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Two subgroups with high expression of B7-H1 and low expression of B7-H1 were successfully isolated from primitive human umbilical cord mesenchymal stem cells. And exosomes with high B7-H1 expression and low B7-H1 expression were successfully isolated. In comparison to the sham-operated group, mice in the IRI group demonstrated elevated serum levels of blood urea nitrogen (BUN) and serum creatinine (Scr), accompanied by a more pronounced degree of renal tissue damage. The administration of exosomes via the tail vein markedly accelerated the recovery of renal function in IRI mice, with the therapeutic effect beingmore pronounced in those treated with B7-H1high-Exo. Moreover RNA sequencing of mouse kidney treated with B7-H1high-Exo and B7-H1low-Exo showed that eight genes (C3, IRF7, AREG, CXCL10, Aldh1l2, Fnip2, Vcam1, St6galnac3) were involved in the pathophysiological process of ischemia-reperfusion injury. The in vitro and in vivo experiments showed that the expression level of C3 protein was significantly decreased, which indicated that B7-H1high-Exo played a therapeutic role by down-regulating C3.
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INTRODUCTION
The occurrence of acute kidney injury (AKI) following cardiac surgery can reach up to 40% among patients undergoing such procedures. Even mild and transient forms of AKI are associated with an increased risk of prolonged intensive care unit (ICU) stay, as well as elevated morbidity and mortality rates (Lassnigg et al., 2004; Wang and Bellomo, 2017). Renal ischemia-reperfusion injury (IRI) represents the predominant etiology of perioperative AKI and has emerged as a critical determinant of patient prognosis. In a variety of clinical settings, including major vascular, cardiac, and hepatic surgeries, as well as conditions such as shock, sepsis, trauma, and renal transplantation, renal IRI arises from the cessation of renal blood flow, followed by reperfusion. This process initiates a signaling cascade that mediates necrosis, apoptosis, and inflammation of renal cells, leading to AKI, which is characterized by the activation of endothelial cells, leukocyte recruitment and infiltration, and death of tubular epithelial cells (Bonventre and Weinberg, 2003; Han and Lee, 2019).
Despite the extensive knowledge and depth of existing studies on IRI, there remains no clear consensus regarding the precise role of immune system dysfunction in hypoxia-induced multiorgan injury. Programmed cell death protein 1 (PD-1) and its primary endogenous ligand, programmed death ligand 1 (PD-L1), which is also known as B7-H1 or CD274, are pivotal immune checkpoint molecules that play a critical role in regulating apoptosis. B7-H1, part of the B7 family of co-stimulatory molecules, is an important target for immune regulation (Ishida et al., 1992). Recent research has shown that changes in B7-H1 expression are linked to IRI, with increased levels observed in various hypoxia experimental models and in patients experiencing IRI (Hakroush et al., 2021; Sumiyoshi et al., 2021; Wang et al., 2022). As early as 2003, Fondevila et al. suggested that liver damage from prolonged ischemia followed by reperfusion should be viewed as an inflammatory response driven by the innate immune system (Fondevila et al., 2003). They later provided initial evidence that the co-stimulation of PD-1-negative T-cells influenced a local innate immune-driven inflammatory response, leading to hepatic IRI. Indeed, while disruption of PD-1 signaling exacerbated hepatocyte injury, the engagement of B7-H1 following intentional stimulation conferred protection against fulminant IRI through a localized IL-10-mediated mechanism. These findings indicate that the engagement of negative PD-1/B7-H1 signaling is essential for maintaining liver homeostasis during IR-induced hepatocyte injury (Ji et al., 2010). While the numbers of studies in this domain is still limited, B7-H1 has demonstrated considerable potential as a clinical therapeutic target.
As novel mediators of intercellular communication, exosomes (Exo) play a pivotal role in stem cell-mediated tissue repair. Direct interaction with target cells enables the delivery of genetic materials, including mRNA and miRNA, bypassing the potential risks associated with stem cell transplantation (Gho and Lee, 2017; Guo et al., 2021).
