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Abstract

:

Achieving the precise targeting of lentiviral vectors (LVs) to specific cell populations is crucial for effective gene therapy, particularly in cancer treatment where the modulation of the tumor microenvironment can enhance anti-tumor immunity. Programmed cell death protein 1 (PD-1) is overexpressed on activated tumor-infiltrating T lymphocytes, including regulatory T cells that suppress immune responses via FOXP3 expression. We developed PD1-targeted LVs by incorporating the anti-PD1 nanobody nb102c3 into receptor-blinded measles virus H and VSV-Gmut glycoproteins. We assessed the retargeting potential of nb102c3 and evaluated transduction efficiency in activated T lymphocytes. FOXP3 expression was suppressed using shRNA delivered by these LVs. Our results demonstrate that PD1-targeted LVs exerted pronounced tropism towards PD1+ cells, enabling the selective transduction of activated T lymphocytes while sparing naive T cells. The suppression of FOXP3 in Tregs reduced their suppressive activity. PD1-targeted glycoprotein H provided greater specificity, whereas the VSV-Gmut, together with the anti-PD1 pseudoreceptor, achieved higher viral titers but was less selective. Our study demonstrates that PD1-targeted LVs may offer a novel strategy to modulate immune responses within the tumor microenvironment with the potential for developing new therapeutic strategies aimed at enhancing anti-tumor immunity.
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1. Introduction


Existing gene therapy approaches are primarily designed to correct inherited genetic disorders and target malignant tumors [1]. A substantial proportion of these therapies rely on viral vectors for transgene delivery, including lentivirus-based vectors (LVs) [2]. Advantages of lentiviral vectors for gene therapy include high capacity and stable transgene expression due to integration of the expression cassette into the genome. LVs also exhibit low levels of silencing because of preferential integration into genomic regions where active gene expression occurs, a rare occurrence of neutralizing antibodies in the population [3], the ability to deliver the transgene to non-dividing cell populations [4], and the possibility of using different viral glycoproteins with varying tissue specificities [5]. The disadvantages include the risk of developing secondary pathologies due to disruption of important cellular genes from random integration [3], the possibility of mobilization of the integrated vector genome by endogenous retroviruses, and relatively limited targeted delivery of the transgene to specific cell populations [5]. Moreover, the in vivo use of the most common variant—the glycoprotein of vesicular stomatitis virus (VSV-G)—is ineffective due to the widespread expression of its receptor, low-density lipoprotein receptor (LDLR), on almost all cells of the body [6] and its susceptibility to inactivation by the serum complement system [7]. Integrase-deficient lentiviral vectors, which lack the ability to integrate the transgene cassette into the genome, can overcome the first two disadvantages—the risk of developing diseases due to integration into unfavorable genomic sites and the mobilization of the vector genome by endogenous retroviruses [8]. To address the third disadvantage, it is necessary to develop and test a variety of modified pseudotyping glycoproteins with altered tropism [9]. The use of modified glycoproteins with tropism toward various cellular receptors will enable the development of tools for conducting gene therapy in vivo, facilitating the delivery of transgenes to specific organs and tissues. This approach can expand the applications of lentiviral vectors, particularly by allowing targeted therapies for cancer or metabolic disorders.



LVs can be retargeted using modified glycoproteins from paramyxoviruses such as measles [10], Nipah [11], and Tupaia (TPMV) [12], as well as the Sindbis virus [13]. Recently, it has been demonstrated that a modified G protein of the vesicular stomatitis virus (VSV-G), combined with an auxiliary ScFv-displaying pseudoreceptor, can also be used for lentivector retargeting [14]. Targeting moieties include single-chain variable fragments (ScFv) [15], designed ankyrin repeat proteins (DARPins) [16], natural ligands of cellular receptors [17], and adapter molecules. These adapters enable retargeting by adding various soluble ligands that connect the adapter to the cellular receptor [18]. The most extensively studied and developed method for retargeting lentiviral vectors involves using a receptor-blinded H protein of the measles virus fused with a targeting molecule—a cytokine, DARPin, or ScFv [19]. A similar approach is applied when utilizing a receptor-blinded G protein of the Nipah virus [20]. The advantage of this pseudotyping method lies in its very high specificity of transduction, exclusively affecting cells that bear the target receptor on their surface. However, the drawbacks include a significantly reduced viral titer, typically at least an order of magnitude lower compared to lentiviral vectors pseudotyped with the intact H protein of the measles virus [21]. This method is incompatible with many known high-affinity ScFvs or DARPins; for effective cell infection via fusion of the viral and cellular membranes, the F glycoprotein must be at an optimal distance from the cell membrane and correctly oriented [22]. This requirement imposes constraints on the optimal length of the chain comprising the H protein, the targeting moiety, and the extracellular domain of the receptor [23]. Other methods for targeting that rely on a pseudoreceptor—an individual molecule anchored on the viral membrane, in combination with either the stalk domain of the measles virus H protein or a receptor-blinded G protein of VSV—have fewer limitations. However, employing a separate targeting receptor may be associated with reduced transduction specificity [24].



