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Plasmacytoid dendritic cells (pDCs) are multifunctional immune cells with roles in both the innate and adaptive immune system. Their hallmark function is production of large amounts of type I interferons in response to viral infections, but they are also capable of producing a range of other cytokines, antigen presentation, and cytotoxicity. Their potential as an immunotherapy for cancer and infectious disease is being explored, but broad application of these cells is challenged by low frequency in the blood and low viability during ex vivo culturing. We have previously developed an effective in vitro differentiation protocol for producing pDCs from CD34+ hematopoietic stem and progenitor cells (HSPC-pDCs), which provides an attainable and large source of pDCs. HSPC-pDCs present pDC characteristics and functions, and like naturally occurring pDCs they exhibit large phenotypic and functional heterogeneity. Here, we characterize different cell subsets from in vitro pDC differentiation and identify a distinct population, which is the major producer of IFNα in response to TLR9 stimulation and display a transcriptomic profile similar to what is seen for pDCs circulating in the blood. We also investigate the possibility of rerouting subset specification during HSPCs-to-pDC differentiation by controlling gene expression of key master transcription factors (TFs). We identify TFs associated with the pDC differentiation trajectory that are essential for the development of TLR9-responsive HSPC-pDCs, and we also identify TFs that increase their frequency. In conclusion, we phenotypically and functionally characterize different cell subsets and modulate their relative frequencies by manipulating TF expression during pDC differentiation. These findings provide a deeper understanding of in vitro-differentiated pDC cultures that may spur further developments in their use as an immunomodulatory cell therapy.




Keywords: plasmacytoid dendritic cells, CD34 hematopoietic stem cells, in vitro differentiation, subsets, type I IFN





Introduction

Plasmacytoid dendritic cells (pDCs) play crucial roles in modulating and controlling both the innate and adaptive immune systems. They are the body’s main producers of type I Interferons (type I IFNs) in response to viral infections, and their functions encompass broad cytokine production, antigen presentation, and cytotoxicity (1–5). The therapeutic potential of pDCs in various cancers is currently under investigation, with clinical trials having been conducted using pDC cell therapy or pDC-targeting agents on patients with metastatic melanoma, prostatic neoplasms, and metastatic endometrial cancer (6–10). Importantly, pDCs can play a dual role in antitumor immunity by both presenting antigens and exerting direct cytotoxic effects (11). Their antitumor immune responses, however, can be impeded by signals from the tumor microenvironment (TME), as has been described in various cancers. These signals, combined with the activation of inhibitory receptors on pDCs, can promote immune tolerance (12, 13). Although their application in cancer immunotherapy is still in the early stages, pDC-based vaccines have already demonstrated a promising safety profile, with minimal toxicity reported. Furthermore, pDC-based vaccines have been proven to induce specific T cell responses against tumor-associated antigens [reviewed in (13)].

Despite the therapeutic potential of naturally blood-circulating pDCs, several obstacles hinder pDC-based cell therapies. These include: (1) the challenge of obtaining sufficient cell numbers from patients due to their low abundance in the blood (pDCs constitute only 0.1-0.5% of human PBMCs), (2) their short lifespan when cultured ex vivo (14), and (3) the difficulty in genetically engineering pDCs using for example CRISPR/Cas gene editing. We have previously developed a successful approach for the in vitro production of pDCs from CD34+ hematopoietic stem and progenitor cells (HSPCs), providing a readily available source of pDCs (termed HSPC-pDCs) for scientific and therapeutic purposes (14–16). With this in vitro differentiation protocol, HSPC-pDCs can be produced in substantial numbers, and gene edited cells can be generated by first modifying CD34+ HSPCs with CRISPR/Cas engineering and then differentiating them into pDCs.

Human pDCs isolated from peripheral blood exhibit large phenotypic and functional heterogeneity. Distinct subsets of pDCs have been identified based on the expression of cell surface markers. For instance, CD2 expression on pDCs from human peripheral blood and bone marrow delineates two functionally distinct subsets (17, 18). Furthermore, in blood pDCs activated with influenza virus, Alculumbre et al. identified three subsets of pDCs based on CD80 and PD-L1 expression, each with functional specialization: P1-pDCs (PD-L1+CD80-) specialized in type I IFN production; P3-pDCs (PD-L1-CD80+) specialized in T cell activation; and P2-pDCs (PD-L1+CD80+), which display an intermediate phenotype (19). Similarly, this functional specialization observed in response to influenza has also been documented in pDCs activated by SARS-CoV-2, which also diversified into P1-, P3-, and P2-pDCs (20).

A sophisticated approach combining droplet microfluidic single-cell assay with scRNA-seq was employed to investigate the type I IFN response in blood pDCs upon activation with the TLR9 agonist CpG-C. In the study, a cluster of pDCs expressing type I IFN, with less than 0.02% IFNα-producing pDCs, emerged shortly after TLR9 stimulation (2 hours post-stimulation). However, in pDCs in the steady state, a specific subset correlating with potential IFNα-producing pDCs was not identified (21). Recently, Ghanem et al. utilized scRNA-seq to explore the transcriptional diversity of blood pDCs, uncovering considerably greater cellular heterogeneity than previously documented. Their analysis identified nine subclusters in non-activated pDCs and up to fifteen unique transcriptional clusters in pDCs activated with influenza virus. Their analysis also showed that a single population of pDCs, comprising 5.5% to 24% of cells, was responsible not only for production of IFNα, but also for other type I and III IFNs (22). In yet another study employing scRNA-seq on blood pDCs isolated from individuals with HIV-1 and healthy controls, researchers initially identified 13 distinct clusters at baseline. Among these, three clusters exhibited expression of genes classically regarded as being specific to pDCs, including CLEC4C, IL3RA, LILRA4, and MZB1. Furthermore, following treatment with a TLR9 agonist, a novel subset of cytotoxic-like pDCs was discerned, characterized by elevated expression of antiviral interferon-stimulated genes (ISGs) and cytotoxic genes compared to the other pDC clusters (23). In vitro differentiated pDCs from cord blood CD34+ HSPCs have recently been characterized through scRNA sequencing. The differentiated pDCs exhibited a gene expression profile consistent with the canonical pDC gene expression signature, including TCF4, LILRA4, and CD303. However, a reduction in CD123 expression was observed compared to primary pDCs enriched from PBMCs, which the authors suggest may be due to prolonged IL-3 exposure during culture. Their differentiation protocol resulted in pDCs constituting 23% of the total differentiated cells, which is reflected in the heterogeneity observed within the scRNA-seq data. Transcriptional analysis of the sorted pDC fraction further confirmed its strong similarity to primary pDCs upon TLR stimulation (24).

Consistent with observations in naturally occurring pDCs, cells emerging from in vitro HSPC-to-pDC differentiation exhibit heterogeneity based on the expression of the pDC surface markers CD123 and CD303. However, this heterogeneity has to date not been studied in much detail. Here, we characterize three distinct subsets distinguished by varying levels of these markers, suggesting potential differences in their biological functions. We explore the IFN response following TLR9 activation in these subsets and investigate transcriptomic differences with RNA-seq. Using CRISPR/Cas knockout of key master transcription factors (TFs) in HSPC-pDCs, we identify TFs associated with the pDC differentiation trajectory that are essential for the development of TLR9-responsive cells and TFs that increase their frequency. Overall, we phenotypically and functionally characterize distinct cell subsets merging from in vitro pDC differentiation, and we demonstrate the feasibility of modulating their relative frequencies by manipulating TF expression during differentiation.





Results




An cell subset with high CD123 expression is enriched for IFNα-producing cells in response to TLR9 stimulation

We previously used the surface markers CD123 and CD303 to phenotypically characterize cells derived from in vitro pDC differentiation cultures. This staining roughly demarcates three subsets: CD123-/CD303- (DNeg), CD123+/CD303+ (DPos), and CD123++/CD303+ (CD123H) (Figure 1A). To investigate the expression of IFNα in these subsets and to study the dynamics of IFNα production, we analyzed intracellular IFNα levels by flow cytometry in HSPC-pDCs derived from CD34+ HSPCs from four different donors at different time points after stimulation with the TLR9 agonist CpG-A. Previously, we reported that HSPC-pDCs require priming with IFN-β and IFN-γ to achieve functional activation and responsiveness to TLR7 and TLR9 agonists (14). Accordingly, we primed HSPC-pDCs for 24 hours prior to stimulation with CpG-A. IFNα was measured at 5, 12, and 24 hours after TLR9 stimulation. We observed that around 1% of all cells showed detectable intracellular IFNα, which was detected as soon as 5 hours after stimulation (Figures 1B, C). This proportion was maintained at 12 hours post-stimulation but declined markedly at 24 hours. Notably, 5 and 12 hours post-TLR9 stimulation, a mean of 12% of CD123H cells produced IFNα, whereas this was less than 1% of DPos cells (Figure 1D). No IFNα production was detected in the DNeg subset. The CD123H subset comprises approximately 5-10% of all HSPC-pDCs depending on donor (Data not shown), and the data show that this subset is enriched for IFNα-producing cells in response to TLR9 stimulation (Figures 1D, E).




Figure 1 | CD123-high HSPC-pDCs are the primary producers of IFNα in response to TLR9 stimulation. (A) Gating strategy used to identify HSPC-pDCs. The pDC-related markers CD303 and CD123 are analyzed within viable, lineage-negative, and CD11c-negative cells. (B) Representative flow cytometry plots showing IFNα secretion in HSPC-pDCs after TLR9 stimulation. (C) Bar graph showing the percentage of IFNα-positive cells within the hLin-; CD11c-; population at 5, 12, and 24 hours following TLR9 stimulation with CpG-A. (D) Bar graph depicting the proportion of IFNα-positive cells within each subset of hLin-; CD11c-; cells. The data shown represent the mean ± SEM of cells from four donors. Statistically significant differences between groups were determined using Two-Way ANOVA followed with Geisser-Greenhouse correction. *p < 0.05 (E) UMAP projections of pDC markers and IFNα gene expression in HSPC-pDCs, using an integrated dataset from HSPC-pDCs derived from multiple donors and stimulated with the TLR9 agonist CpG-A for 5, 12, and 24 hours. ns, non-significant.



To further support this observation and confirm that intracellular IFNα was exported from the cells, we sorted the three different HSPC-pDC subsets and analyzed IFNα production in a flow cytometry-based secretion capture assay after priming and 5 hours of stimulation with CpG-A (Supplementary Figure S1). Even though this assay can be confounded by background signal from bystander cells that capture IFNα from neighboring producer cells, thereby overestimating the proportion of IFNα-secreting cells, we confirmed high IFNα secretion from the sorted CD123H subset, low secretion from the DPos subset, and no secretion from the DNeg subset (Supplementary Figure S1c). These results support the finding that the CD123H subset is enriched for cells with TLR9-responsiveness and IFNα production and secretion capability.