Mesenchymal stem cells (MSCs) can be sourced from a variety of tissues, with hucMSCs being particularly advantageous for cell therapy due to their readily accessible origin from umbilical cords (Xiao et al., 2022). Despite the registration of approximately 300 clinical trials investigating the therapeutic potential of hucMSCs, their efficacy remains constrained by the inherent heterogeneity of MSCs and the adverse effects reported in some clinical trials (Phinney, 2012; Tyndall, 2011). Utilizing different MSCs can reduce negative effects, remove confounding factors, and improve the effectiveness of their specific roles, which in turn aids in creating more effective treatment options. Consequently, it is essential to further categorize and characterize MSCs according to their functional diversity to support the creation of standardized MSC-based approaches for treating various diseases (Wu et al., 2020).
Recent research has elucidated that human gingival mesenchymal stem cells (GMSCs) can be categorized into B7-H1high and B7-H1low subpopulations, with the immunomodulatory function of GMSCs being significantly associated with B7-H1 signaling. In a murine model of type II collagen-induced arthritis (CIA), the increased expression of B7-H1 led to a significant reduction in the activity of inflammatory cells activity compared to the B7-H1low subpopulation, thereby mitigating inflammation in the CIA model. The presence of a GMSC subpopulation with elevated B7-H1 expression could offer a distinctive and complementary approach for stem cell-based treatments targeting autoimmune and inflammatory diseases.
The findings of these studies suggest that a subset of MSCs with elevated B7-H1 expression may offer a promising avenue for the treatment of IRI. However, the precise function of the CD274+ hucMSCs subset, along with the assessment of its Exo origin in the management of renal IRI and its underlying molecular processes, remains uninvestigated. In this study, subpopulations of B7-H1high and B7-H1low hucMSCs were isolated using flow cytometry, and Exo was subsequently extracted for further analysis. Advanced experiments have identified ST6GalNac3 as a critical mediator of B7-H1high-Exo function, with the in vitro effects on HK-2 cells attributed to the elevated expression of B7-H1. Our research discloses a novel role for B7-H1high-Exo, suggesting its potential in promoting renal tissue repair and functional recovery, thereby opening up promising avenues for cell-free therapeutic strategies in the treatment of IRI.
MATERIALS AND METHODS
Mice
Six-to eight-week-old male SPF-grade C57BL/6 mice were procured from the Animal Experiment Center of Lanzhou University [License: SCXK (GAN) 2023-0003] and housed in an SPF-grade laboratory. The mice were free to ingest food and water throughout the duration of the experiment. Environmental conditions, including constant temperature and humidity, were rigorously maintained.
Mouse renal I/R model
Mouse renal I/R model was performed in male C57BL/6 mice. Briefly, the mice were anesthetized with pentobarbital sodium by intraperitoneal injection and lay on the platform. B7-H1high-Exo (50 μg), B7-H1low-Exo (50 μg) and PBS was separately injected into the tail vein of the fixed mice using a mouse tail vein injection imager before the start of surgery. Dorsal incisions of both left and right sides were made to expose kidneys. The right kidney artery was gently separated with cotton swabs and occluded with a microvascular clamp to induce renal ischemia for 45 min. The left renal pedicle clamping and ischemia were the same as right. After ischemia, the micro-aneurysm clips were removed to start the reperfusion. The wounds were sutured and resuscitated with warm sterile saline intraperitoneally. All operations were the same in the sham group except for clamping and ischemia. The mice were sacrificed 24 h after reperfusion and the specimens were collected. All animal experimental protocols were performed according to the guidelines of the Ethical Committee of the First Hospital Lanzhou University.
Cell culture
HucMSCs, provided by Yinfeng Biologicals and validated by the bioassay laboratory of Shaanxi Stem Cell Engineering Co., Ltd., were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin, and streptomycin, and subsequently digested with 0.25% trypsin. After 48 h, the supernatant of MSCs cells transfected with B7-H1high and B7-H1low were collected for exosomes extraction. All cell cultures were maintained in a saturated humidity incubator at 37°C with 5% CO2, with the culture medium being replaced daily.
HK2 cell culture and H/R model
HK2 cells purchased from Procell were cultured in DMEM/Nutrient Mixture F12 supplemented with 10% FBS, 500 U/mL penicillin, and 500 μg/mL streptomycin (Gibco) at 37 °C in a humidified atmosphere containing 5% CO2. For H/R treatment, HK2 cells were exposed to hypoxia condition with 1% O2, 5% CO2, and 94% N2 for 24 h in the absence or presence of B7-H1high-Exo and B7-H1low-Exo (50 μg/mL). Then reoxygenation (21% O2, 5% CO2, and 74% N2) for 4 h. Samples were collected after modeling for analyses.