In addition to steric parameters, the interaction between the targeting domain within the H glycoprotein and the cellular receptor uniquely depends on the binding strength to the ligand: affinity values above a certain threshold do not influence the infectious titer, and this threshold inversely correlates with the abundance of target receptor on the cell membrane [25]. Collectively, this means that the selection of targeting molecules for retargeting lentiviruses must be conducted in a task-specific manner. From the perspective of size and ease of selection, nanobodies—the variable regions of camelid heavy-chain antibodies—are ideally suited to such applications due to their good solubility, compact size, and simplicity of selection from immune libraries [26]. Their small size reduces the overall bulkiness of the complex with the H protein, expanding the range of epitopes suitable for targeting within cellular receptors. Moreover, the straightforward process of nanobody selection [27] theoretically allows for the rapid generation of numerous nanobody variants against various epitopes, increasing the chances of identifying a variant that functions effectively within the H protein.



The ability to retarget lentiviral vectors to specific cellular receptors significantly enhances their therapeutic potential. In particular, applying these retargeted vectors to modulate immune cells within the tumor microenvironment offers a promising strategy for cancer therapy. Tumor progression is closely linked to interactions with immune system cells, which often leads to the establishment of a tumor microenvironment characterized by effector T lymphocytes with diminished cytotoxicity and an abundance of regulatory T lymphocytes (Tregs) that promote tumor tolerance by secreting immunosuppressive cytokines [28]. A notable feature of T lymphocytes within this microenvironment is the overexpression of the immune checkpoint PD1 (programmed cell death protein 1) [29,30]. Combined with the frequent overexpression of its ligand PD-L1 on tumor cells, this leads to senescence and exhaustion of intratumoral immune cells, thereby impairing anti-tumor immunity [31].



Current therapeutic strategies exploit this mechanism by using monoclonal antibodies to block PD1/PD-L1 signaling, aiming to reactivate exhausted T cells [32]. Moreover, the high expression of PD1 presents an opportunity to use it as a marker for delivery of genetic constructs into T lymphocytes via retargeted lentiviral vectors. By incorporating targeting moieties specific for PD1 into lentiviral vectors, it may be possible to selectively transduce T lymphocytes within the tumor microenvironment to modulate their functions or confer new properties.



Given that PD1 is overexpressed not only on effector but also on regulatory tumor-infiltrating T lymphocytes [33], delivering a construct that suppresses the function of Tregs could be a potential strategy to reduce immunological tolerance to the tumor. Regulatory T cells are characterized by expression of the transcription factor FOXP3, which directs the differentiation of naive CD4+ T lymphocytes toward a regulatory phenotype [34] and is essential for Tregs to maintain their function [35]. Suppressing FOXP3 through RNA interference leads to the loss of their regulatory phenotype [36]. Therefore, reducing the number of active Tregs within the tumor may shift the immunological balance from tolerance to an active anti-tumor response [37].



In this study, we developed several variants of PD-1-targeted lentiviral vectors to deliver shRNA against the transcription factor FOXP3, aiming to suppress regulatory T-cell activity. We compared these vectors in terms of their efficiency and specificity.




