal Stem Cells. J Cell Physiol (2010) 225:888–97. doi: 10.1002/jcp.22299

27. Kang, H, Minder, P, Park, MA, Mesquitta, W-T, Torbett, BE, and Slukvin, II. CCR5 Disruption in Induced Pluripotent Stem Cells Using CRISPR/Cas9 Provides Selective Resistance of Immune Cells to CCR5-Tropic HIV-1 Virus. Mol Ther Nucleic Acids (2015) 4:e268. doi: 10.1038/mtna.2015.42

28. Knorr, DA, Ni, Z, Hermanson, D, Hexum, MK, Bendzick, L, Cooper, LJ, et al. Clinical-Scale Derivation of Natural Killer Cells From Human Pluripotent Stem Cells for Cancer Therapy. Stem Cells Transl Med (2013) 2:274–83. doi: 10.5966/sctm.2012-0084

29. Nazari-Shafti, TZ, Freisinger, E, Roy, U, Bulot, CT, Senst, C, Dupin, CL, et al. Mesenchymal Stem Cell Derived Hematopoietic Cells are Permissive to HIV-1 Infection. Retrovirology (2011) 8:3. doi: 10.1186/1742-4690-8-3

30. Ning, H, Lei, H-E, Xu, Y-D, Guan, R-L, Venstrom, JM, Lin, G, et al. Conversion of Adipose-Derived Stem Cells Into Natural Killer-Like Cells With Anti-Tumor Activities in Nude Mice. PloS One (2014) 9:e106246. doi: 10.1371/journal.pone.0106246

31. Alt, EU, Schmitz, C, and Bai, X. Perspective: Why and How Ubiquitously Distributed, Vascular-Associated, Pluripotent Stem Cells in the Adult Body (vaPS Cells) Are the Next Generation of Medicine. Cells (2021) 10:2303. doi: 10.3390/cells10092303

32. Cousin, B, André, M, Arnaud, E, Pénicaud, L, and Casteilla, L. Reconstitution of Lethally Irradiated Mice by Cells Isolated From Adipose Tissue. Biochem Biophys Res Commun (2003) 301:1016–22. doi: 10.1016/S0006-291X(03)00061-5

33. Zhang, Z, Fu, J, Xu, X, Wang, S, Xu, R, Zhao, M, et al. Safety and Immunological Responses to Human Mesenchymal Stem Cell Therapy in Difficult-to-Treat HIV-1-Infected Patients. AIDS (2013) 27:1283–93. doi: 10.1097/QAD.0b013e32835fab77

34. Allam, O, Samarani, S, and Ahmad, A. Mesenchymal Stem Cell Therapy in HIV-Infected HAART-Treated Nonimmune Responders Restores Immune Competence. AIDS (2013) 27:1349–52. doi: 10.1097/QAD.0b013e32836010f7

35. Chandra, PK, Gerlach, SL, Wu, C, Khurana, N, Swientoniewski, LT, Abdel-Mageed, AB, et al. Mesenchymal Stem Cells are Attracted to Latent HIV-1-Infected Cells and Enable Virus Reactivation. via non-canonical PI3K-NFκB Signaling pathway Sci Rep (2018) 8:14702. doi: 10.1038/s41598-018-32657-y

36. Winnier, GE, Valenzuela, N, Peters-Hall, J, Kellner, J, Alt, C, and Alt, EU. Isolation of Adipose Tissue Derived Regenerative Cells From Human Subcutaneous Tissue With or Without the Use of an Enzymatic Reagent. PloS One (2019) 14:e0221457. doi: 10.1371/journal.pone.0221457

37. Alt, EU, Winnier, G, Haenel, A, Rothoerl, R, Solakoglu, O, Alt, C, et al. Towards a Comprehensive Understanding of UA-ADRCs (Uncultured, Autologous, Fresh, Unmodified, Adipose Derived Regenerative Cells, Isolated at Point of Care) in Regenerative Medicine. Cells (2020) 9:1097. doi: 10.3390/cells9051097