MACSQuant®Tyto® cell flow sorting and flow cytometry
hucMSCs were digested with 0.25% trypsin and subsequently incubated with anti-CD90-APC and anti-CD274-PE antibodies (Biolegend, United States) at 25°C for 30 min. The fluorescent cells that had been labeled with anti-CD90 antibody and anti-CD274 antibody were transferred to a MACSQuant® Tyto® sorting bin. The MACSQuant Tyto Running Buffer contained 1 × 107 hucMSCs per 10 mL. Before sorting, logical gating hierarchies were established using MACSQuant Tyto software. Cell debris, doublets, and dead cells were excluded, and a gate was set to isolate the target cell population. Samples were sorted at a flow rate of 4 mL/h under a pressure of approximately 140 mbar. Upon completion of the sorting process, B7-H1 expression in both positive and negative cell populations was analyzed using a NovoCyte Advanteon Dx VBR flow cytometer.
RT–qPCR
A volume of 1 µL of extracted RNA was employed to ascertain the concentration of the sample (ng/µL) through the utilisation of an ultra-micro spectrophotometer. The A260/A280 ratio was found to be between 1.8 and 2.1, indicative of high-quality RNA. The RNA-to-DNA reaction mixture was prepared in RNase-free 200 µL microcentrifuge tubes and thoroughly mixed to a total volume of 10 µL. The mixture was then incubated at 42°C for 2 min and subsequently maintained at 4°C. The cDNA synthesis reaction system was similarly prepared on ice in RNase-free 200 µL microcentrifuge tubes, mixed to a total volume of 20 µL. The reactions were conducted in accordance with the specified protocol using a gradient PCR instrument and subsequently stored at 4°C. The cDNA products were prepared individually in RNase-free microcentrifuge tubes, employing the following PCR reaction system, with three replicate wells per template, all configured on ice. A two-step PCR reaction programme was implemented.
Primers are as follows.
[image: Table listing primer names, corresponding primer sequences in the five prime to three prime direction, and PCR product lengths in base pairs for β-actin, C3, IRF7, Vcam1, CXCL10, AREG, Fnip2, ST6, and Aldh1l2.]Extraction and identification of exosomes
Exosomes were isolated through a series of processes including centrifugation, column filtration, and purification. B7-H1high-MSCs and B7-H1low- MSCs supernatant was centrifuged at 2000 g for 30 min at 4°C. Then, the supernatant was transferred to a new centrifuge tube, and centrifuged at 10,000 × g for 45 min at 4°C to remove larger vesicles. Subsequently, the supernatant was filtered with a 0.45-μm filter membrane (Millipore, R6BA09493), and the filtrate was collected which was centrifuged again at 10,000 × g for 60 min at 4°C in a centrifuge. The supernatant was discarded, and the pellets were resuspended with 5 mL pre-cooled PBS. The pellets were centrifuged at 12,000 × g at 4°C for 2 min. The supernatant, which was rich in exosome particles, was retained. The harvested exosomes were transferred into the upper chamber of Exosome Purification Filter (Umibio) and centrifuged at 3,000 × g for 10 min at 4 °C. After centrifugation, the liquid at the bottom of the EPF column was collected, which was the purified exosomes. The isolated exosomes were subsequently stored at −80°C. Transmission electron microscopy (TEM) was employed to examine the morphological characteristics of the exosomes. Furthermore, the size and concentration of the exosomes were assessed utilizing a flow nanoanalyzer. The expression levels of CD9 and CD63 were determined via Western blot analysis.
Scr and BUN measurements
The collected whole blood samples were subjected to centrifugation at 3,000 rpm for a duration of 15 min. Subsequently, Scr and BUN levels were quantified utilizing specific assay kits (Scr: RXWB0459-96, RUIXIN BIOTECH; BUN: RXWB0153-96, RUIXIN BIOTECH).
Hematoxylin and eosin (H&E) staining
Kidney tissues were fixed in 4% paraformaldehyde for over 24 h and subsequently embedded in paraffin. The 5 μm thick sections were deparaffinised by immersion in xylene for 20 min, followed by rehydration through a graded series of anhydrous ethanol. H&E staining was conducted on the 5 μm-thick sections, which were deparaffinized using xylene and stained with H&E reagent (Sigma, United States). In brief, the sections were incubated with hematoxylin for 5 min at room temperature, rinsed, and then incubated with eosin for approximately 2 min at room temperature. The histomorphology of the kidney tissues was subsequently examined under a microscope.