2. Materials and Methods


2.1. Plasmids and Cloning


The pLCMV-tagRFP, pLCMV-tagGFP and pLCMV-nanoLuc [38] lentiviral vector expression plasmids were constructed previously. PD1 lentiviral expression vector pLSF-PD1puro was constructed by inserting a full PDCD1 sequence PCR-amplified with PD1 Xba dir (AGAGATCTAGACTCCAGGCATGCAGATCCCAC) and PD1 Sal rev (AGAGAGGTCGACGGTCAGAGGGGCCAAGAG) and digested with corresponding endonucleases into pLSF-PL4-puro linearized by the same enzymes. The psPAX2 and pMD2.G were a gift from Didier Trono (Addgene plasmid # 12260 and 12259). The pCG-Hc∆18-AA was a gift from Jakob Reiser (Addgene plasmid # 86559). Intermediary plasmids pCG-Hc∆18-AAXB and pCG-4AHc∆24-AAXB were constructed from pCG-Hc∆18-AA via PCR amplification with the primers Hcd18 bsmbi dir (AGAGAGCGTCTCAGATCTCCCGGTAGTTAATTAAAAATTAGGG) or 4AHd24-BsmBi-gatc dir (AGAGAGCGTCTCAGATCTAGGGTGCAAGATCATCCACAATGGCCGCTGCAGCCAACCGGGAGCACCTGATG), respectively, and Hcd18-aa xba-bamh rev ATCCTCTTGCGGCCGCCGGATCCCTCTCTCTCTCTTCTCTTCTAGATTCCCGGGTGACTGTGC, followed by subsequent restriction of PCR products with BsmBI and NotI restriction endonucleases and cloning back into pCG-Hc∆18-AA digested with BamHI and NotI. This operation introduced unique XbaI and BamHI sites on the 3′-end of the H protein sequence, which were then used to clone the sequence of the 102c3 nanobody. The nb102c3 sequence was synthesized previously [39]. Measles F-protein- and H-protein-encoding plasmids pMD2-FΔ30 and pCG-4AHc∆24 were constructed previously [40]. A Nipah F-protein encoding plasmid pCG-NipF∆22 was constructed via the cloning of the truncated Nipah protein sequence bearing terminal BamHI and SpeI restriction sites synthesized de novo by Integrated DNA Technologies into pCG-Hc∆18-AA digested with BamHI and SpeI. The Nipah receptor-ablated G-protein-encoding plasmid pCG-Nip∆34Gm4-XB was constructed via the cloning of the truncated G-protein sequence (E501A, W504A, Q530A, E533A) synthesized de novo by Integrated DNA Technologies with the addition of the 5′-AGAGAGCGTCTCAGATCTAGGGTGCAAGATCATCCACA and TCTAGAAGAGAAGAGAGAGAGAGGGATCCGGCGGCCGCAAGAGGATCGCATCACCATCACCATCACTGATAGTTTGTACTAGTGTGAAATAGACATCAGTAA-3′ sequences digested with BglII and SpeI into pCG-Hc∆18-AA digested with BamHI and SpeI. pCG-Nip∆34Gm4-102c3 was subsequently made by cloning the nb102c3 sequence into pCG-Nip∆34Gm4-XB digested with XbaI and BamHI. A plasmid encoding receptor-ablated VSV-G protein pMD2.Gmut (I41L, K47Q, R354A) was constructed by cloning the DNA fragment made by three-piece overlap-extension PCR with the primers VSVG EcoRI dir (GCACGTGAGATCTGAATTCAACAGAGATCG) and VSVG 4147 rev (CCTTGTGACTCTGGGGCATTTTGACTTGTAAGGCTGTGCC), VSVG 4147 dir (GGCACAGCCTTACAAGTCAAAATGCCCCAGAGTCACAAGG) and VSVG 354 rev (CCAGTCATCCCACAGTTCGGCTTCTGTGGTAGTTCCACTG), and VSVG 354 dir (CAGTGGAACTACCACAGAAGCCGAACTGTGGGATGACTGG) and VSVG EcoRI rev (GCACTGGTGGGGTGAATTCC) performed on pMD2.G plasmid and digested with EcoRI back into pMD2.G digested with the same enzyme. The standalone pseudoreceptor plasmid pCG-VHHR was constructed by means of the cloning of a synthetic construct comprising Kozak and CD8 leader sequence (GCCACCATGGCCTTACCAGTGACCGCCTTGCTCCTGCCGCTGGCCTTGCTGCTCCACGCCGCCAGGCCG) followed by XbaI and BamHI recognition sites, a 12-amino-acid spacer sequence G-GAGAGCAAGTACGGACCACCATGTCCACCATGCCCG, and the CD28 transmembrane domain sequence followed by the NheI recognition site (TTTTGGGTGCTGGTGGTGGTTGGTGGAGTCCTGGCTTGCTATAGCTTGCTAGTAACAGTGGCCTTTATTATTTTCTGGGTGGCTAGCAGGAGTAAGAGG), which was extended on its 5′-terminus by means of PCR amplification with primers CD8s BglII dir (AGAGAGAGATCTGCCACCATGGCCTTACCAGTGACCG) and CD28TM NheI rev (CCTCTTACTCCTGCTAGCCACCC), and digested with BglII and NheI into pCG-Hc∆18-AA digested with BamHI and SpeI. pCG-102c3R was made by cloning the nb102c3 sequence into pCG-VHHR linearized with XbaI and BamHI. The shRNA-expressing lentivector pLH1-7SKP-shFOXP3 was constructed by cloning synthesized and annealed phosphorylated oligonucleotides shFOXP3-1 dir (GATCCGGCCACATTTCATGCACCAGCTGTGCTTGCTGGTGCATGAAATGTGGCTTTTTG) and shFOXP3-1 rev (AATTCAAAAAGCCACATTTCATGCACCAGCAAGCACAGCTGGTGCATGAAATGTGGCCG) into a pLH1p plasmid digested with BamHI and EcoRI to obtain pLH1p-shFOXP3-1, and then cloning shFOXP3-2 dir (GATCCGGAGTCTGCACAAGTGCTTTGTTGTGCTTACAAAGCACTTGTGCAGACTCTTTTTG) and shFOXP3-2 rev (AATTCAAAAAGAGTCTGCACAAGTGCTTTGTAAGCACAACAAAGCACTTGTGCAGACTCCG) into pL7SKP in a similar fashion to obtain pL7SKP-shFOXP3-2, followed by insertion of a 300 bp SalI-SpeI fragment from pL7SKP-shFOXP3-2 into pLH1p-shFOXP3-1 linearized with XhoI-SpeI. For negative control transductions, pLH1-shLUC expressing shRNA to firefly luciferase (CACTTACGCTGAGTACTTCGATGTGCTTCATCGAAGTACTCAGCGTAAG) was used, which was constructed previously.




2.2. Cells and Culturing


The HEK-293T embryonic kidney cell line and U937 AML cell line were purchased from ATCC (Manassas, VA, USA) and cultured in DMEM/F12 and RPMI1640 media (Paneco, Moscow, Russia), respectively. The culture medium contained 10% fetal bovine serum (FBS; Gibco, Waltham, MA, USA), penicillin–streptomycin, L-glutamine, and non-essential amino acids (Gibco). Human peripheral blood mononuclear cells (PBMCs) were isolated from the blood of healthy donors by means of gradient density centrifugation on a Ficoll 1.077 (Paneco) according to the standard protocol. CD4+ T lymphocytes were isolated with EasySep Human CD4+ T Cell Isolation Kit (STEMCELL Technologies, Vancouver, BC, Canada) according to the manufacturer’s protocol. PBMCs and T lymphocytes were cultured in an AIM-V medium (Thermo, Waltham, MA, USA). All cells were cultured under conditions of 37 °C and 5% CO2.