38. Lindroos, B, Suuronen, R, and Miettinen, S. The Potential of Adipose Stem Cells in Regenerative Medicine. Stem Cell Rev Rep (2011) 7:269–91. doi: 10.1007/s12015-010-9193-7

39. Bunnell, BA, Flaat, M, Gagliardi, C, Patel, B, and Ripoll, C. Adipose-Derived Stem Cells: Isolation, Expansion and Differentiation. Methods (2008) 45:115–20. doi: 10.1016/j.ymeth.2008.03.006

40. Tabbara, IA, Zimmerman, K, Morgan, C, and Nahleh, Z. Allogeneic Hematopoietic Stem Cell Transplantation: Complications and Results. Arch Intern Med (2002) 162:1558–66. doi: 10.1001/archinte.162.14.1558

41. Mali, P, Yang, L, Esvelt, KM, Aach, J, Guell, M, DiCarlo, JE, et al. RNA-Guided Human Genome Engineering via Cas9. Science (2013) 339:823–6. doi: 10.1126/science.1232033

42. Le Cong,, Ran, FA, Cox, D, Lin, S, Barretto, R, Habib, N, et al. Multiplex Genome Engineering Using CRISPR/Cas Systems. Science (2013) 339:819–23. doi: 10.1126/science.1231143

43. Jinek, M, East, A, Cheng, A, Lin, S, Ma, E, and Doudna, J. RNA-Programmed Genome Editing in Human Cells. eLife (2013) 2:e00471. doi: 10.7554/eLife.00471

44. Jinek, M, Chylinski, K, Fonfara, I, Hauer, M, Doudna, JA, and Charpentier, E. A Programmable Dual-RNA-Guided DNA Endonuclease in Adaptive Bacterial Immunity. Science (2012) 337:816–21. doi: 10.1126/science.1225829

45. Wang, H, Yang, H, Shivalila, CS, Dawlaty, MM, Cheng, AW, Zhang, F, et al. One-Step Generation of Mice Carrying Mutations in Multiple Genes by CRISPR/Cas-Mediated Genome Engineering. Cell (2013) 153:910–8. doi: 10.1016/j.cell.2013.04.025

46. Wang, L, Shao, Y, Guan, Y, Li, L, Wu, L, Chen, F, et al. Large Genomic Fragment Deletion and Functional Gene Cassette Knock-in via Cas9 Protein Mediated Genome Editing in One-Cell Rodent Embryos. Sci Rep (2015) 5:17517. doi: 10.1038/srep17517

47. Lin, S, Staahl, BT, Alla, RK, and Doudna, JA. Enhanced Homology-Directed Human Genome Engineering by Controlled Timing of CRISPR/Cas9 Delivery. eLife (2014) 3:e04766. doi: 10.7554/eLife.04766

48. Liu, Z, Chen, S, Jin, X, Wang, Q, Yang, K, Li, C, et al. Genome Editing of the HIV Co-Receptors CCR5 and CXCR4 by CRISPR-Cas9 Protects CD4(+) T Cells From HIV-1 Infection. Cell Biosci (2017) 7:47. doi: 10.1186/s13578-017-0174-2

49. Mandal, PK, Ferreira, LM, Collins, R, Meissner, TB, Boutwell, CL, Friesen, M, et al. Efficient Ablation of Genes in Human Hematopoietic Stem and Effector Cells Using CRISPR/Cas9. Cell Stem Cell (2014) 15:643–52. doi: 10.1016/j.stem.2014.10.004

50. Xiao, Q, Chen, S, Wang, Q, Liu, Z, Liu, S, Deng, H, et al. CCR5 Editing by Staphylococcus Aureus Cas9 in Human Primary CD4+ T Cells and Hematopoietic Stem/Progenitor Cells Promotes HIV-1 Resistance and CD4+ T Cell Enrichment in Humanized Mice. Retrovirology (2019) 16:15. doi: 10.1186/s12977-019-0477-y