Transcriptome analysis of HSPC-pDC subsets reveals enhanced TLR9 signaling in CD123H HSPC-pDCs

Next, by combining cell sorting with RNA sequencing (RNA-seq), we aimed to unravel the differences in the expression profiles between the three cellular subsets. For this purpose, we sorted the subsets from three donors following priming, with or without 12 hours of TLR9 stimulation with CpG-A (Figure 2A). Following RNA sequencing, we analyzed the transcriptome profile and differentially expressed genes (DEGs) of each subset (the 50 most significant DEGs between groups are presented as heatmaps in Supplementary Document S1 in Supplementary Data Sheet 1 and Supplementary Table 2 lists all DEGs between groups). The three subsets did not appear to align with the pDC subsets previously proposed based on PD-L1 and CD80 expression. Additionally, the marker CD2, which has been linked to pDC heterogeneity, showed relatively low expression levels across the three subsets and did not distinguish them (data not shown).




Figure 2 | Characterization of cell subsets derived from in vitro pDC differentiation by RNA-seq (A) Schematic diagram illustrating the experimental design for this study. Following 16 days of HSPC-to-pDC differentiation, HSPC-pDCs obtained from three donors were primed with IFN-β and IFN-γ for 24 hours and then stimulated with the TLR9 agonist CpG-A for 12 hours. A primed but unstimulated condition was included for each donor. Based on the expression of CD303 and CD123, the three subsets (DNeg, DPos, and CD123H) were sorted from unstimulated and stimulated cells. RNA was extracted from the sorted samples for RNA-seq analysis (B) Heat map illustrating RNA-Seq expression data for Type I and Type III IFNs within the three sorted subsets. (C) Bar graph displaying Transcripts Per Million (TPM) counts for various genes involved in the TLR9-mediated immune signaling pathway. Upon ligand binding, TLR9 initiates downstream signaling via MyD88, leading to the activation of IRAK4. Subsequently, IRAK4 recruits IRAK1 and TRAF6, which further promotes the type I IFN, NF-κB, and MAPK signaling pathways.



Consistent with our prior findings on IFNα protein production, when examining the transcripts of all 17 subtypes of type I and type III IFNs, the CD123H subset exhibited the highest production of IFNs whereas intermediate expression was observed in the DPos subset and none in the DNeg population (Figure 2B). This observation was validated by RT-qPCR with primers specific for both IFNA-1 and -13 in subsets sorted after 4 or 20 hours after TLR9 stimulation with CpG-A (Supplementary Figure S2).

Analysis of gene transcripts associated with the TLR9 signaling pathway revealed high expression of TLR9 in the CD123H subset, contrasting with very low levels in the DPos and DNeg subsets (Figure 2C, Supplementary Figure S3). GSEA analysis showed that CD123H cells have an enrichment score of 0.42 for the TLR signaling pathway after CpG-A stimulation, compared to the DPos subset, reflecting an enrichment of genes related to this pathway in CD123H cells (Supplementary Figure S3). Additionally, the TLR9 downstream adaptor protein MyD88 as well as IRF7, which mediates production of type I IFN via MyD88, showed higher expression levels in unstimulated CD123H HSPC-pDCs compared to DPos and DNeg HSPC-pDCs (Figure 2C). NF-kappa-B (NFKB1), which upon activation by MyD88 and TRAF6 induces the expression of proinflammatory cytokines and upregulates costimulatory molecules, also showed higher expression in CD123H HSPC-pDCs following TLR9 stimulation compared to DPos and DNeg subsets (Figure 2C).

When analyzing cytokine and chemokine gene expression in CpG-A-stimulated versus non-stimulated cells, all three cell subsets were found to respond to TLR9 stimulation (Supplementary Figure S4A). Although the profiles of upregulated cytokines and chemokines differed among the subsets, some proinflammatory cytokines and chemokines, such as IL6, IL36G, CCL8, CXCL11, and CCL2 were evident across all three subsets (Supplementary Figure S4A). However, as CXCL11 and CCL8 are ISGs, these may not be induced in direct response to CpG-A. The upregulation of canonical ISGs was also observed following TLR9 stimulation across all three subsets, relative to non-stimulated HSPC-pDCs (Supplementary Figure S4B). Reactome pathway analysis of TLR9-activated cells indicated a significant upregulation of IFN signaling and related pathways in CD123H HSPC-pDCs compared to both DNeg and DPos subsets. Moreover, CD123H HSPC-pDCs appeared to downregulate genes involved in the cell cycle (Supplementary Figure S4C). When comparing DPos to DNeg subsets, we found that innate immune system pathways and TLR cascades, among other pathways, were upregulated in DPos cells (Supplementary Figure S4C).





Characterization of transcription factor expression in HSPC-pDC subsets

Various transcription factors (TFs) regulate the development, maturation, and cellular function of pDCs. Among these, TCF4 and SPIB have been reported to be required for pDC differentiation, and in conjunction with IRF7 and IRF8, they mediate the IFN response following TLR stimulation (Figure 3A). We therefore used the RNA-seq data to profile the expression of TFs across the three subsets to elucidate the differences underlying their heterogeneity. Our analysis revealed differential expression of key TFs previously associated with pDC development and function in the CD123H subset, both in unstimulated and TLR9-stimulated HSPC-pDCs. The transcription factors BCL11A, IRF8, TCF4, and SPIB, which are traditionally associated with the specification and function of pDCs, exhibited higher expression in the CD123H subset compared to the DPos subset in unstimulated cells (Figure 3B). The pDC-suppressive TF ID2 was expressed at equal levels among the three subsets before TLR9 stimulation but increased in the CD123H subset following stimulation (Figure 3B). This upregulation of ID2 and downregulation of pDC-specifying TFs following TLR9 stimulation has been documented in naturally occurring pDCs (25, 26). RUNX2, another TF essential for the expression of genes characteristic for pDCs (27, 28), was also upregulated in CD123H cells compared to the DPos and DNeg subsets (Supplementary Document S1 in Supplementary Data Sheet 1).




Figure 3 | Unraveling the transcription factor network in development of HSPC-pDCs. (A) Diagram depicting the network of transcription factors that regulate the development and function of blood pDCs. (B) Bar graph displaying Transcripts Per Million (TPM) counts of different transcription factors associated with pDCs: BCL11A, IRF8, SPIB, and TCF4 (left square); the pDC-repressive transcription factor ID2 (middle square); and two transcription factors identified as differentially expressed genes (DEGs) in the CD123H subset: CUX2 and ZFAT (right square).



Additionally, among the 50 most significant DEGs between the CD123H and DPos subsets, we identified the TFs CUX2 and ZFAT (Figure 3B, and Supplementary Document S1 in Supplementary Data Sheet 1). These TFs have previously been associated with pDCs, although their specific functions remain unclear to date (29, 30). However, in all subsets, CUX2 was expressed at relatively low levels, but such findings suggest that both TFs may play roles in pDC biology.





Cell type enrichment scores using RNA deconvolution show substantial enrichment of progenitor-like cells

To give further clues to the identity of the different cell populations, we used xCell to conduct an RNA deconvolution analysis with our RNA-seq data from the three subpopulations. The xCell tool uses cell type-specific expression signatures from multiple data sources to score the resemblance of a transcriptome profile to different cell types from 0 to 100% (31). This analysis showed that out of the 65 included reference cell types, the DNeg subset had the highest resemblance score to megakaryocytes/platelets, multipotent progenitors (MPPs), common myeloid progenitors (CMP), eosinophils, and granulocyte/monocyte progenitors (GMPs) (Figure 4A). Interestingly, the resemblance score to blood pDCs was close to 0%. The DPos subset had some of the same resemblance hits as the DNeg subset, but interestingly the resemblance score to blood pDCs increased to 22% indicating a much higher pDC-like transcriptome. The CD123H subset showed highest resemblance to blood pDCs with a resemblance score of 60%. Overall, these analyses suggest that the DNeg population mostly shares transcriptomic characteristics with progenitor cells, the DPos subset shares transcriptomic characteristics with both progenitor cells and blood pDCs, and the CD123H subset mainly have blood pDC transcriptome characteristics. Nevertheless, RNA deconvolution provides only a partial portrayal of cellular heterogeneity and should be interpreted with caution as its resolution falls short of the precision achievable with techniques like single-cell RNA sequencing. To support these results, gene expression analysis of genes previously associated with the blood pDC expression profile (32) across the three subsets revealed that the CD123H cells displayed the highest overall expression of these genes (Figure 4B).




Figure 4 | Cell type enrichment scores using RNA deconvolution of subsets derived from in vitro pDC differentiation. (A) Boxplots showing the enrichment scores for different cell types across each subset after 16 days of differentiation (DNeg, DPos, and CD123H) as predicted by the xCell RNA Deconvolution Method. This computational approach scores cell type resemblances from bulk transcriptomic data. (B) Heat map showing RNA-Seq expression data for genes associated with the expression profile of blood pDCs within the three subsets.



These findings could suggest that the CD123H pDC subset represents a type of mature pDC, while the DNeg and DPos subsets may correspond to progenitor cells and pDC precursors at an earlier maturation stage, respectively. To test this hypothesis, we performed a new sorting of the three subsets after 16 days of differentiation. The sorted cells were then maintained in differentiation medium for up to eight additional days, after which their phenotype was analyzed (Figure 5, Supplementary Figure S5). After this period, only around 45% of the sorted DNeg fraction preserved its phenotype while most of the remaining cells had gained intermediate CD123 expression levels, while maintaining low levels of CD303 (Figures 5B, C). A small fraction of the cells had transitioned to the DPos or CD123H phenotype. In contrast, up to 20% of the sorted DPos subset transitioned to CD123H, whereas the majority of CD123H cells retained their phenotype (Figures 5D, E). We also tested the capacity of these sorted and 8-day expanded cells to produce IFNα following TLR9 stimulation with CpG-A. Notably, the DNeg fraction still showed a very limited capacity to produce IFN-α (<0.1%), whereas the DPos fraction demonstrated IFNα production comparable to or even surpassing that of CD123H HSPC-pDCs (Figure 5B, Supplementary Figure S5). The IFN-α-producing cells within the sorted and further cultured DPos subset were mainly found in the newly emerged CD123H fraction (Figure 5F). Despite low cell sorting yields limiting data collection for some conditions and time points, the overall findings provide evidence that DPos cells have the potential to transition into CD123H HSPC-pDCs. These newly formed CD123H HSPC-pDCs demonstrate the capacity to produce IFN-α following TLR9 stimulation. In contrast, there was no significant change in the phenotype of sorted CD123H HSPC-pDCs after an additional 8 days of culture. However, CD123 expression levels decreased in sorted CD123H HSPC-pDCs following TLR9 stimulation, with minimal IFN-α production observed in one donor (Supplementary Figure S5). These findings suggest that, rather than representing discrete populations, the three subsets exhibit some degree of phenotypic plasticity, which may allow for transitions between subsets in response to varying conditions.