2.3. Lymphocyte Activation and iTreg Generation


For activation and PD1 induction, CD4+ T lymphocytes and PBMCs were cultured at a density of 1 × 106 cells/mL in the presence of IL-2; IL-2 and PHA-M (phytohemagglutinin M-form); PMA (phorbol 12-myristate 13-acetate), ionomycin and PHA-M; or PMA, ionomycin, IL-2, IL-4, IL-21, IFNγ (interferon-γ) and PHA-M. IL-2, IL-4, IL-21 and IFNγ (Peprotech, Waltham, MA, USA) were supplemented at 20 ng/mL, PMA (Sigma, Burlington, MA, USA) was added at 50 ng/mL, ionomycin (Sigma) was added at 2 μM, and PHA-M (Gibco, USA) was used at a concentration of 1% v/v. Cells were cultured for 7 days with cytokine replenishment every third day. To generate iTregs, the medium was supplemented with 20 ng/mL IL-2, 5 ng/mL TGFβ (R&D Systems, Minneapolis, MN, USA), 10 nM all-trans retinoic acid, and 100 ng/mL rapamycin (both from Cayman Chemical, Ann Arbor, MI, USA) and cultured for 7 days with occasional cytokine replenishment.




2.4. Transfection and Lentivirus Packing


All of the transfections were performed with polyethyleneimine 25k (Polysciences, Warrington, PA, USA) according to the recommendations provided in [41]. The ratio of the plasmids for the syncytia-formation test was 5:7:1 (pLCMV-tagRFP:pMD2-FΔ30:pCG-4AHc∆24AA-102c3 or pCG-Hc∆18AA-102c3) or 4:5:1 (pLCMV-tagRFP:pCG-NipF∆22:pCG-Nip∆34Gm4-102c3), while for the lentivirus vector packaging, the ratios were 8:8:7:1 (lentivector:psPAX2:pMD2-F∆30:H-protein-coding plasmid), 6:6:5:1 (lentivector:psPAX2:pCG-NipF∆22:pCG-Nip∆34Gm4-102c3), and 5:3:2:3 (lentivector:psPAX2:pMD2.Gmut:pCG-102c3R). For lentivirus vector production, the day after transfection, the medium was changed to DMEM/F12 supplemented with PeproGrow serum replacement solution (Peprotech), and the virus-containing medium was later collected after 48 h of incubation, filtered through a 0.45 μm syringe filter, and used for the transduction of recipient cells via the standard spinoculation procedure with the addition of 8 μg/mL polybrene (Sigma) and 1 mg/mL Synperonic F-108 (Sigma). The cells transduced with fluorescent-protein-coding lentivector were examined 72 h post-transduction via a fluorescent microscope, and the viral titers were determined using flow cytometry. Unless otherwise mentioned, transductions with FP- and Luc-expressing lentiviral vectors were performed with MOI = 2, and transductions with shRNA-expressing vectors were performed with MOI = 5. For stable PD1-expressing cell line generation, transduced cells were cultured in standard medium supplemented with 1 ug/mL puromycin for 3 weeks. For stable tagGFP-expressing U937 cell line generation, cells were sorted 1 week after transduction on a FacsVantage SE cell sorter (Beckton-Dickinson, Franklin Lakes, NJ, USA).




2.5. RNA Extraction and RT-qPCR


Total RNA was extracted from CD4+ T lymphocytes and PBMCs using ExtractRNA tri-reagent (Evrogen, Moscow, Russia) according to the manufacturer’s protocol. cDNA was synthesized using Magnus revertase (Evrogen) and oligo-dT primer at 53 °C for 40 min followed by revertase inactivation at 72 °C for 5 min. qPCR was carried out in 50 μL reaction mixtures on a Bio-Rad iCycler myIQ using HSTaq DNA polymerase (Evrogen) in three biological repetitions. For PDCD1 quantitation, a set of primers consisting of PD1 dir (CAGTTCCAAACCCTGGTGGT), PD1 rev (GGCTCCTATTGTCCCTCGTG), and PD1 probe (6FAM-TGCTGGGCAGCCTGGTGCTG-BHQ1) was used. FOXP3 was detected with a set of primers consisting of FOXP3 dir (CGGACCATCTTCTGGATGAG), FOXP3 rev (TTGTCGGATGATGCCACAG), and FOXP3 probe (6FAM-AGGCCCACCTGGCTGGGAAA-BHQ1). GAPDH was used as a reference transcript and was detected with GAPDH dir (GAAGGTGAAGGTCGGAGTC), GAPDH rev (GAAGATGGTGATGGGATTTC), and GAPDH probe (6FAM-CAAGCTTCCCGTTCTCAGCCT-BHQ1).