51. Yu, S, Yao, Y, Xiao, H, Li, J, Liu, Q, Yang, Y, et al. Simultaneous Knockout of CXCR4 and CCR5 Genes in CD4+ T Cells via CRISPR/Cas9 Confers Resistance to Both X4- and R5-Tropic Human Immunodeficiency Virus Type 1 Infection. Hum Gene Ther (2018) 29:51–67. doi: 10.1089/hum.2017.032

52. Hultquist, JF, Schumann, K, Woo, JM, Manganaro, L, McGregor, MJ, Doudna, J, et al. A Cas9 Ribonucleoprotein Platform for Functional Genetic Studies of HIV-Host Interactions in Primary Human T Cells. Cell Rep (2016) 17:1438–52. doi: 10.1016/j.celrep.2016.09.080

53. Paquet, D, Kwart, D, Chen, A, Sproul, A, Jacob, S, Teo, S, et al. Efficient Introduction of Specific Homozygous and Heterozygous Mutations Using CRISPR/Cas9. Nature (2016) 533:125–9. doi: 10.1038/nature17664

54. Arias-Fuenzalida, J, Jarazo, J, Qing, X, Walter, J, Gomez-Giro, G, Nickels, SL, et al. FACS-Assisted CRISPR-Cas9 Genome Editing Facilitates Parkinson’s Disease Modeling. Stem Cell Rep (2017) 9:1423–31. doi: 10.1016/j.stemcr.2017.08.026

55. Lin, D, Scheller, SH, Robinson, MM, Izadpanah, R, Alt, EU, and Braun, SE. Increased Efficiency for Biallelic Mutations of the CCR5 Gene by CRISPR-Cas9 Using Multiple Guide RNAs As a Novel Therapeutic Option for Human Immunodeficiency Virus. CRISPR J (2021) 4:92–103. doi: 10.1089/crispr.2020.0019

56. Ratti, V, Nanda, S, Eszterhas, SK, Howell, AL, and Wallace, DI. A Mathematical Model of HIV Dynamics Treated With a Population of Gene-Edited Haematopoietic Progenitor Cells Exhibiting Threshold Phenomenon. Math Med Biol (2020) 37:212–42. doi: 10.1093/imammb/dqz011

57. Davenport, MP, Khoury, DS, Cromer, D, Lewin, SR, Kelleher, AD, and Kent, SJ. Functional Cure of HIV: The Scale of the Challenge. Nat Rev Immunol (2019) 19:45–54. doi: 10.1038/s41577-018-0085-4

58. Murray, JM, Fanning, GC, Macpherson, JL, Evans, LA, Pond, SM, and Symonds, GP. Mathematical Modelling of the Impact of Haematopoietic Stem Cell-Delivered Gene Therapy for HIV. J Gene Med (2009) 11:1077–86. doi: 10.1002/jgm.1401

59. Braun, SE, Taube, R, Zhu, Q, Wong, FE, Murakami, A, Kamau, E, et al. In Vivo Selection of CD4(+) T Cells Transduced With a Gamma-Retroviral Vector Expressing a Single-Chain Intrabody Targeting HIV-1 Tat. Hum Gene Ther (2012) 23:917–31. doi: 10.1089/hum.2011.184

60. Kimpel, J, Braun, SE, Qiu, G, Wong, FE, Conolle, M, Schmitz, JE, et al. Survival of the Fittest: Positive Selection of CD4+ T Cells Expressing a Membrane-Bound Fusion Inhibitor Following HIV-1 Infection. PloS One (2010) 5:e12357. doi: 10.1371/journal.pone.0012357

61. Ran, FA, Hsu, PD, Wright, J, Agarwala, V, Scott, DA, and Zhang, F. Genome Engineering Using the CRISPR-Cas9 System. Nat Protoc (2013) 8:2281–308. doi: 10.1038/nprot.2013.143