Figure 5 | Differentiation potential of subsets obtained during HSPC-to-pDC differentiation. (A) Schematic representation of the experimental design: After 16 days of differentiation, unstimulated cells were sorted into DNeg, DPos, and CD123H subsets based on CD303 and CD123 antibody staining. These subsets were then cultured in differentiation medium for up to eight additional days followed by priming and TLR9 stimulation. Their phenotype and TLR9 responsiveness were assessed through cell surface staining and intracellular IFN-α staining. (B) Flow cytometry plots showing CD123 and CD303 expression in bulk cells prior to sorting (left), and in sorted cells immediately post-sorting, after 8 additional days of differentiation, and following TLR9 stimulation (middle panels). The right panels show IFN-α expression in sorted cells after 8 additional days of culture and subsequent TLR9 stimulation. (C-E) Bar graphs showing the frequencies of DNeg, DPos, and CD123H subsets within sorted subsets after an additional four and eight days of culture in differentiation media and subsequent TLR9 stimulation. Each symbol corresponds to a different donor. Phenotypic analysis was performed at both time points after sorting for some donors, whereas for others, analysis was restricted to only one time point due to the limited number of available cells. Data are presented as mean ± SEM. (F) Bar graph showing the proportion of IFN-α-positive cells within each fraction of DNeg, DPos, and CD123H cells that emerged from the sorted DPos subset after 8 days of further culturing, priming, and CpG-A stimulation. For example, the bar with the darkest shade (IFNa+ > CD123H) means that 81% of all IFN+ cells were located in the CD123H subpopulation that had emerged from the sorted DPos population. IFNα intracellular staining was performed 5 hours after stimulation with CpG-A. Data are presented as mean ± SD.







pDC-related transcription factors are critical for type I interferon production in HSPC-pDCs

Previous studies have shown that the loss of TFs known to be directly involved in pDC development results in impaired pDC generation. Conversely, upregulation of those TFs has the opposite effect (33). Therefore, we reasoned that one way to assess the role of relevant TFs in HSPC-pDCs identity was to use CRISPR/Cas to knock out relevant candidate TFs and examine the phenotype and TLR9-responsiveness of the resulting cells.

In our previous work, we demonstrated that it is possible to obtain genetically modified pDCs derived from CRISPR/Cas9 gene-edited CD34+ HSPCs (14). Based on the RNA sequencing data, we selected four pDC-promoting TFs (BCL11A, TCF4, SPIB, and IRF8), the pDC-repressing transcription factor ID2, which inhibits TCF4, and the two TFs with unknown significance in pDC biology (CUX2 and ZFAT). We designed CRISPR/Cas sgRNAs targeting these 7 genes and introduced them together with Cas9 protein into CD34+ HSPCs and evaluated gene knockout (KO) by Sanger sequencing of the targeted genomic loci followed by ICE analysis to quantify the percentage of alleles with KO-generating indels. All 7 genes showed KO frequencies of >60% (Figure 6A). As a negative control, a sgRNA targeting the safe harbor locus AAVS1 was included. Cells were then differentiated into HSPC-pDCs while cell numbers were measured to assess the extent of expansion during differentiation. These data showed that the expansion of cells was negatively affected under all conditions compared to the Mock group, including the control where the AAVS1 locus was edited. Although these differences were not statistically significant, this trend was observed under all conditions, potentially more pronounced with the loss of BCL11A, TCF4, and CUX2 (showing a 7.8, 7.4, and 11.6-fold reduction, respectively, when compared to the AAVS1 control) (Figure 6B). Phenotype evaluation by flow cytometry at the end of differentiation showed that KO of the master regulators BCL11A, TCF4, SPIB, and IRF8 led to a reduction or almost complete loss of the CD123H fraction (Figures 6C–E, Supplementary Figure S6). In contrast, ID2 KO resulted in an approximately 2.4-fold increase in the proportion of cells within the CD123H fraction compared to controls (Figure 6E, Supplementary Figure S6). To investigate the effect of TF KO on TLR9 responsiveness, we quantified IFN-α2a and IFN-L1 protein production by Meso Scale multiplex assay following TLR9 stimulation. These data showed that cells with knockout of BCL11A, TCF4, SPIB, or IRF8 lost their ability to produce IFN-α2a and IFN-L1 following TLR9 stimulation. In contrast, ID2 KO HSPC-pDCs exhibited a two-fold increase in IFN-α2a and IFN-L1 production (Figures 6F–G). For CUX2 and ZFAT KO, no differences were observed relative to controls. To validate the finding that ID2 knockout increased the CD123H subset with a consequent increase in IFNα production following TLR9 stimulation, we generated three new donors with ID2 knockout and included the IRF8 knockout as a control condition for loss of the CD123H subset and TLR9 responsiveness. Consistent with our previous results, ID2 knockout increased the proportion of CD123H cells by ∼2-fold compared to Mock and AAVS1 controls, however without statistical significance, whereas IRF8 knockout abolished generation of CD123H cells (Figure 7B). IFNα levels were measured by intracellular flow cytometry 12 hours after TLR9 stimulation, and consistent with our previous observations using MesoScale multiplex assay and the observed increase in the proportion of CD123H cells, ID2 knockout seemed to increase the overall proportion of cells expressing IFNα but again without reaching statistical significance (Figures 7A–C). In contrast, IRF8 knockout did not lead to any IFNα-producing cells following TLR9 stimulation (Figures 7A-C). Further analysis of the IFNα-producing cells showed that this increase was not accompanied by a statistically significant increase in the percentage of cells expressing IFNα within each subset of ID2 KO cells. Still, the proportion of CD123H cells expressing IFNα was significantly higher than the percentage of IFNα-producing DPos and DNeg cells disregarding the condition (Figure 7D).




Figure 6 | Yield and phenotypic impact of knockout of TFs conventionally associated with pDCs and TFs with potential significance for pDCs during HSPC-to-pDC differentiation. (A) Knockout efficiencies in HSPC-pDCs for each TF associated with pDCs. Genomic DNA samples were obtained 3-5 days after nucleofection, and indel frequencies were determined by ICE analysis. (B) Graph illustrating the fold expansion of HSPC-pDCs cultured over a 16-day differentiation period. Data points represent mean values ± SEM of three donors. (C) Representative flow cytometry histograms illustrating the surface expression of CD303 and CD123 on knockout HSPC-pDCs. HSPC-pDCs were previously primed with IFN-β and IFN-γ for 24 hours. (D, E) Bar graphs illustrating the percentages of DPos and CD123H cells following priming with IFN-β and IFN-γ for 24 hours. Data shown represent mean ± SEM of three donors. One-way ANOVA was used to analyze differences between groups. (F, G) Levels of IFN-α2a and IFN-λ1/IL-29 in gene-edited HSPC-pDCs after stimulation with CpG-A. Data shown represent the mean ± SEM of a minimum of three donors. Differences between groups were analyzed using the Kruskal-Wallis test. * p < 0.05.






Figure 7 | Role of pDC-related TFs in IFNα production upon TLR9 activation. (A) Representative flow cytometry plots showing IFNα production in ID2 KO and IRF8 KO HSPC-pDCs. Mock and AAVS1 KO HSPC-pDCs were included as controls. IFNα intracellular staining was performed 12 hours after stimulation with CpG-A. (B) Graph showing the percentage of CD123H HSPC-pDCs 12 hours after stimulation with the TLR9 agonist CpG-A. (C) Graph illustrating the percentage of IFNα-producing cells. Data shown represent mean ± SEM of three donors. One-way ANOVA was used to analyze differences between groups. (D) Graph illustrating the proportion of IFNα-positive cells within each cell subset derived from in vitro pDC differentiation. Statistically significant differences between groups were determined using Two-Way ANOVA. *p < 0.05, **p < 0.01.







Flow cytometric detection of CD303 on the cell surface is significantly affected by the blocking procedure

Analyzing CD123 and CD303 surface receptor expression at the RNA level from the RNA-seq data confirmed that CD123 transcripts correlated with the measured surface protein observed by flow cytometry (Figure 8A). However, expression of CD303 mRNA transcripts was surprisingly low in the DPos subset, and almost at the same level as in the DNeg subset, contrasting with the phenotype observed by flow cytometry. We hypothesized that this discrepancy could result from non-specific staining by the anti-CD303 PE-Cy7 antibody, possibly due to Fc receptors (FcRs) binding the Fc region of the antibody or the cyanine dye (34, 35). Blocking agents used to prevent such non-specific antibody binding can be crucial to achieve reliable antibody staining, but our previous efforts using conventional FcR blocker for HSPC-pDC phenotyping showed no difference in staining (data not shown). However, we decided to test two other FcR blocking reagents, Human IgG and Human TruStain FcX reagent, to determine if CD303 detection was confounded by unspecific antibody binding. Both reagents reduced signal from the anti-CD303 PE-Cy7 antibody within the DPos subset, and when combining the two, CD303 staining almost disappeared, without affecting CD303 staining of the CD123H population (Figures 8B–D). The CD303 staining of HSPC-pDCs was further assessed using the same anti-CD303 antibody clone (clone 201A) conjugated to BV421 but from a different vendor, and a different anti-CD303 antibody (REAfinity, PE-Vio770, clone REA693) specifically developed to eliminate the need for FcR blocking (Supplementary Figure S7). In addition to Human IgG, we here tested the True-Stain Monocyte Blocker developed to prevent non-specific interaction between Cyanine tandem dyes and monocytes and macrophages. Consistent with the results obtained using the PE-Cy7 antibody, both new antibodies exhibited high levels of CD303 staining without blocking. However, the REAfinity antibody required both blocking reagents to significantly reduce CD303 staining whereas the 201A clone conjugated to BV421 only required one blocking reagent. To corroborate this finding, we finally analyzed the expression of FcRs from the RNA-seq data set, which showed >10-fold higher expression of the high-affinity FcγRI (CD64) in the DPos subset compared to the other two subsets (Figure 8E). These observations reveal that the cell population previously identified as DPos in the absence of an appropriate FcR blocker, in fact corresponds predominantly to a CD303Neg population with intermediate CD123 levels.