Western blot
Sample Preparation: Following the quantification of protein concentration, 20 μg of protein from each well was aliquoted (with an equivalent volume of culture supernatant serving as a control). The protein samples were then combined with 5× SDS-PAGE loading buffer, thoroughly mixed, and subjected to heat treatment at 95°C for 5 min. A 12% acrylamide separating gel was utilized, and the heated supernatant was loaded into each sample well for electrophoresis, conducted at 70 V for 30 min followed by 120 V for 60 min. Proteins were transferred onto a membrane using a constant current of 250 mA in a wet transfer system for 90 min. Closure: A 5% skimmed milk powder solution was sealed and maintained at room temperature for 1 hour. Incubation of the primary antibody involved diluting the antibody with 5% skimmed milk powder at a dilution ratio of 1:1000, followed by incubation at 4°C overnight. For the incubation of the secondary antibody, the primary antibody was aspirated, and the membrane was washed three times with TBST (5 min per wash). Subsequently, an HRP-labeled secondary antibody, diluted at a ratio of 1:5000, was added and incubated at room temperature for 1 h. For imaging development, following the secondary antibody incubation, the membrane was again washed three times with TBST (5 min per wash) and then developed using an ELC luminescent solution.
ELISA
The concentrations of IL-1β (RX203063M, RUIXIN BIOTECH), IL-10 (RX203075M, RUIXIN BIOTECH), TNF-α (RX202412M, RUIXIN BIOTECH) and IL-18 (RX203064M, RUIXIN BIOTECH) in kidney tissues or macrophages were measured by enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturer’s protocols. The OD values were read using a plate reader (Bio Rad).
Whole transcriptome sequencing (RNA-seq)
The cDNA libraries were generated utilizing the NEBNext® Ultra™ RNA Library Prep Kit for Illumina, provided by New England Biolabs, United States. Following this, the RNA quality was evaluated using an Agilent 2,100 Bioanalyzer from Agilent Technologies, United States. Sequencing of the samples was conducted on an Illumina HiSeq 6,000 system, manufactured by Illumina, United States. Differential expression genes (DEGs) had an average fold change of at least 2, and a q-value (FDR) less than 0.05. The sequences of.
Statistical analysis
Statistical analyses were conducted utilizing R software (version 4.1.0). The assessment of normality was carried out via the Shapiro-Wilk test. Group comparisons were executed using the independent samples t-test for data exhibiting normal distribution and the Mann-Whitney U-test for data not conforming to normal distribution. For comparisons involving multiple groups, a one-way analysis of variance (ANOVA) was employed, supplemented by post hoc analyses using Tukey’s Honest Significant Difference (HSD) test where applicable. Categorical variables were analyzed through the chi-square test. A p-value of less than 0.05 was deemed indicative of statistical significance. All statistical analyses were conducted using two-tailed tests, and data visualization was performed utilizing GraphPad Prism software.
RESULTS
Sorting of hucMSCs and expression of B7-H1 in positive and negative cells
Initially, we assessed the expression level of B7-H1 in hucMSCs via flow cytometry. The results indicated that the expression level of B7-H1 in hucMSCs was 47% (Figure 1A). Subsequently, we performed cell sorting on the hucMSCs (Figure 1B), resulting in the isolation of cell clusters with high and low B7-H1 expression, respectively. The post-sorting cell survival rates were 57% and 63%, respectively. In the low-expressing B7-H1 group, the expression of B7-H1 in cell clusters decreased from 47% to 11.26%, whereas in the high-expressing B7-H1 group, the proportion increased from 47% to 91.66% (Figures 1C,D).
[image: Panel A displays a flow cytometry dot plot showing gated cell populations with axes labeled SSC-A and APC-Cy7. Panel B consists of six smaller flow cytometry plots demonstrating gating strategies and fluorescence intensities for markers including B220, Ter119, and APC-Cy7, with population percentages indicated. Panel C contains two dot plots quantifying a cell subset at 4.8 percent, while panel D presents two similar plots indicating a subset at 58.6 percent. Data supports cell sorting and characterization analysis.]FIGURE 1 | The sorting of hucMSCs and the expression of B7-H1 in both positive and negative cell populations. (A) Depicts the expression of B7-H1 in hucMSCs as determined by flow cytometry prior to sorting, (B) shows the flow cytometry sorting process for B7-H1high and B7-H1low hucMSCs, (C) the expression of B7-H1 in B7-H1high hucMSCs as assessed by flow cytometry post-sorting and (D) the expression of B7-H1 in B7-H1low hucMSCs as assessed by flow cytometry post-sorting. 