2.6. Luciferase Assay


A NanoLuc luminescence assay was performed with the NanoGlo luciferase assay kit (Promega, Madison, WI, USA) in white 96-well plates (SPL Life Sciences, Pocheon-si, Gyeonggi-do, Korea) according to the manufacturer’s protocol. Cell samples were normalized for viability with CelltiterGLO reagent (Promega) according to the manufacturer’s protocol. Luminescence readings were collected using a Triad microplate reader (Dynex Technologies, Chantilly, VA, USA).




2.7. TGFβ Detection


TGFβ levels in the iTreg cell culture medium were detected using Human TGF-beta 1 DuoSet (R&D Systems) in maxisorp 96-well plates (Nunc, Rochester, NY, USA) according to the manufacturer’s protocol. Cells were washed 3 times and seeded in an AIM-V medium with appropriate supplements excluding TGFβ. A control sample from each well was taken after seeding to serve as a reference. Cells were cultured for 48 h before measuring TGFβ levels. Absorbance readings were collected using a Triad microplate reader.




2.8. Statistical Analyses


The statistical analysis was performed using GraphPad Prism 10.




2.9. Manuscript Preparation


ChatGPT was utilized as a language refinement and editing tool during the manuscript preparation process. Specifically, it was employed to translate sections of the manuscript from Russian to English, ensuring scientific accuracy and readability, and to enhance wording, sentence structure, and overall flow to ensure the clarity and professional presentation of the content. All edits and suggestions provided by ChatGPT were reviewed and validated by the authors to ensure alignment with the scientific content and objectives of this manuscript.





3. Results


To target lentiviral vectors to PD1-expressing cells, we used the nanobody nb102c3 [39]. Two receptor-blinded (Y481A, R533A) H proteins from the measles virus, with deletions of 18 and 24 N-terminal amino acids (Hc∆18AA-102c3 and 4AHc∆24AA-102c3), were designed, each fused at the C-terminus to the nb102c3 (Figure 1B). Additionally, a receptor-blinded G protein from the Nipah virus (E501A, W504A, Q530A, E533A) fused with nb102c3 was utilized. We also employed a receptor-blinded variant of the VSV-G protein (K47Q, R354A) combined with a membrane-anchored version of nb102c3 (Figure 1A).



For the initial evaluation of the ability of Hc∆18AA-102c3, 4AHc∆24AA-102c3, and Nip∆34Gm4-102c3 to mediate the receptor-dependent fusion of viral and cellular membranes, we transfected the HEK-293T and HEK-293T-PD1 cell lines with a plasmid mix carrying sequences for Hc∆18AA-102c3 or 4AHc∆24AA-102c3, F∆30, and the fluorescent marker tagRFP, or Nip∆34Gm4-102c3, NipF∆22, and tagRFP. Fluorescent syncytia formed in the HEK-293T-PD1 cells after transfection with Hd18AA-102c3 and 4AHc∆24AA-102c3, while no syncytia were observed in HEK-293T cells, indicating that the nb102c3 binding epitope within PD1 is suitable for retargeting lentiviral vectors pseudotyped with measles H protein to this receptor (Figure 1C). Transfection with Nip∆34Gm4-102c3 did not result in syncytia formation, suggesting that retargeting this glycoprotein with nb102c3 was ineffective. The VSVGmut+102c3R variant was not tested for syncytia formation because VSVG-mediated transduction typically results in few and small syncytia, making it less suitable for assessing the targeting molecule’s potential. The Hc∆18AA-102c3 construct produced the largest and most distinct syncytia.



Subsequently, four receptor-retargeted lentiviral vector variants, also carrying the tagRFP marker gene, were packaged and used to transduce the HEK-293T-PD1 and HEK-293T cell lines. Compared to the control vector packaged with intact 4AHc∆24, three variants showed increased tropism for HEK-293T-PD1 cells (Figure 1D,E and Figure S1). Packaging with Nip∆34Gm4-102c3 did not produce lentiviral particles with a detectable infectious titer. In contrast, retargeting using VSVGmut+102c3R resulted in a 5–7-fold higher transduction frequency of HEK-293T-PD1 cells compared to HEK-293T cells. However, neither Hc∆18AA-102c3 nor 4AHc∆24AA-102c3 effectively facilitated the transduction of HEK-293T cells. Only a few transduced cells were observed following transduction with 4AHc∆24AA-102c3 (Figure 1E). The VSVGmut+102c3R-pseudotyped variant achieved an approximately 8-fold higher infectious titer compared to 4AHc∆24AA-102c3, while the Hc∆18AA-102c3-pseudotyped variant had a titer about three times lower than that of 4AHc∆24AA-102c3.



To assess the transduction efficiency of retargeted lentiviral vectors in immune cells, it was necessary to first induce PD1 expression. We tested several cultivation conditions for peripheral blood mononuclear cells (PBMCs) and measured PDCD1 mRNA levels using qPCR (Figure 2A). The results indicated that cultivation with IL-2 + PHA-M + PMA + ionomycin resulted in the highest induction of PD1 expression.