Figure 8 | Comparison of Fc receptor blocking methods in the cell surface staining of subsets derived from HSPC-to-pDC differentiation. (A) Bar graph displaying Transcripts Per Million (TPM) counts of the human pDC markers CD123 (IL3RA) and CD303 (CLEC4C) in each subset. (B) Representative flow cytometry plots showing the cell surface expression of CD123 and CD303 in cells on day 16 of differentiation, employing human IgG alone, TruStain alone, or a combined blocking approach. (C) Flow cytometry histograms illustrating the CD303 expression profile obtained following the indicated blocking method. (D) Bar graphs showing the proportion of CD303 positive cells within hLin and CD11c negative cells (left) and the CD303 surface expression levels (MFI) (right) using various blocking methods during surface staining. Data are presented as mean ± SD from two donors. (E) Bar graph showing Transcripts Per Million (TPM) counts of the Fc gamma receptor I (Fc γRI; FCGR1A).








Discussion

HSPC-pDCs hold significant promise for clinical applications, particularly in immunotherapy for cancer, infectious diseases, and autoimmune disorders due to their unique ability to produce type I IFNs and modulate immune responses. These cells could be harnessed to enhance antiviral immunity, improve vaccine efficacy, or induce immune tolerance in autoimmune diseases. However, translating this technology into clinical practice faces several challenges, including ensuring the scalability and reproducibility of HSPC-pDC production, maintaining their functional stability and safety in vivo, and overcoming potential immunogenicity or off-target effects. Long in vitro differentiation cultures, regulatory hurdles, and the need for robust preclinical models to demonstrate efficacy and safety could further complicate the path to clinical translation. Despite these hurdles, forthcoming efforts may pave the way for the successful use of HSPC-pDCs in immunotherapeutic applications.

Heterogeneity of human pDCs has previously been documented, revealing distinct transcriptional profiles and functions at single cell resolution (21–23, 32, 36). In the current study, we have phenotypically and functionally characterized three distinct subsets of cells from in vitro pDC differentiation of HSPCs. Focusing on the surface markers CD123 and CD303, we discovered a subset of cells with high CD123 expression, that shows the highest resemblance to pDCs that naturally circulate the blood and display the highest degree of TLR9 responsiveness. Whether the other subsets would reassemble tissue-resident or bone marrow pDCs or precursors is currently an unresolved question. At the transcriptional level, we observed an enrichment of several genes traditionally associated with pDCs in the CD123H fraction, including genes associated with the type I IFN response pathway (e.g. TLR9, TLR7, IRF7, and PACSIN1), LILRA4, LAMP5, and granzyme B (GZMB). Indeed, expression levels of GZMB were notably elevated in unstimulated CD123H cells, but it is well established that human pDCs are an abundant source of GZMB in response to IL-3 (22, 37). The fact that only a fraction of HSPC-pDCs elicits the production of type I IFN upon TLR9 stimulation aligns with previous studies showing that only a small proportion of activated human blood pDCs produces type I IFN (21, 22, 38). Among the 13 subtypes of human IFNα, the upregulation of IFNA6 after 12 hours of activation was notably less prominent compared to the other subtypes. It has been observed that IFN6 exhibits a stronger antiviral activity; however, its expression is notably diminished in individuals infected with HIV (39). This phenomenon could elucidate why IFN6 is expressed to a lesser extent in HSPC-pDCs.

In human pDCs isolated from PBMCs, it has been observed that only a small fraction (≈ 1-3%) of pDCs act as key drivers of the IFN response upon TLR activation, a subset referred to as first responders (38). Our findings might suggest that HSPC-pDCs exhibiting first responder characteristics after TLR9 stimulation are predominantly located within the CD123H subset. However, further studies implementing higher time resolution and single-cell analysis would be needed for conclusive evidence of this. Conversely, cells expressing intermediate levels of CD123, initially identified as DPos, display a much lower response to TLR9 activation, but when isolated and cultured further, they could transition into the CD123H phenotype and gain higher TLR9 responsiveness with secretion of type I IFN. In addition, some TLR9-responsive cells were present in this population. It is well established that CD123 is expressed on progenitor cells in human blood (40, 41). In accordance, our observations suggest the presence of both early-stage pDC precursors within this subset and the presence of a small TLR9-responsive subset of pDCs. These two populations might overlap, which could be the focus of future studies. In the deconvolution analysis, the CD123H subset exhibited a transcriptomic profile closely aligned with that of blood pDCs. Nonetheless, transcriptome comparisons between freshly isolated cells and in vitro cultured cells are challenged by the large differences in extrinsic conditions such as nutrients, cytokines, gases (O2, N2, and CO2), and pH that might impact our maturation protocol so that is does not fully replicate physiological signals.

The commitment and development of pDCs are regulated by various TFs, including BCL11A, TCF4, SPIB, and IRF8. Our RNA-seq analysis of sorted cell subsets derived from in vitro pDC differentiation revealed increased expression levels of these TFs within the CD123H subset compared to the other subpopulations. Notably, the expression levels of these pDC-related TFs were downregulated following CpG-induced activation of HSPC-pDCs, while the expression of ID2, which antagonizes TCF4, a master regulator of pDCs, increased. The downregulation of genes associated with the pDC lineage, along with the adoption of transcriptomic characteristics typical of cDCs, has previously been documented in activated blood pDCs (22, 42–44).

One major advantage of our ex vivo setup for generating HSPC-pDCs lies in the ease with which these cells can be genetically modified in contrast to blood pDCs (14, 16). Although nucleofection of human pDCs from peripheral blood mononuclear cells (PBMCs) with CRISPR-Cas9 ribonucleoprotein is feasible, it highly impacts the recovery of the pDCs (45), which could potentially affect their functionality. In contrast, our setup allows us to utilize CRISPR/Cas to delve into the functional roles of specific genes in HSPC-pDCs without significantly impacting pDC fitness or biology. The only negative effect observed from CRISPR/Cas gene editing was a reduction in the number of HSPC-pDCs generated, observed with both the knockout of different TFs and in the AAVS1 control which we believe can be ascribed to the impact of electroporation on the initial expansion of progenitor cells. To evaluate the importance of pDC-related TFs we generated various knockout HSPC-pDCs using CRISPR/Cas9 in multiple donors. The knockdown of BCL11A, TCF4, SPIB, and IRF8 in HSPCs led to a substantial decrease or almost complete depletion of the CD123H fraction. Moreover, the loss of these TFs also resulted in the inability to produce type I IFNs after TLR9 stimulation. The critical role of these TFs in the development and TLR9-related functionality of pDCs is well-documented, and previous studies have shown that the loss of these TFs leads to a reduction in pDC numbers and type I IFN production, both in vitro and in vivo (25, 33, 46). Prominent evidence is the impaired development of pDCs observed in individuals with Pitt-Hopkins syndrome, caused by TCF4 haploinsufficiency (25). To investigate the role of specific TFs in the development of human pDCs, retroviral vectors have been used in CD34+ cells to introduce either the expression of TF cDNA or repress them using RNAi (33, 46). This approach allows for the overexpression or knockdown of the TFs in the cells before their differentiation into pDCs. However, it may be constrained by suboptimal HSC transduction and the efficiency of the chosen RNAi effectors.

The dynamics among pDC lineage-specific TFs control the development and function of pDCs. Although debate persists regarding their ontogeny, and support for a lymphoid origin has recently been presented (47–51), it has been proposed that pDCs may develop from both common dendritic cell progenitors (CDPs) and common lymphoid progenitors. A recent investigation into the transcriptional regulatory program of DCs in mice suggested that, while cDCs follow the default developmental program from CDPs, pDCs differentiate through a subnetwork that requires reinforcement mechanisms and several regulatory feedback loops between various TFs to stabilize the pDC program (52). BCL11A is widely expressed in HSCs and directs the commitment of CDPs to the pDC lineage by regulating the transcription levels of TCF4 and its antagonist ID2. In mice, a feedback loop between BCL11A and TCF4 has been described, which maintains homeostasis within the pDC population (53). Furthermore, the recruitment of BCL11A to various pDC related factors, including SPI1, SPIB, TCF4, and ID2, has been documented in the CAL-1 human pDC cell line (53). The balance between the TFs TCF4 and ID2 has been reported to drive the differentiation of CDPs into pDCs or cDCs subsets, respectively. TCF4, also known as E2-2, is highly expressed in pDCs, where it activates the pDC-specific gene expression program and is essential for maintaining lineage identity in mature pDCs in both mice and humans (33, 54). Genes conventionally linked to pDCs, including LILRA4 and PACSIN1, as well as the TFs BCL11A, SPIB, IRF7, and RUNX2, and components of the TLR signaling pathway (TLR9, and TLR7/TLR8), have been identified as TCF4 binding targets in human pDC cell lines (27, 54). SPIB and IRF8 are essential for the survival and functionality of pDCs. SPIB promotes pDC survival by suppressing apoptosis through the induction of the antiapoptotic gene BCL2A1, essential for human pDC development (55). IRF8 plays a crucial role in the development of conventional type 1 dendritic cells (cDC1s) and pDCs. Two trajectories dependent on IRF8 dosage have been proposed: the IRF8Hi pathway, shared by cDC1s and pDCs, and the IRF8Lo pathway, associated with monocytes (56). Individuals with biallelic mutations in IRF8 show a complete absence of monocytes and dendritic cells (56). Additionally, it has been observed in mice that the loss of IRF8 impairs the ability of pDCs to produce type I IFNs but enhances their antigen presentation capacity (57). The impaired HSPC-pDC differentiation and functionality we observed when knocking out BCL11A, TCF4, SPIB, and IRF8 in HSPCs aligns with these previous findings in murine and human pDCs and highlights the significance of these TFs in pDC biology. Furthermore, the opposing effect on the phenotype of HSPC-pDCs resulting from the knockout of ID2, a TF that antagonizes TCF4, supports this assertion.

In our analysis, we also found two TFs, CUX2, and ZFAT, among the top 50 most significant DEGs between CD123H and DPos subsets. Both TFs have been associated with pDCs in previous studies, but their roles in pDC function remain unknown (29, 30, 32). In mice, ZFAT has been proposed to contribute to the control of common aspects of pDC, cDC1, and cDC2 development (58). Furthermore, the MYB-ZFAT gene fusion has been identified in patients with blastic pDC neoplasm, a hematological malignancy derived from pDC precursors (59). These findings suggest potentially significant roles for CUX2 and ZFAT in pDC biology. Our data knocking these two TFs out indicated a compromised expansion during HSPC-pDC differentiation, but neither the phenotype nor the TLR9 responsiveness of the cells were affected by loss of these TFs. Therefore, their potential role in pDC biology remains elusive and warrants further investigation.