Identification of B7-H1high-Exo and B7-H1low-Exo
B7-H1high-Exo and B7-H1low-Exo were characterized using TEM, NTA, and Western blotting. Under TEM, both groups of exosomes exhibited vesicle-like structures with a round or oval morphology (Figure 2A). NTA analysis further revealed that these exosomes had an average diameter of approximately 100 nm (Figure 2B). Western blot also confirmed that TSG101, CD9 and CD63 were positive in B7-H1high-Exo and B7-H1low-Exo (Figure 2C). Subsequently, Western blot analysis was conducted to assess the expression of B7-H1 in the two Exo groups. The results demonstrated that the B7-H1high-Exo group exhibited significantly elevated levels of B7-H1 protein compared to the B7-H1low-Exo group (Figure 2D). These findings indicated that B7-H1high-Exo was efficiently isolated from hucMSCs with high levels of B7-H1 expression, whereas B7-H1low-Exo was obtained from hucMSCs with lower expression levels of B7-H1.
[image: Panel A shows two grayscale electron microscopy images of exosomes labeled as B7H1 high-Exo and B7H1 low-Exo, featuring small round vesicles. Panel B presents two line graphs comparing the size distribution profiles of exosome samples, with x and y axes labeled but not clearly readable. Panel C displays western blot images for TSG101, CD63, and CD9 proteins in supernatant, B7H1 high-Exo, and B7H1 low-Exo with corresponding molecular weights labeled. Panel D depicts western blots for B7-H1 and CD63 proteins in exosome groups. Panel E presents a bar graph comparing the relative expression of B7-H1 between B7H1 high-Exo and B7H1 low-Exo, with statistical significance indicated by asterisks.]FIGURE 2 | Characterization of B7-H1high-Exo and B7-H1low-Exo. (A, B) TEM and NTA were conducted to assess the size distribution of B7-H1high-Exo and B7-H1low-Exo. The scale bars 100 nm. (C) The expression levels of TSG101, CD63, and CD9 in the two groups. (D) The protein content of B7-H1 in B7-H1high-Exo and B7-H1low-Exo. (E) Quantification of the data presented in panel D was shown on the right. Data were expressed as mean ± standard error. Statistical significance was indicated as follows: ***P < 0.001 (n = 3).
B7-H1high-Exo significantly enhances the restoration of renal function in mice subjected to renal ischemia-reperfusion injury
Our prior research demonstrated that exosomes derived from hucMSCs can be effectively targeted to the injured kidney, where they exerted significant therapeutic effects (Wei et al., 2024). In the present study, we employed a renal ischemia-reperfusion model to evaluate the impact of B7-H1high-Exo and B7-H1low-Exo treatments on BUN and Scr levels following renal IRI. The B7-H1low-Exo group exhibited a marked improvement compared to the Sham group (Figures 3A, B). Importantly, the B7-H1high-Exo group demonstrated superior functional recovery relative to the B7-H1low-Exo group. To further explore the therapeutic potential of Exo in IRI, we conducted histological analyses. Post-IRI, the extent of renal injury was markedly diminished in the group treated with B7-H1low-Exo compared to the IRI control group (Figures 3C, D). Remarkably, mice administered with B7-H1high−Exo demonstrated a reduced injury area compared to those receiving B7-H1low-Exo. Although the renal tubules remained sparsely packed, the tubular walls exhibited gradual homogenization, and the glomerular size progressively returned to normal in the B7-H1low-Exo group relative to the IRI group. In summary, our results indicated that kidneys treated with B7-H1high-Exo achieved superior functional recovery compared to those treated with B7-H1low-Exo.