Next, we used three variants of lentiviral vectors pseudotyped with 4AHc∆24AA-102c3, VSVGmut+102c3R, and 4AHc∆24 to deliver an expression cassette containing the nanoLuc (nLuc) luciferase gene into PD1-induced PBMCs (Figure 2C) and PD1-induced CD4+ T lymphocytes (Figure 2D). Analysis of luminescent activity revealed a correlation between PDCD1 expression levels and transduction efficiency for the 4AHc∆24AA-102c3- and VSVGmut+102c3R-pseudotyped lentivectors, a relationship that was not observed for the 4AHc∆24-pseudotyped vector. A significant difference in luminescence levels was observed between the control cells and those cultured in the presence of IL-2 + PHA-M + PMA + ionomycin, or IL-2 + PHA-M + PMA + ionomycin combined with IFNγ, IL-4, and IL-12, in samples transduced with vectors pseudotyped with 4AHc∆24AA-102c3 and VSVGmut+102c3R. Notably, the cells transduced with LVs pseudotyped with VSVGmut+102c3R showed higher levels of nLuc activity compared to cells transduced with 4AHc∆24AA-102c3-pseudotyped LVs, consistent with the data obtained from the HEK-293T-PD1 and HEK-293T cell line experiments. To assess the contribution of transduction enhancers and pseudotransduction to the observed effect, we transduced PD1+ CD4+ T lymphocytes in the absence of polybrene and Synperonic F-108 and after treatment with azidothymidine (Figure 2B). The absence of enhancers reduced transduction efficiency by approximately fivefold, while treatment with azidothymidine decreased luminescence intensity to near-background levels.



To suppress FOXP3 expression, we used a lentiviral construct designed for the simultaneous expression of multiple shRNAs [42] (Figure 3A). This construct, expressing two shRNAs targeting FOXP3, was tested in a lentiviral vector pseudotyped with 4AHc∆24 on induced Tregs (iTregs) derived from peripheral CD4+ T lymphocytes. Transduction of iTregs resulted in a significant reduction in FOXP3 mRNA levels, as measured by qPCR (Figure 3B).



Next, we investigated whether the induction of PD1 in iTregs affects the efficiency of transduction with the shFOXP3-expressing lentiviral vector pseudotyped with 4AHc∆24 (Figure 3C). The results showed that the induction of PD1 had only a minor impact on the transduction efficiency, as indicated by the decrease in FOXP3 mRNA levels.



To evaluate how FOXP3 suppression affects the immunosuppressive capacity of Tregs, we measured TGFβ levels in the cell culture media. The results (Figure 3D) demonstrated that shFOXP3-treated iTregs significantly reduced TGFβ production, indicating functional suppression of the regulatory phenotype. Notably, TGFβ production levels were similar between iTregs with high and low levels of PD1 expression.



To evaluate the selectivity of PD1-targeted lentiviral vectors in delivering transgenes to PD1+ cells, we used lentiviral particles carrying the tagRFP marker protein sequence, pseudotyped with 4AHc∆24AA-102c3, VSVGmut+102c3R, and 4AHc∆24. These were used to transduce CD4+ PD1+ T lymphocytes during co-cultivation with U937 cells expressing the tagGFP marker at a 1:10 ratio. As shown in Figure 4C, the non-targeted lentivector packaged with 4AHc∆24 efficiently transduced the “buffer” U937-tagGFP cells, while the proportion of fluorescent CD4+ PD1+ T lymphocytes reached 144% of that of U937-tagGFP cells. Transduction with the VSVGmut+102c3R-pseudotyped lentivirus increased the proportion of transduced CD4+ PD1+ T lymphocytes up to 303% (Figure 4B). Similarly, using lentiviral particles pseudotyped with 4AHc∆24AA-102c3 resulted in the exclusive transduction of T lymphocytes, with no distinct transduced population observed in buffer cells, and the proportion of T cells to U937-tagGFP falling within tagRFP+ gates rose to at least 1675% (Figure 4A and Figure S2).



Next, we examined how effectively FOXP3 was suppressed upon transduction of PD1+ iTregs co-cultured with U937 cells. As shown in Figure 4D, FOXP3 suppression occurred with all packaging constructs used in conjunction with the shFOXP3 vector. However, when comparing iTregs transduced alone to those co-cultured with U937, a significant difference in FOXP3 transcript levels was observed only for lentivectors pseudotyped with 4AHc∆24. In contrast, for LVs with shFOXP3 pseudotyped with VSVGmut+102c3R and 4AHc∆24AA-102c3, there were no significant differences in FOXP3 levels between transduced Tregs cultured alone and those co-cultured with U937. This indicates that the presence of PD1− cells does not significantly affect FOXP3 suppression by PD1-targeted lentivectors.




4. Discussion


In this study, we developed PD1-targeted lentiviral vectors using nb102c3 and demonstrated their potential to selectively transduce activated T lymphocytes. We showed that suppressing FOXP3 expression in regulatory T cells (Tregs) using these vectors can reduce Treg activity, potentially enhancing anti-tumor immune responses.