To summarize, we identified a subset of cells from pDC in vitro differentiation, CD123H, distinguished by its elevated expression of the pDC marker CD123. The elevated expression of genes associated with the conventional blood pDC signature coupled with the increased production of IFNα upon TLR9 stimulation, suggests that this subset resembles mature blood pDCs in terms of TLR9 responsiveness. In contrast, cells expressing low to intermediate levels of CD123 contain a small subset of TLR-responsive cells as well as a subset with an immature TLR9 pathway that may be acquired during further culture. Our study focused exclusively on the TLR9 pathway, but future studies should investigate responses to other immune agonists to probe HSPC-pDC activation through other pathways such as TLR7, cGAS-STING, and RIG-I, which may unravel further functional diversity among the subsets. We have also demonstrated the feasibility of redirecting the cell fate of CD34+ HSPCs during pDC specification through genetic manipulation of key TFs, as evidenced by enhanced differentiation upon ID2 knockout resulting in increased numbers of TLR9-responsive cells. Hence, this showcases that our technological platform can probe gene-phenotype relationships in pDC differentiation and biology and suggests that precise modulation of the expression of key TFs could direct the production of distinct cell subsets with unique features in pDC differentiation cultures in vitro.





Materials and methods




Isolation of HSPCs from CB

Deidentified umbilical cord blood samples (UCB) from scheduled caesarean deliveries of healthy infants were collected at the Department of Gynecology and Obstetrics, Aarhus University Hospital, Denmark. Informed written consent was obtained from the mothers, but studies on anonymized samples, such as those used in the present study, are exempt from ethical permissions in Denmark (Komitéloven §14, stk. 3). CD34-positive HSPCs were isolated using EasySep Human Cord Blood CD34 Positive Selection Kit II (STEMCELL Technologies, Cat. No: #17896) according to the manufacturer’s instructions. The isolated CD34-positive cells were either utilized immediately or cryopreserved until needed.





Differentiation of human HSPCs into pDCs

HSPC‐pDCs were generated using DC medium, following the procedure described in a previous publication for generating HSPC-pDCs from HSPCs (15). Briefly, HSPCs were cultured in DC medium (GMP DC Medium, Cat. No: 20801-0500, Sartorius CellGenix GmbH) at low density (2E5 – 1E6 cells/mL). For all conditions, the medium was supplemented with 50 µg/mL of ascorbic acid (Merck, Cat. No: A4403) and the cytokines and growth factors Flt3-L (100 ng/mL), SCF (100 ng/mL), TPO (50 ng/mL), and IL-3 (20 ng/mL) (Human Hematopoietic Stem Cell Expansion Cytokine Package, PeproTech, Cat. No: HHSC3). Cells were cultured at 37°C, 95% humidity, and 5% CO2 for up to 16 days. The medium was replenished every 2–4 days depending on the growth of the HSPC-pDCs.





Priming of HSPC-pDCs

HSPC-pDC priming was carried out as previously described (14). HSPC-pDCs were cultured in DC medium supplemented with P/S, 50 µg/mL ascorbic acid (Merck, Cat. No: A4403), and 20 ng/mL IL-3 (20 ng/mL) (Human Hematopoietic Stem Cell Expansion Cytokine Package, PeproTech, Cat. No: HHSC3). For priming, pDCs were primed with 250 U/mL IFN-β (PBL Assay Science, Cat. No: 11410) and 250 U/mL IFN-γ (PeproTech, Cat. No: 300-02) for 24 hours.





TLR9 stimulation and cytokine quantification in pDC supernatants

4×10^4 primed HSPC-pDCs were plated in 96-well flat-bottom plates in a final volume of 200 μl per well of DC medium only supplemented with P/S and IL-3 (20 ng/mL), and then stimulated with 2.5 μg/mL of agonists directed against TLR9 (CpG-A 2216, tlrl-2216-1, InvivoGen). After 20h stimulation, pDC culture supernatants were harvested and cryopreserved at –20°C until analysis. Supernatants were later measured in duplicate for cytokines IFN-L1/IL-29, IFN-α2a, IFN-β, and TNF-α, using Meso Scale Discovery (MSD, Rockville, MA, USA) multiplex assay, following manufacturer’s instructions.





Cell surface phenotype by flow cytometry

The following fluorochrome-conjugated antibodies were used for staining cell surface markers: anti-human Lineage Cocktail (APC, BioLegend, Cat. No:348803), anti-human CD11c (APC, BioLegend, Cat. No:301614), anti-human CD123 (PE, eBioscience, clone 6H6, Cat. No:12-1239-41), anti-human CD303 (PE-Cy7, eBioscience, clone 201A, Cat. No: 25-9818-41; BV421, BioLegend, Cat. No: 354212; PE-Vio770, Miltenyi Biotec, Cat. No: 130-113-655). Cell surface pDC staining was performed in FACS buffer (PBS, 2% FBS, 1 mM EDTA) for 20 minutes at 4°C. Dead cells were excluded using the Ghost Dye Red 780 Viability Dye (Tonbo Biosciences, Cat. No: 13-0865) or the Zombie Violet Fixable Viability Kit (BioLegend, Cat. No: 423113) at a 1:100 dilution. For experiments involving blocking reagents, 2.5 µL of either True-Stain Monocyte Blocker (BioLegend, Cat. No: 426103), Human IgG (Merck, Cat. No: I4506), and/or TruStain (BioLegend, Cat. No: 422302) was added to the cells in a total volume of 50 µL of FACS buffer. The cell suspensions were incubated at room temperature for 15 minutes before proceeding with extracellular staining. No washing steps were performed between blocking and immunostaining.





Intracellular staining for IFNα

Following TLR9 stimulation with CpG-A, brefeldin A (BioLegend, Catalog No. 420601) was added to the cell culture medium at a final concentration of 1 µl per 1 ml of medium, and the cells were incubated for an additional 2 hours before antibody staining. After staining cells for surface markers, cells were fixed in 100 µL of Fixation Buffer (Intracellular Fixation & Permeabilization Buffer Set eBioscience, Cat. No: 88-8824-00) for 20 min at room temperature, and then additionally permeabilized in 100 µL of 1X Permeabilization Buffer (Intracellular Fixation & Permeabilization Buffer Set eBioscience, Cat. No: 88-8824-00) +2 µL of FcR Blocking solution (Human TruStain FcX, BioLegend Cat. No: 422302) for 15 min at room temperature. Finally, cells were incubated for 30 minutes at 4°C with the IFN-α Antibody primary antibody (FITC, Miltenyi Biotec, Clone LT27:295, Cat. No: 130-128-082) diluted in 1X Permeabilization Buffer at the recommended dilution (1:50). Cell debris and dead cells were excluded from the analysis.





Cell sorting and RNA-seq

HSPC-pDCs were stained for pDC surface markers as detailed in the previous section, and subsequently sorted using a FACSAria III flow cytometer equipped with four lasers (405, 488, 561, and 633 nm) and twelve fluorescence detectors (BD Biosciences, Franklin Lakes, NJ, USA). The acquisition was performed using BD FACSDiva software v.8.0.2. (BD Biosciences). Total RNA from sorted HSPC-pDCs was extracted using the ReliaPrep RNA Cell Miniprep System (Promega, Cat. No: Z6012), following the manufacturer’s instructions. Total RNA was sent to BGI Europe for RNA-seq. Here, a non-stranded and poly(A)-enriched mRNA library was constructed from total RNA, which was subsequently subjected to PE100 sequencing on the BGISEQ platform.





RT-qPCR

Total RNA (100 ng) was reverse-transcribed using iScript Reverse Transcription Supermix for RT-qPCR (Bio-Rad Laboratories, Cat. No: 1708840) and stored at −20°C. RT-qPCR amplification was performed using Takyon™ No ROX SYBR 2X MasterMix blue dTTP (Eurogentec, Cat. No: UF-NSMT-B0701) on a LightCycler® 480 Instrument II (Roche Diagnostics). The thermal cycling profile consisted of initial denaturation at 95°C for 3 min, followed by 40 cycles of denaturation at 95°C for 10 s, annealing at 60°C for 20 s, and extension at 72°C for 20 s. Relative expression levels were determined using the 2-ΔΔCt method and normalized to β-ACT as the reference gene. The primers used for RT-qPCR were as follows: β-ACT Fw, 5´-CCTTCCTGGGCATGGAGT-3´; β-ACT Rv, 5´-GGAGCAATGATCTTGATCTTC-3´; IFNA-1/13 Fw, 5´-CCAGTTCCAGAAGGCTCCAG-3´; IFNA-1/13 Rv, 5´-TGCATCACACAGGCTTCCAA-3´.





Assembly of RNP complexes and nucleofection

The formation of RNP was done by mixing chemically synthesized sgRNAs (Supplementary Table 3) obtained from Synthego (Silicon Valley, CA, USA) with the Alt-R S.p. Cas9 Nuclease V3 (IDT, Coralville, IA, USA) at a molar ratio of 1:2.5, and incubated at 25°C for 15 minutes. Then, RNP complexes were delivered to cells by nucleofection. For the nucleofection, 10^5 HSPCs were electroporated using the Lonza 4D-Nucleofector device (Lonza Bioscience) and 20 μL Nucleocuvette Strips, using 1M solution and applying the DZ100 program. As controls, HSPCs either electroporated without RNPs (Mock) or RNPs targeting the AAVS1 locus were included in all experiments. Editing efficiency for each target was quantified using the Synthego ICE analysis tool. PCR was performed using primers flanking the edited region, and Sanger sequencing of the PCR products was subsequently conducted.