62. Jarazo, J, Qing, X, and Schwamborn, JC. Guidelines for Fluorescent Guided Biallelic HDR Targeting Selection With PiggyBac System Removal for Gene Editing. Front Genet (2019) 10:190. doi: 10.3389/fgene.2019.00190

63. Izadpanah, R, Joswig, T, Tsien, F, Dufour, J, Kirijan, JC, and Bunnell, BA. Characterization of Multipotent Mesenchymal Stem Cells From the Bone Marrow of Rhesus Macaques. Stem Cells Dev (2005) 14:440–51. doi: 10.1089/scd.2005.14.440

64. Overton, WR. Modified Histogram Subtraction Technique for Analysis of Flow Cytometry Data. Cytometry (1988) 9:619–26. doi: 10.1002/cyto.990090617

65. Gartner, S, Markovits, P, Markovitz, DM, Kaplan, MH, Gallo, RC, and Popovic, M. The Role of Mononuclear Phagocytes in HTLV-III/LAV Infection. Science (1986) 233:215–9. doi: 10.1126/science.3014648

66. Zhang, J-P, Li, X-L, Li, G-H, Chen, W, Arakaki, C, Botimer, GD, et al. Efficient Precise Knockin With a Double Cut HDR Donor After CRISPR/Cas9-Mediated Double-Stranded DNA Cleavage. Genome Biol (2017) 18:35. doi: 10.1186/s13059-017-1164-8

67. Wu, L, Gerard, NP, Wyatt, R, Choe, H, Parolin, C, Ruffing, N, et al. CD4-Induced Interaction of Primary HIV-1 Gp120 Glycoproteins With the Chemokine Receptor CCR-5. Nature (1996) 384:179–83. doi: 10.1038/384179a0

68. Xu, M. CCR5-Δ32 Biology, Gene Editing, and Warnings for the Future of CRISPR-Cas9 as a Human and Humane Gene Editing Tool. Cell Biosci (2020) 10:48. doi: 10.1186/s13578-020-00410-6

69. Cornu, TI, Mussolino, C, Bloom, K, and Cathomen, T. Editing CCR5: A Novel Approach to HIV Gene Therapy. Adv Exp Med Biol (2015) 848:117–30. doi: 10.1007/978-1-4939-2432-5_6

70. Savkovic, B, Nichols, J, Birkett, D, Applegate, T, Ledger, S, Symonds, G, et al. A Quantitative Comparison of Anti-HIV Gene Therapy Delivered to Hematopoietic Stem Cells Versus CD4+ T Cells. PloS Comput Biol (2014) 10:e1003681. doi: 10.1371/journal.pcbi.1003681

71. Vakulskas, CA, Dever, DP, Rettig, GR, Turk, R, Jacobi, AM, Collingwood, MA, et al. A High-Fidelity Cas9 Mutant Delivered as a Ribonucleoprotein Complex Enables Efficient Gene Editing in Human Hematopoietic Stem and Progenitor Cells. Nat Med (2018) 24:1216–24. doi: 10.1038/s41591-018-0137-0

72. Wang, W, Ye, C, Liu, J, Zhang, Di, Kimata, JT, and Zhou, P. CCR5 Gene Disruption via Lentiviral Vectors Expressing Cas9 and Single Guided RNA Renders Cells Resistant to HIV-1 Infection. PloS One (2014) 9:e115987. doi: 10.1371/journal.pone.0115987

73. Paul, B, Ibarra, GS, Hubbard, N, Einhaus, T, Astrakhan, A, Rawlings, DJ, et al. Efficient Enrichment of Gene-Modified Primary T Cells via CCR5-Targeted Integration of Mutant Dihydrofolate Reductase. Mol Ther Methods Clin Dev (2018) 9:347–57. doi: 10.1016/j.omtm.2018.04.002