Achieving the precise targeting of lentiviral vectors to specific cell populations remains a key obstacle to the direct in vivo application of lentiviral gene therapy. VSV-G pseudotyping, which is the most commonly used method for conferring broad tropism, is unsuitable for systemic application due to strong antiviral immune responses to the lentivector [43]. Additionally, the ubiquitous expression of its receptor (LDLR) results in only a small fraction of lentiviral vectors reaching the intended target tissue or organ [44]. Instead, systemically administered lentiviral vectors predominantly accumulate in the liver and spleen [45]. In cancer therapy, direct intratumoral injection can enhance the targeting of lentiviral vectors [46]; however, this approach still results in the simultaneous transduction of both tumor cells and cells within the tumor microenvironment [47], which is undesirable for many therapeutic strategies. The most extensively developed method for targeting lentiviral vectors involves using a receptor-blinded glycoprotein from the measles virus. This approach has been employed in studies targeting tumor cells via tumor-associated antigens such as HER2 [48], EGFR [10], and EpCAM [49] or immune cells through immunological receptors like CD20 [15], CD19 [50], CD8 [51], CD4 [52], and CD30 [23]. A receptor-blinded variant of VSV-G was described relatively recently [14], following the resolution of the crystal structure of the VSV-G and LDLR complex [53]. This advancement led to studies on retargeting lentiviral vectors using mutant VSV-G and a targeting pseudoreceptor co-expressed on packaging cells [24,54]. A distinctive limitation of this approach—previously applied to other viral glycoproteins [21,55]—is its incomplete selectivity of transduction. Since VSV-Gmut retains its fusogenic activity and is not physically linked to the targeting pseudoreceptor, spontaneous transduction of non-target cells can occur [14]. Nevertheless, lentiviral vectors pseudotyped with VSV-Gmut exhibit significantly higher infectious titers compared to those pseudotyped with glycoproteins from the measles virus and other paramyxoviruses. This higher titer can make the use of VSV-Gmut economically attractive for applications where preferential tropism, rather than absolute specificity, is sufficient.



Targeting lentiviral vectors at T lymphocyte receptors could enable the direct generation of CAR-T cells within the body [56], potentially reducing the cost of such therapies and offering new ways to modulate immune system activity. However, therapeutic approaches specifically aimed at the tumor microenvironment [47] require lymphocyte markers that are more abundantly expressed on immune cells within tumors than in the rest of the body. To overcome these challenges, targeting lentiviral vectors at specific receptors such as PD1 presents a promising strategy. PD1 is overexpressed on activated tumor-infiltrating T lymphocytes and is already a target for anti-cancer agents like checkpoint inhibitors [57]. Its elevated expression in the tumor microenvironment makes it an ideal candidate for directing lentiviral vectors to modulate immune responses [58].



We initially assessed nb102c3 as a retargeting moiety using a syncytium formation assay [10]. This assay allowed us to determine the ability of the modified paramyxovirus glycoproteins to mediate cell–cell fusion in PD1-expressing cells. The assay allowed us to bypass the need to produce pseudotyped lentiviral vectors and perform secondary transduction during the initial screening of candidate molecules. However, while the formation of syncytia is a necessary condition, it is not sufficient to confirm that a given targeting molecule can be used for lentiviral vector pseudotyping [59]. In our experiments, nb102c3 induced syncytia formation in HEK-293T-PD1 cells when fused to the measles virus H protein but not when fused to the Nipah virus G protein. Additionally, comparing two truncated variants of the measles virus H protein as carriers for the targeting molecule nb102c3, we found that the Hc∆18 variant was less effective, as evidenced by a lower infectious titer. This finding is consistent with earlier studies where the use of the 4AHc∆24 variant was preferable [60]. We utilized a receptor-blinded variant of the H protein with Y481A and R533A substitutions and observed no syncytia formation when transfecting PD1-negative cells. However, during transduction experiments with HEK-293-PD1 and HEK-293 cells, a minor population of transduced PD1-negative cells was detected, with a selectivity index of approximately 900×. This could be attributed to the presence of an additional, unblocked CD46 binding site within the H protein [61]. It is plausible that introducing further substitutions could enhance the selectivity index even further.



Next, we evaluated the efficiency of transduction in activated T lymphocytes to confirm the potential of our targeted vectors in a more physiologically relevant context. Our results demonstrated a clear correlation between PD1 expression levels and transduction efficiency in activated T lymphocytes, confirming the specificity of our PD1-targeted vectors. Importantly, naive T cells appeared not to be susceptible to transduction, potentially making transgene delivery specific to sites of inflammation, such as the tumor microenvironment.



Gene therapy targeting PD1-positive intratumoral T lymphocytes can aim to either enhance the cytotoxicity of effector cells or to suppress regulatory T lymphocytes (Tregs). Targeting FOXP3 in PD1-positive Tregs offers a strategy to reduce immunological tolerance within tumors. Suppressing FOXP3 disrupts Treg function without affecting effector T cells because this transcription factor is essential for maintaining the regulatory phenotype of T cells and is not involved in the function of effector T cells. Existing research indicates that the shRNA-mediated knockdown of FOXP3 leads to reduced activity of Tregs [36,62], which is corroborated by our experimental results. Furthermore, targeting Tregs is justified because existing therapeutic PD1-directed checkpoint inhibitors enhance effector T-cell activity by blocking the suppressive PD-L1/PD-1 signaling pathway [63], which may inadvertently stimulate Treg function, potentially causing disease hyperprogression in response to therapy [64]. Suppressing FOXP3 in intratumoral Tregs using retargeted lentiviral vectors could address this issue. Alternatively, LVs targeted at PD1 may be used to knock down PD1 expression itself, which could enhance the anti-tumor immune response [65]. Since nb102c3 can block signaling through the PD1/PD-L1 axis, it is plausible that lentiviral vectors targeted with this nanobody might independently suppress PD1-dependent T-cell suppression. However, achieving a noticeable effect would likely require extremely high multiplicities of infection (MOI).