Statistical analysis

All data were plotted using GraphPad Prism 10 (GraphPad Software, San Diego, CA). The data are presented as means of biological replicates ± standard error of the mean (± SEM), or as means ± standard deviation (SD) in samples consisting of only two replicates. Statistically significant differences between groups were determined using one-way ANOVA, followed by Bonferroni’s post-hoc test, or the Kruskal-Wallis test when the assumptions for one-way ANOVA were not met. *p < 0.05, **p < 0.01, ***p < 0.0001.
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Author contributions

SH: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing, Validation. TB: Investigation, Methodology, Writing – review & editing. IN: Investigation, Methodology, Writing – review & editing. AL: Investigation, Methodology, Writing – review & editing. HT: Resources, Writing – review & editing. LP: Resources, Writing – review & editing. EK: Writing – review & editing. MJ: Conceptualization, Formal Analysis, Supervision, Validation, Writing – review & editing. RB: Conceptualization, Formal Analysis, Funding acquisition, Supervision, Validation, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. S.S.H. was supported by a grant from the Independent Research Fund Denmark (0134-00113B). The Bak Lab gratefully acknowledges funding support from grants from the EU Commission in the form of an ERC Starting Grant (HSC-CRISPR, project 101041231, Horizon Europe Pillar I) and a grant from the Horizon Research and Innovation Actions (project 101057438, Horizon Europe Pillar II). Views and opinions expressed are those of the authors only and do not necessarily reflect those of the European Union or the European Health and Digital Executive Agency (HADEA). Neither the European Union nor the granting authority can be held responsible for them. The Bak Lab also gratefully acknowledges grants from the Lundbeck Foundation Fellowship (R238-2016-3349), the Independent Research Fund Denmark (0242-00009B and 9144-00001B), the Novo Nordisk Foundation (NNF19OC0058238 and NNF23OC0085659), Innovation Fund Denmark (8056-00010B), the Danish health authorities (SST) (4-1612-391/1), the Carlsberg Foundation (CF20-0424), the Agnes and Poul Friis’ Foundation, and a Genome Engineer Innovation Grant from Synthego. MRJ gratefully acknowledges grants from the Lundbeck Foundation Fellowship (R238-2016-2708), the Novo Nordisk Foundation (NNF20OC0062825), and the Independent Research Fund Denmark (2034-00057B).




Acknowledgments

We would like to thank the FACS Core Facility, Aarhus University, Denmark for their invaluable assistance with flow cytometry and the Bioinformatics Core Facility at Aarhus University, Department of Biomedicine, particularly Jacob Egemose Høgfeldt, for help with analysis of the RNA-seq data crucial to this study. Special thanks are extended to Pernille Thornild Møller and Tania Toft Haugdal for their technical assistance.





Conflict of interest

AL, RB, and MJ hold equity in and are cofounders of UNIKUM Therapeutics. AL is a current employee of UNIKUM Tx and RB and MJ are paid consultants. UNIKUM Therapeutics has not been involved in the present study. AL, RB, and MJ are inventors on patents and patent applications related to HSPC-pDCs. RB is inventor on patents or patent applications related to CRISPR-Cas and engineering of cellular products. RB reports research funding from Novo Nordisk.

The remaining 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.





Generative AI statement

The author(s) declare that Generative AI was used in the creation of this manuscript. Generative AI was employed to enhance the style and fluency of certain sections of the manuscript. This tool assisted in refining the language, improving sentence structure, and ensuring overall readability.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1550397/full#supplementary-material




References

1. Siegal, FP, Kadowaki, N, Shodell, M, Fitzgerald-Bocarsly, PA, Shah, K, Ho, S, et al. The nature of the principal type 1 interferon-producing cells in human blood. Science. (1999) 284:1835–7. doi: 10.1126/science.284.5421.1835

2. Cella, M, Jarrossay, D, Facchetti, F, Alebardi, O, Nakajima, H, Lanzavecchia, A, et al. Plasmacytoid monocytes migrate to inflamed lymph nodes and produce large amounts of type I interferon. Nat Med. (1999) 5:919–23. doi: 10.1038/11360

3. Reizis, B. Plasmacytoid dendritic cells: development, regulation, and function. Immunity. (2019) 50:37–50. doi: 10.1016/j.immuni.2018.12.027

4. Ngo, C, Garrec, C, Tomasello, E, and Dalod, M. The role of plasmacytoid dendritic cells (pDCs) in immunity during viral infections and beyond. Cell Mol Immunol. (2024) 21:1008–35. doi: 10.1038/s41423-024-01167-5

5. Di Pucchio, T, Chatterjee, B, Smed-Sorensen, A, Clayton, S, Palazzo, A, Montes, M, et al. Direct proteasome-independent cross-presentation of viral antigen by plasmacytoid dendritic cells on major histocompatibility complex class I. Nat Immunol. (2008) 9:551–7. doi: 10.1038/ni.1602

6. Tel, J, Aarntzen, EH, Baba, T, Schreibelt, G, Schulte, BM, Benitez-Ribas, D, et al. Natural human plasmacytoid dendritic cells induce antigen-specific T-cell responses in melanoma patients. Cancer Res. (2013) 73:1063–75. doi: 10.1158/0008-5472.CAN-12-2583

7. Westdorp, H, Creemers, JHA, van Oort, IM, Schreibelt, G, Gorris, MAJ, Mehra, N, et al. Blood-derived dendritic cell vaccinations induce immune responses that correlate with clinical outcome in patients with chemo-naive castration-resistant prostate cancer. J Immunother Cancer. (2019) 7:302. doi: 10.1186/s40425-019-0787-6

8. Charles, J, Chaperot, L, Hannani, D, Bruder Costa, J, Templier, I, Trabelsi, S, et al. An innovative plasmacytoid dendritic cell line-based cancer vaccine primes and expands antitumor T-cells in melanoma patients in a first-in-human trial. Oncoimmunology. (2020) 9:1738812. doi: 10.1080/2162402X.2020.1738812

9. Molenkamp, BG, Sluijter, BJ, van Leeuwen, PA, Santegoets, SJ, Meijer, S, Wijnands, PG, et al. Local administration of PF-3512676 CpG-B instigates tumor-specific CD8+ T-cell reactivity in melanoma patients. Clin Cancer Res. (2008) 14:4532–42. doi: 10.1158/1078-0432.CCR-07-4711

10. Molenkamp, BG, van Leeuwen, PA, Meijer, S, Sluijter, BJ, Wijnands, PG, Baars, A, et al. Intradermal CpG-B activates both plasmacytoid and myeloid dendritic cells in the sentinel lymph node of melanoma patients. Clin Cancer Res. (2007) 13:2961–9. doi: 10.1158/1078-0432.CCR-07-0050

11. Monti, M, Ferrari, G, Gazzurelli, L, Bugatti, M, Facchetti, F, and Vermi, W. Plasmacytoid dendritic cells at the forefront of anti-cancer immunity: rewiring strategies for tumor microenvironment remodeling. J Exp Clin Cancer Res. (2024) 43:196. doi: 10.1186/s13046-024-03121-9

12. Tiberio, L, Laffranchi, M, Zucchi, G, Salvi, V, Schioppa, T, Sozzani, S, et al. Inhibitory receptors of plasmacytoid dendritic cells as possible targets for checkpoint blockade in cancer. Front Immunol. (2024) 15:1360291. doi: 10.3389/fimmu.2024.1360291

13. Hernandez, SS, Jakobsen, MR, and Bak, RO. Plasmacytoid dendritic cells as a novel cell-based cancer immunotherapy. Int J Mol Sci. (2022) 23(19):11397. doi: 10.3390/ijms231911397

14. Laustsen, A, Bak, RO, Krapp, C, Kjær, L, Egedahl, JH, Petersen, CC, et al. Interferon priming is essential for human CD34+ cell-derived plasmacytoid dendritic cell maturation and function. Nat Commun. (2018) 9:3525. doi: 10.1038/s41467-018-05816-y

15. Laustsen, A, van der Sluis, RM, Gris-Oliver, A, Hernández, SS, Cemalovic, E, Tang, HQ, et al. Ascorbic acid supports ex vivo generation of plasmacytoid dendritic cells from circulating hematopoietic stem cells. Elife. (2021) 10:e65528. doi: 10.7554/eLife.65528.sa2

16. van der Sluis, RM, Cham, LB, Gris-Oliver, A, Gammelgaard, KR, Pedersen, JG, Idorn, M, et al. TLR2 and TLR7 mediate distinct immunopathological and antiviral plasmacytoid dendritic cell responses to SARS-CoV-2 infection. EMBO J. (2022) 41:e109622. doi: 10.15252/embj.2021109622

17. Bryant, C, Fromm, PD, Kupresanin, F, Clark, G, Lee, K, Clarke, C, et al. A CD2 high-expressing stress-resistant human plasmacytoid dendritic-cell subset. Immunol Cell Biol. (2016) 94:447–57. doi: 10.1038/icb.2015.116

18. Matsui, T, Connolly, JE, Michnevitz, M, Chaussabel, D, Yu, CI, Glaser, C, et al. CD2 distinguishes two subsets of human plasmacytoid dendritic cells with distinct phenotype and functions. J Immunol. (2009) 182:6815–23. doi: 10.4049/jimmunol.0802008

19. Alculumbre, SG, Saint-Andre, V, Di Domizio, J, Vargas, P, Sirven, P, Bost, P, et al. Diversification of human plasmacytoid predendritic cells in response to a single stimulus. Nat Immunol. (2018) 19:63–75. doi: 10.1038/s41590-017-0012-z

20. Onodi, F, Bonnet-Madin, L, Meertens, L, Karpf, L, Poirot, J, Zhang, SY, et al. SARS-CoV-2 induces human plasmacytoid predendritic cell diversification via UNC93B and IRAK4. J Exp Med. (2021) 218(4):e20201387. doi: 10.1084/jem.20201387

21. Wimmers, F, Subedi, N, van Buuringen, N, Heister, D, Vivie, J, Beeren-Reinieren, I, et al. Single-cell analysis reveals that stochasticity and paracrine signaling control interferon-alpha production by plasmacytoid dendritic cells. Nat Commun. (2018) 9:3317. doi: 10.1038/s41467-018-05784-3

22. Ghanem, MH, Shih, AJ, Khalili, H, Werth, EG, Chakrabarty, JK, Brown, LM, et al. Proteomic and single-cell transcriptomic dissection of human plasmacytoid dendritic cell response to influenza virus. Front Immunol. (2022) 13:814627. doi: 10.3389/fimmu.2022.814627

23. Cham, LB, Gunst, JD, Schleimann, MH, Frattari, GS, Rosas-Umbert, M, Vibholm, LK, et al. Single cell analysis reveals a subset of cytotoxic-like plasmacytoid dendritic cells in people with HIV-1. iScience. (2023) 26:107628. doi: 10.1016/j.isci.2023.107628

24. Fiore, G, Weckwarth, W, Paetzold, K, Alberti Servera, L, Gies, M, Rosenhauer, J, et al. Human CD34(+)-derived plasmacytoid dendritic cells as surrogates for primary pDCs and potential cancer immunotherapy. Front Immunol. (2024) 15:1433119. doi: 10.3389/fimmu.2024.1433119