74. Dow, LE, Fisher, J, O’Rourke, KP, Muley, A, Kastenhuber, ER, Livshits, G, et al. Inducible In Vivo Genome Editing With CRISPR-Cas9. Nat Biotechnol (2015) 33:390–4. doi: 10.1038/nbt.3155

75. Bloemberg, D, Sosa-Miranda, CD, Nguyen, T, Weeratna, RD, and McComb, S. Self-Cutting and Integrating CRISPR Plasmids Enable Targeted Genomic Integration of Genetic Payloads for Rapid Cell Engineering. CRISPR J (2021) 4:104–19. doi: 10.1089/crispr.2020.0090

76. Li, C, Guan, X, Du, T, Jin, W, Wu, B, Liu, Y, et al. Inhibition of HIV-1 Infection of Primary CD4+ T-Cells by Gene Editing of CCR5 Using Adenovirus-Delivered CRISPR/Cas9. J Gen Virol (2015) 96:2381–93. doi: 10.1099/vir.0.000139

77. Pesaresi, M, Bonilla-Pons, SA, Sebastian-Perez, R, Di Vicino, U, Alcoverro-Bertran, M, Michael, R, et al. The Chemokine Receptors Ccr5 and Cxcr6 Enhance Migration of Mesenchymal Stem Cells Into the Degenerating Retina. Mol Ther (2021) 29:804–21. doi: 10.1016/j.ymthe.2020.10.026

78. Nishikawa, G, Kawada, K, Nakagawa, J, Toda, K, Ogawa, R, Inamoto, S, et al. Bone Marrow-Derived Mesenchymal Stem Cells Promote Colorectal Cancer Progression via CCR5. Cell Death Dis (2019) 10:264. doi: 10.1038/s41419-019-1508-2

79. Novak, M, Koprivnikar Krajnc, M, Hrastar, B, Breznik, B, Majc, B, Mlinar, M, et al. CCR5-Mediated Signaling Is Involved in Invasion of Glioblastoma Cells in Its Microenvironment. Int J Mol Sci (2020) 21:4199. doi: 10.3390/ijms21124199

80. Ansari, AM, Ahmed, AK, Matsangos, AE, Lay, F, Born, LJ, Marti, G, et al. Cellular GFP Toxicity and Immunogenicity: Potential Confounders in in Vivo Cell Tracking Experiments. Stem Cell Rev Rep (2016) 12:553–9. doi: 10.1007/s12015-016-9670-8




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.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Scheller, Rashad, Saleh, Willingham, Reilich, Lin, Izadpanah, Alt and Braun. 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.


OEBPS/Images/fimmu-13-821190-g003.jpg
1/a¢,

BVKI left @VKI right

®DWT OPuroR

Il Lyl

wi AL pbeghnAz wr s ez POCUl | pD-RNAD | pDNGRNAZD | gD gRNAD D gRNAD
N Soted umorted | sorted umored  sorted
- - _ .
: el e T —
100% 1005 saax
o B0% a0 782%
2
]
E 60% 60%
=
40% 34.5% 0% 321%
8 s s1ex
wan
S 0% 109%
oox oox oox
= D+gRNAZ/3 ki pD+4RNA2/3 | pD+gRNA2/3 | pD+gANA3 D+ gRNA3
ADgRNAY ; e > = : v
o i) sorted wr ANA2/ ERNAY eRNAZ pDCurl plaient sorted unsorted sorted
@i oun Sason . ol voo% i | mamw | e | oow | moss Sew naw | e
mion | ooox o0ox 0% wion | o00% oo0% oo0% o00% o00w ooo% | waox | oo | easox
I @VKI left
DVKI right
p— =DWT
OPuroR
g
ki .
- 04
02
o E
wr SNA2S | oD poegNAS s posnaz
I I unsorted sorted soried ® HEK-293FT ® TZM-bl @ Jurkat O ASC
d ad ad oy [N S —— p=0.125
100
e 3 m
1| : \
80
0% - 1005 —
»
o won o 3
8 ]
] = 60
3 @ oo ©
£ 8
§ o £
5 H 40
- o E
2k % ==
oox [ oox
i POAERNALS | pD-aRNAL/S = PD-gANA/S 20
W BRNAZ unsorted sorted WE gna2R sorted
G| 00o% T o 7o e | ooox wow Tan
wior | ooox ooox oo s290% wion | ooox o00x s030% o