We employed two types of retargeted glycoproteins to deliver the transgene into PD1-positive cells. Our experiments demonstrated that these glycoproteins differ in both the infectious titer achieved and their selectivity. Specifically, the combination of 4AHc∆24AA-102c3 with F∆30 resulted in the most selective transduction of PD1+ cells. However, the infectious titer of these retargeted lentiviral vectors was significantly lower than that obtained using the combination of VSV-Gmut with 102c3R, which, in contrast, exhibited substantially less selectivity toward PD1+ cells. These findings suggest that in in vivo applications, the reduced selectivity of VSV-Gmut could lead to more pronounced off-target effects.



Regulatory T lymphocytes play a crucial role in maintaining immune homeostasis. However, the excessive suppression of FOXP3—whether due to lentiviral vectors with low transduction specificity or highly specific vectors administered at excessively high doses—could potentially result in autoimmune disorders and hyperinflammation. These risks highlight important limitations that may constrain the therapeutic application of this approach. Another limitation is the cross-species variability of PD1, hindering the testing of our vectors in animal models [66]. Future work could involve engineering nanobodies that recognize murine PD1 or using humanized mouse models. Furthermore, it is challenging to thoroughly assess how the targeted delivery of shRNA against FOXP3 stimulates lymphocyte cytotoxic activity in co-cultures with tumor cells compared to non-targeted delivery. This difficulty arises because, in such experiments, tumor (PD-1−) cells are used in smaller proportions relative to immune (PD-1+) cells. Consequently, off-target transduction would be insignificant even when using non-retargeted LVs, making it difficult to evaluate differences in transduction efficiency between targeted and non-targeted LVs.



Beyond targeting tumors, suppressing FOXP3 in PD1+ T cells may also be useful in addressing immunological anergy associated with bacterial infections. For instance, evidence suggests that a similar immune response is observed in the inflammatory lesions caused by Mycobacterium leprae infection [67]. Furthermore, as PD1 expression has been observed on tumor cells themselves [68], our vectors could be adapted for direct anti-tumor strategies.



Overall, our study demonstrates the feasibility of using the nanobody nb102c3 to retarget lentiviral vectors to PD1-positive T lymphocytes, providing a novel tool for modulating immune responses within the tumor microenvironment. By selectively suppressing FOXP3 in Tregs, we offer a potential strategy to enhance anti-tumor immunity.




5. Conclusions


	
The anti-PD1 nb102c3 can effectively retarget lentiviral vectors toward PD1+ cell populations, both when incorporated into receptor-blinded measles virus glycoprotein and in combination with VSV-Gmut. The former option provides greater specificity, while the latter achieves higher viral titers.



	
The efficiency of transduction depends on the levels of PD1 on immune cells, with older cells which express more PD1 transducing more effectively.



	
FOXP3 knockdown using dual shRNA significantly reduces the suppressive activity of regulatory T cells in vitro.



	
In the setting where a high number of PD1− cells are present, the use of PD1-targeted lentiviral vectors significantly enhances Treg suppression compared to nontargeted vectors. This approach could be employed to develop new therapeutic strategies aimed at reprogramming the tumor microenvironment to promote a stronger anti-tumor response.
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Figure 1. (A) Schematic representations of retargeted measles (Hc∆18AA-102c3, 4AHc∆24AA-102c3), Nipah (Nip∆34Gm4-102c3), and VSV (VSVGmut+102c3R) glycoproteins tested for lentivector retargeting. (B) Predicted structure of the homodimer of the measles H-protein head fused with nb102c3. (C) Microphotographs of the syncytia formation test performed on HEK-293T and HEK-293T-PD1 cells transfected with Hc∆18AA-102c3, 4AHc∆24AA-102c3, and Nip∆34Gm4-102c3 with corresponding F-protein-encoding plasmids and the lentivector plasmid encoding tagRFP (red channel). (D) Infectious titers of all retargeted LVs (i.u.) and selectivity (fold). (E) FACS plots of HEK-293T and HEK-293T-PD1 cells transduced with a corresponding lentivector carrying the tagRFP sequence (1 mL of non-concentrated lentivirus sample per 35 mm well). 
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Figure 2. (A) qPCR quantitation of PDCD1 levels in PBMCs cultured with IL-2 (ctrl), IL-2 + PHA-M (1), PMA + ionomycin + PHA-M (2), IL-2 + PHA-M + PMA + ionomycin (3), and IL-2 + PHA-M + PMA + ionomycin + IFNγ + IL-4 + IL-12 (4), **—p = 0.007. (B) nanoLuc luminescence levels normalized to cell count after transduction with lentiviral vectors of CD4+ T cells with or without transduction enhancers (Treatment 3, as in (A), and Treatment 3-PB-F108), and in the presence of 50 µg/mL azidothymidine (Treatment 3 + AZT). (C) nanoLuc luminescence levels normalized to cell count after transduction with control (4AHc∆24) and targeted (4AHc∆24AA-102c3, VSVGmut+102c3R) lentivectors, **—p < 0.0075. (D) nanoLuc lu