25. Cisse, B, Caton, ML, Lehner, M, Maeda, T, Scheu, S, Locksley, R, et al. Transcription factor E2-2 is an essential and specific regulator of plasmacytoid dendritic cell development. Cell. (2008) 135:37–48. doi: 10.1016/j.cell.2008.09.016

26. Babcock, RL, Zhou, Y, Patel, B, Chrisikos, TT, Kahn, LM, Dyevoich, AM, et al. Regulation and function of Id2 in plasmacytoid dendritic cells. Mol Immunol. (2022) 148:6–17. doi: 10.1016/j.molimm.2022.05.009

27. Sawai, CM, Sisirak, V, Ghosh, HS, Hou, EZ, Ceribelli, M, Staudt, LM, et al. Transcription factor Runx2 controls the development and migration of plasmacytoid dendritic cells. J Exp Med. (2013) 210:2151–9. doi: 10.1084/jem.20130443

28. Chopin, M, Lun, AT, Zhan, Y, Schreuder, J, Coughlan, H, D’Amico, A, et al. Transcription factor PU.1 promotes conventional dendritic cell identity and function via induction of transcriptional regulator DC-SCRIPT. Immunity. (2019) 50:77–90 e5. doi: 10.1016/j.immuni.2018.11.010

29. Heidkamp, GF, Sander, J, Lehmann, CHK, Heger, L, Eissing, N, Baranska, A, et al. Human lymphoid organ dendritic cell identity is predominantly dictated by ontogeny, not tissue microenvironment. Sci Immunol. (2016) 1(6):eaai7677. doi: 10.1126/sciimmunol.aai7677

30. Michea, P, Noël, F, Zakine, E, Czerwinska, U, Sirven, P, Abouzid, O, et al. Adjustment of dendritic cells to the breast-cancer microenvironment is subset specific. Nat Immunol. (2018) 19:885–97. doi: 10.1038/s41590-018-0145-8

31. Aran, D, Hu, Z, and Butte, AJ. xCell: digitally portraying the tissue cellular heterogeneity landscape. Genome Biol. (2017) 18:220. doi: 10.1186/s13059-017-1349-1

32. Villani, AC, Satija, R, Reynolds, G, Sarkizova, S, Shekhar, K, Fletcher, J, et al. Single-cell RNA-seq reveals new types of human blood dendritic cells, monocytes, and progenitors. Science. (2017) 356(6335):eaah4573. doi: 10.1126/science.aah4573

33. Nagasawa, M, Schmidlin, H, Hazekamp, MG, Schotte, R, and Blom, B. Development of human plasmacytoid dendritic cells depends on the combined action of the basic helix-loop-helix factor E2-2 and the Ets factor Spi-B. Eur J Immunol. (2008) 38:2389–400. doi: 10.1002/eji.200838470

34. Kristensen, MW, Kejlberg-Jensen, S, Sorensen, AS, Vorup-Jensen, T, Wk, T, Hokland, M, et al. Behold cytometrists: one block is not enough! Cyanine-tandems bind non-specifically to human monocytes. Cytometry A. (2021) 99:265–8. doi: 10.1002/cyto.a.24273

35. van Vugt, M, van-den-Herik-Oudijk, I, and van de Winkle, J. Binding of PE-CY5 conjugates to the human high-affinity receptor for IgG (CD64) [letter; comment. Blood. (1996) 88:2358–61. doi: 10.1182/blood.V88.6.2358.bloodjournal8862358

36. Cham, LB, Lin, L, Tolstrup, M, and Søgaard, OS. Development of single-cell transcriptomic atlas of human plasmacytoid dendritic cells from people with HIV-1. STAR Protoc. (2024) 5:102777. doi: 10.1016/j.xpro.2023.102777

37. Jahrsdörfer, B, Vollmer, A, Blackwell, SE, Maier, J, Sontheimer, K, Beyer, T, et al. Granzyme B produced by human plasmacytoid dendritic cells suppresses T-cell expansion. Blood. (2010) 115:1156–65. doi: 10.1182/blood-2009-07-235382

38. Van Eyndhoven, LC, Chouri, E, Subedi, N, and Tel, J. Phenotypical diversification of early IFNalpha-producing human plasmacytoid dendritic cells using droplet-based microfluidics. Front Immunol. (2021) 12:672729. doi: 10.3389/fimmu.2021.672729

39. Harper, MS, Guo, K, Gibbert, K, Lee, EJ, Dillon, SM, Barrett, BS, et al. Interferon-alpha subtypes in an ex vivo model of acute HIV-1 infection: expression, potency and effector mechanisms. PloS Pathog. (2015) 11:e1005254. doi: 10.1371/journal.ppat.1005254

40. Korenfeld, D, Gorvel, L, Munk, A, Man, J, Schaffer, A, Tung, T, et al. A type of human skin dendritic cell marked by CD5 is associated with the development of inflammatory skin disease. JCI Insight. (2017) 2(18):e96101. doi: 10.1172/jci.insight.96101

41. See, P, Dutertre, CA, Chen, J, Gunther, P, McGovern, N, Irac, SE, et al. Mapping the human DC lineage through the integration of high-dimensional techniques. Science. (2017) 356. doi: 10.1126/science.aag3009

42. Macal, M, Jo, Y, Dallari, S, Chang, AY, Dai, J, Swaminathan, S, et al. Self-renewal and toll-like receptor signaling sustain exhausted plasmacytoid dendritic cells during chronic viral infection. Immunity. (2018) 48:730–44 e5. doi: 10.1016/j.immuni.2018.03.020

43. Yun, TJ, Igarashi, S, Zhao, H, Perez, OA, Pereira, MR, Zorn, E, et al. Human plasmacytoid dendritic cells mount a distinct antiviral response to virus-infected cells. Sci Immunol. (2021) 6(58):eabc7302. doi: 10.1126/sciimmunol.abc7302

44. Dewald, HK, Hurley, HJ, and Fitzgerald-Bocarsly, P. Regulation of transcription factor E2-2 in human plasmacytoid dendritic cells by monocyte-derived TNFalpha. Viruses. (2020) 12(2):162. doi: 10.3390/v12020162

45. Tong, AJ, Leylek, R, Herzner, AM, Rigas, D, Wichner, S, Blanchette, C, et al. Nucleotide modifications enable rational design of TLR7-selective ligands by blocking RNase cleavage. J Exp Med. (2024) 221(2):e20230341. doi: 10.1084/jem.20230341

46. Schotte, R, Nagasawa, M, Weijer, K, Spits, H, and Blom, B. The ETS transcription factor Spi-B is required for human plasmacytoid dendritic cell development. J Exp Med. (2004) 200:1503–9. doi: 10.1084/jem.20041231

47. Anderson, DA 3rd, Dutertre, CA, Ginhoux, F, and Murphy, KM. Genetic models of human and mouse dendritic cell development and function. Nat Rev Immunol. (2021) 21:101–15. doi: 10.1038/s41577-020-00413-x

48. Ziegler-Heitbrock, L, Ohteki, T, Ginhoux, F, Shortman, K, and Spits, H. Reply to ‘Reclassification of plasmacytoid dendritic cells as innate lymphocytes is premature’. Nat Rev Immunol. (2023) 23:338–9. doi: 10.1038/s41577-023-00866-w

49. Ziegler-Heitbrock, L, Ohteki, T, Ginhoux, F, Shortman, K, and Spits, H. Reclassifying plasmacytoid dendritic cells as innate lymphocytes. Nat Rev Immunol. (2023) 23:1–2. doi: 10.1038/s41577-022-00806-0

50. Reizis, B, Idoyaga, J, Dalod, M, Barrat, F, Naik, S, Trinchieri, G, et al. Reclassification of plasmacytoid dendritic cells as innate lymphocytes is premature. Nat Rev Immunol. (2023) 23:336–7. doi: 10.1038/s41577-023-00864-y

51. Arroyo Hornero, R, and Idoyaga, J. Plasmacytoid dendritic cells: A dendritic cell in disguise. Mol Immunol. (2023) 159:38–45. doi: 10.1016/j.molimm.2023.05.007

52. Lin, Q, Chauvistre, H, Costa, IG, Gusmao, EG, Mitzka, S, Hanzelmann, S, et al. Epigenetic program and transcription factor circuitry of dendritic cell development. Nucleic Acids Res. (2015) 43:9680–93. doi: 10.1093/nar/gkv1056

53. Ippolito, GC, Dekker, JD, Wang, YH, Lee, BK, Shaffer, AL 3rd, Lin, J, et al. Dendritic cell fate is determined by BCL11A. Proc Natl Acad Sci U S A. (2014) 111:E998–1006. doi: 10.1073/pnas.1319228111

54. Ghosh, HS, Cisse, B, Bunin, A, Lewis, KL, and Reizis, B. Continuous expression of the transcription factor e2-2 maintains the cell fate of mature plasmacytoid dendritic cells. Immunity. (2010) 33:905–16. doi: 10.1016/j.immuni.2010.11.023

55. Karrich, JJ, Balzarolo, M, Schmidlin, H, Libouban, M, Nagasawa, M, Gentek, R, et al. The transcription factor Spi-B regulates human plasmacytoid dendritic cell survival through direct induction of the antiapoptotic gene BCL2-A1. Blood. (2012) 119:5191–200. doi: 10.1182/blood-2011-07-370239

56. Cytlak, U, Resteu, A, Pagan, S, Green, K, Milne, P, Maisuria, S, et al. Differential IRF8 transcription factor requirement defines two pathways of dendritic cell development in humans. Immunity. (2020) 53:353–70 e8. doi: 10.1016/j.immuni.2020.07.003

57. Sichien, D, Scott, CL, Martens, L, Vanderkerken, M, Van Gassen, S, Plantinga, M, et al. IRF8 transcription factor controls survival and function of terminally differentiated conventional and plasmacytoid dendritic cells, respectively. Immunity. (2016) 45:626–40. doi: 10.1016/j.immuni.2016.08.013

58. Oliveira, TY, Merkenschlager, J, Eisenreich, T, Bortolatto, J, Yao, KH, Gatti, DM, et al. Quantitative trait loci mapping provides insights into the genetic regulation of dendritic cell numbers in mouse tissues. Cell Rep. (2024) 43:114296. doi: 10.1016/j.celrep.2024.114296

59. Suzuki, K, Suzuki, Y, Hama, A, Muramatsu, H, Nakatochi, M, Gunji, M, et al. Recurrent MYB rearrangement in blastic plasmacytoid dendritic cell neoplasm. Leukemia. (2017) 31:1629–33. doi: 10.1038/leu.2017.101




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 © 2025 Sánchez Hernández, Bjerg, Nielsen, Laustsen, Q Tang, Pedersen, Klechevsky, Jakobsen and Bak. 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-16-1550397-g005.jpg
DNeg

CD123H

Sorting of HSPC-pDCs after
16d differentiation

B, B B

CD123 PE-A

CD303 PC7-A

FIt3-L
TPO
SCF
IL-3
SR1

L-ascorbic acid

Extenaed culture
in diff. medium

Day 0 Post-Sorting

98.9%

96.7% |

Phenotypic analysis of pDC markers

o
'
—_—)

ll. :Il.
< 5 7 <
i /\® i
a a
o o
I . w g
[a] a
(] (]

CD303 PC7-A

Sorted DNeg
100
g & 5
et ol
55 8 5
L 'h B
— : —
S 8 607 3
S = S
o3 o
= [ I c
S 2 40 | - S
t © =
a2 2
o's 20 o
| ST S
e o 4 a
0 - a4 [ U
Day4 Day8 Day 8
+24h IFNs
+5h CpG-A

F) 100
Tt 80
Q
S
©
Q.
— 60
()

Q
<T4]
8 40
=
(]
t
o 20
o
0

Sorted DPos

®  |FNa’ > DNeg

® |FNa'>DPos

sorting and expansion (%)

3

100

80

60

40

20

86% | .