Dual Targeting Dual Targeting Selecting





OEBPS/Images/fimmu-13-821190-g001.jpg
Cas9-gRNA2 Cas9-gRNA3

Exon 1

h Intron 1 M Intron 2

1
|
1 1

g DWT fow g DWTrev
1

— : CCR5 WT-Locus

PuroR fow
—n
v PSM - EGFP/dTomato wms + » » pDonor-EGFP/dTomato

S—
RuroR rev

VKI L fi DWTf P Rf VKl R fi DWT

. . — " o CCR5 PSM Knock-In
P ——— |tron 2 PSM - EGFP/dTomato Exon 3

« LHA # VKI L rev RuroR rev « RHA » VKI Rrev





OEBPS/Images/fimmu-13-821190-g005.jpg
Count

Count

60.4% P 256 %

wr pD + gRNA2/3

CCRS5-APC CCRS5-APC

*%kk

80 *

60

Count

40

RLU/pg foldchange
infected/uninfected

20

gRNA2/3 pD + gRNA3 pD + gRNA2/3

CCRS5-APC Dual Dual Targeting
Targeting Selecting





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Biallelic, Selectable, Knock-in Targeting of CCR5 via CRISPR-Cas9 Mediated Homology Directed Repair Inhibits HIV-1 Replication

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Cas9 and gRNA Targeting Plasmids

          



          		

            Cell Culture and Differentiation Assays

          



          		

            Transfection

          



          		

            Fluorescent Activated Cell Sorting

          



          		

            Immunophenotyping

          



          		

            T7EI- Assay

          



          		

            qPCR for Assessment of Integration and Quantification of the Frequency of Mutation

          



          		

            HIV-1 Infection and Luciferase Reporter Gene Assay

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Identification of the Most Efficient gRNAs and Their Combinations

          



          		

            Transfection of pDonor-EGFP/dTomato and pCas9-gRNA Together Leads to Constitutive Expression of Both Fluorescent Selectable Markers

          



          		

            Targeting-Selecting Enables the Selection of Genetically Disrupted Cells

          



          		

            CCR5 Surface Expression Is Abolished After Selection for Double Positive Cells

          



          		

            Double Positive TZM-bl Cells Show Low Infectability for HIV-1

          



          		

            Targeting Selecting ASCs Leaves Regenerative Potential Unaltered

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-821190-g002.jpg
HEK
pD + gRNA2+3

TZM-bl
pD +gRNA2+3

dTomato

Jurkat
pD + gRNA2+3

ASC
pD +gRNA2+3

dTomato+

Presort

presort

207

postsort

e

0

03

o1

presort
dTomato

BFP EGFP

0.04

dTomato  merged

Postsort

Not sorted

72.7






OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/M1.jpg
% Mutant Alleles = % HDR + (% DWT x % InDel)





OEBPS/Images/fimmu.2022.821190_cover.jpg
’ frontiers

in Immunology

Biallelic, Selectable, Knock-in
Targeting of CCR5 via CRISPRCas9
Mediated Homology Directed
Repair Inhibits HIV-1 Replication





OEBPS/Images/fimmu-13-821190-g004.jpg
VKI left

VKI right

DWT

PuroR

B-actin

@ VKI left @VKI right mDWT OPuroR

FLA Y

cs 6 c7 c8 co o0 a1 c
— ] — —
— == — e





OEBPS/Images/fimmu-13-821190-g006.jpg
dTomato

dTomato

EGFP

EGFP CD49b - APC

pre fixation after fixation

D105 - APC €DY0 - APC

CCRS- APC