IL-3
L-ascorbic acid

IFNB
IFNy

pDC priming and
TLR9 activation

CD303 PC7-A

l

CpG ODN

v )

L#
By
CD123 PE-A

CD303 PC7-A

Sorted DPos

® |FNa'>CD123H

Day 8
+24h IFNs
+5h CpG-A

E)

Proportion of cells after
sorting and expansion (%)

Phenotypic analysis of pDC markers
and intracellular IFN-a staining

+24h IFNs
+5h CpG-A

IFNa FITC-A
Sorted CD123H
100
80
60
40
20
|
0 x|
Day 4 Day 8 Day 8
+24h IFNs
+5h CpG-A

DNeg proportion

DPos proportion

CD123H proportion





OEBPS/Images/fimmu-16-1550397-g002.jpg
A)

IL-3 .'. .o
+ Flt3-L IL-3 L-ascorbic acid o ®
CD34™ HSPCs 6 pDCs Activated pDCs ®
o IFNB CpG ODN ) || —
SCF  L-ascorbic acid i e s ®
N v J
’,N . .
pDC differentiation & pDC activation
| o [
| o -
| ® @
DNeg DPos CD123H

Expression heat map

IFNL2
IFNL3
IFNAG6
IFNAL
IFNB1
IFNA21
IFNA4
IFNW1
IFNL1
IFNA13
IFNAl6
IFNA7
IFNAL17
IFNA14
IFNA2
IFNAlO
IFNAS
IFNAS

DNeg DPos CD123H DNeg DPos CD123H

Unstimulated 12h CpG-A

TLR9 signaling pathway

400 600

log(Average+1)
10

8

6

RNA-Seq and Data Analysis

CD123H
DPos

DNeg
CpG_CD123H
CpG_DPos
CpG_DNeg





OEBPS/Images/fimmu-16-1550397-g003.jpg
A)

CLPs pDCs Activated pDCs

@ =» @)= =»

BCL11A TCF4 IRF8
lT RUNX2 IRF7
SPIB
ID2— TCF4 production
IRF8

pDC lineage-determining TFs pDC repressive TFs

BCL11A

pDCs after

TFs with potential
significance in pDCs

15

activation

CD123H
DPos

DNeg
CpG_CD123H
CpG_DPos
CpG_DNeg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Characterization of TLR9 responsiveness in cell subsets derived from in vitro pDC differentiation of hematopoietic stem and progenitor cells

      

        		

          Introduction

        



        		

          Results

        

          		

            An cell subset with high CD123 expression is enriched for IFNα-producing cells in response to TLR9 stimulation

          



          		

            Transcriptome analysis of HSPC-pDC subsets reveals enhanced TLR9 signaling in CD123H HSPC-pDCs

          



          		

            Characterization of transcription factor expression in HSPC-pDC subsets

          



          		

            Cell type enrichment scores using RNA deconvolution show substantial enrichment of progenitor-like cells

          



          		

            pDC-related transcription factors are critical for type I interferon production in HSPC-pDCs

          



          		

            Flow cytometric detection of CD303 on the cell surface is significantly affected by the blocking procedure

          



        



        



        		

          Discussion

        



        		

          Materials and methods

        

          		

            Isolation of HSPCs from CB

          



          		

            Differentiation of human HSPCs into pDCs

          



          		

            Priming of HSPC-pDCs

          



          		

            TLR9 stimulation and cytokine quantification in pDC supernatants

          



          		

            Cell surface phenotype by flow cytometry

          



          		

            Intracellular staining for IFNα

          



          		

            Cell sorting and RNA-seq

          



          		

            RT-qPCR

          



          		

            Assembly of RNP complexes and nucleofection

          



          		

            Statistical analysis

          



        



        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1550397-g007.jpg
A)

SSC-A :: SSC-A

Mock

w/o CpG

Mock

12h CpG-A

AAVS1 KO

ID2 KO

IRF8 KO

oM

8.0M =

6.0M =

4.0M =

20M =

0.015%

IFNa FITC-A

Proportion of CD123H (%)

=
o

v

Mock AAVS1 ID2

1w

oM

IRF8

oM

0.30%

8.0M =

IFNa” Cells (%)

0.49%

Mock AAVS1 ID2 IRF8

1w

IFNa* cells (Percentage of parent)

1.49%

Mock

1M

8.0M =

8.0M=

40M=

20M=

AAVS1

0.008%

* CD123H
* DPos
* DNeg





OEBPS/Images/fimmu-16-1550397-g006.jpg
o

Fold expansion
(Day 16/ Day 0)

50

KO Score (%)

CD303 PC7-A CD123 PE-A

(=Y
(%]

o]
o

=2}

o
=
o

S
o

Proportion of DPos (%)
(%]

N

o
Proportion of CD123H (%)

800

600

400

IFN-a2a (pg/ml)
IFN-L1/1L-29 (pg/ml)

200

Unstained
Mock
AAVS1 KO
BCL11A KO
TCF4 KO
SPIB KO
IRF8 KO
ID2 KO
CUX2 KO

ZFAT KO






OEBPS/Images/fimmu-16-1550397-g004.jpg
Enrichment Score Enrichment Score

Enrichment Score

(.:Q’\@'\,Q\\‘:é;\'o.\\'o\\bq\\‘;O@@\\"ej’\\‘abz‘v@\\‘o\\‘a\\‘aOQ\‘a\‘az.\'a\'-a\‘v‘a9&6@\‘;\9\‘:@‘:9‘:‘:‘1%
QRN Q) Q QO NN NN 2% 8L NN AN N PR NN
SIS °¢@°@%z¢eox«‘;«°,& & SALLE O RE E AR € R IR L L CFOSI K L EL

AINC ] EL F & ) S K 9 N > E
P Q:}?ggb b-"« &Q’OQ’C\I\S\QO«* S ,“:&o SRR "9\%" SR
< SES & TILELE TR
& & FRW N

L X < S
S S <€

CD123H

DNeg DPos CD123H DNeg DPos

w/o CpG +CpG

S A B e G s R e D e R R R D e R
& \@"OQ & & & & D> (S O S o .\\,\\Q\ ‘(& Q< PN Q;é», DRI o°°°°°"‘ PSRN ‘\‘02\6\ QQOQ%K&&Q;\ SRS
& RN I S @ SN £ ke SO ERATE” (ORI A0 PN S e X
O e (& & R 0" 9 PN ISR ¥ N VR & SRR Y (S

& < S O © PGS S G REEY F S ERFTY
&£ & ¢ &F & ERE N G 2
cob- N\ & &o
&
S
G
G’b

IRF8
PLP2
HSP90OB1
IRF7
ALOXSAP
TSPAN13
SELL
IL3RA
1TM2C
PLDA
SERPINF1
SEC61B 7
PARK7

ERP29

PPP1R14B

SPCS1 5
PLACS

APP

HERPUD1 2
SMPD3

CLECAC

SPIB

CXCR3 0
ZFAT

NRP1

CLIC3

DERL3

GZMB

C12orf75

TPM2

BLNK

SLC15A4

UGCG

CCDC50

TCF4

BCL11A

SEL1L3

MZB1

MAP1A

LILRB4

IRF4

log(TPM+1)
12

10






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu.2025.1550397_cover.jpg
& frontiers | Frontiers in Immunology

Characterization of TLR9 responsiveness in
cell subsets derived from in vitro pDC
differentiation of hematopoietic stem and
progenitor cells





OEBPS/Images/fimmu-16-1550397-g001.jpg
B)

E)

SSC-A

Single Cells Live Cells LinNee CD11cNes
1 ! | " *'1 cD123H {““i
I e < | < w’ >
O [—> @ g sy Ol 5
2 a | @ X
<
‘ o ol o !
1 m A0
1 J o Ml | el L S { D
T e e S — a| =
o 0 3 i » ) » - » - o >
FSC-A FSC-A Zombie Violet PB450 hLin / CD11c APC-A CD303 PE-Cy7-A
+CpG-A
Unstained Unstimulated 5h 12h 24h
<
& o] i) oA
a — - — -
n : 4 . :
IFNa FITC-A
*
- *
C) D) s
* =
1.5 £
©
o
-
g, o
X 10 &
K| S
- =
2 g
3 [}
3
o
3
z
0.0 g
sh 12h  24h 5h 12h 24h
LinNee CD11cNes DPos CD123H IFNa Positive

UMAP.2

10

10!

B Unstained
B stained

CD123H
DPos

DNeg





OEBPS/Images/fimmu-16-1550397-g008.jpg
50 400

A) A . * (CD123H

* DP
40 300 0s
® DNeg
304 ,
E ’ E 200 ® CpG_CD123H
20 ® CpG_DPos
e ©  CpG_DNeg
10 100
0 0
IL3RA (CD123) CLEC4C (CD303)
w/o blocking Human IgG TruStain Human IgG + TruStain

CD123 PE-A
-

CD303 PC7-A

D) E) 150

__ 80 = 30000
£ H
‘§ 0 .5 * wj/o Blocking 100
2 3
g 220000 * IgG s
3 40 H ® TruStain &
o
é E ®  1gG +TruStain 50
3
2 2 :’"
o
a &
g 8
0 0

CD303 PC7-A

FCGR1A (CD64)

1gG + TruStain
TruStain

1gG

w/o Blocking
Unstained

[EEEE]

CD123H
DPos

DNeg
CpG_CD123H
CpG_DPos
CpG_DNeg