[image: Panel A displays four histological images showing renal tissue samples from different experimental groups: Sham, PBS, B7H1High-Exo, and B7H1Low-Exo. Panels B and C present bar graphs comparing quantified kidney injury markers and inflammatory responses among these groups, with statistical significance indicated by asterisks.]FIGURE 3 | B7-H1high-Exo significantly enhanced the restoration of renal function in mice subjected to renal ischemia-reperfusion injury (A) Kidney tissues from four experimental groups were collected for histopathological analysis using H&E staining. Scale bars 0.050 mm (B) BUN and Scr levels were quantified using specific ELISA kits (C) The concentrations of interleukin-1β (IL-1β), interleukin-10 (IL-10), interleukin-18 (IL-18), and tumor necrosis factor-alpha (TNF-α) were measured with appropriate assay kits. Data are expressed as mean ± standard error. Statistical significance is indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns denotes no significant difference (n = 5).
RNA-seq revealed multiple differentially expressed genes and pathways emerged in renal ischemia-reperfusion injury
To investigate the mechanisms underlying the B7-H1high-Exo-mediated repair of renal injury, we conducted a comparative analysis of the transcriptome profiles of renal tissues from mice in the four groups utilizing RNA-Seq. KEGG pathway enrichment analyses (Figures 4A, B) revealed that the differentially expressed genes between the B7-H1high-Exo and B7-H1low-Exo groups were predominantly enriched in pathways related to NF-κB signaling and TNF signaling pathway, among others. Meanwhile, we conducted a differential gene expression analysis on the B7-H1high-Exo and B7-H1low-Exo groups, revealing 181 upregulated and 208 downregulated genes (Figure 4C). Subsequently, we identified the top 10 most significantly upregulated and downregulated genes. Among these, eight genes—C3, IRF7, AREG, Cxcl10, Aldh1l2, Fnip2, Vcam1, and St6Galnac3—had been previously investigated in the context of ischemia-reperfusion injury. Venn can show the overlap of differential genes among different comparison combinations, and the differential genes that are common or unique to several comparison combinations can be screened by Venn diagram. Our analysis of differential genes in these four groups by Venn revealed a total of 34 overlapping differential genes (Figure 4D).
[image: Panel A presents a bubble plot of gene ratios and counts for various biological pathways with colors representing adjusted p-values. Panel B shows a similar bubble plot for a different pathway set and uses an alternate color gradient for significance. Panel C displays a volcano plot with log2 fold change versus significance for genes, highlighting upregulated and downregulated genes, with nonsignificant genes in blue. Panel D shows a Venn diagram illustrating overlap among three gene expression datasets, with intersecting and unique values indicated numerically within colored segments.]FIGURE 4 | The effects of B7-H1high-Exo on renal ischemia-reperfusion injury-induced C3 expression. (A) Top 20 enriched KEGG pathways in the difference between B7-H1high-Exo and B7-H1low-Exo. (B) Top 20 enriched KEGG pathways in the difference between Sham and I/R. (C) Analysis of renal gene expression differences between the mouse B7-H1high-Exo and B7-H1low-Exo groups. (D) Venn of the four groups of differentially expressed genes.
B7-H1high-Exo mitigates the expression of C3 induced by renal ischemia-reperfusion injury
To further ascertain which genes exhibited the most significant enhancement in functional recovery following IRI, we assessed their expression in renal IRI and hypoxia/reoxygenation-induced HK-2 cells using quantitative RT-qPCR. the expression level of the C3 protein was markedly reduced in HK-2 cells treated with B7-H1high-Exo compared to those treated with B7-H1low-Exo (Figure 5A). Surprisedly, consistent with the results of hypoxia/reoxygenation-induced HK-2 cells, expression of C3 was reduced in renal IRI (Figure 5B). The result suggested that B7-H1high-Exo might ameliorate renal IRI by downregulating C3 expression. A secondary validation of predictions from the RNA-seq analysis by RNAscope in Western blot confirmed a strong downregulation of NF-κB signaling (Figures 5C, D). This suggests that the downregulation of NF-κB is inseparable from the treatment of B7-H1high-Exo.
[image: Panel A shows a bar graph comparing relative mRNA levels of C3 among Control, HR, B7-H3Exos, and B7-H3wtExos groups, with significant differences denoted by asterisks. Panel B displays a similar bar graph for the same gene expression under Sham, HR, B7-H3Exos, and B7-H3wtExos conditions, also highlighting statistical differences. Panel C presents a western blot of NF-κB and GAPDH bands across the same four groups, with corresponding molecular weights indicated. Panel D is a bar graph quantifying relative protein levels of NF-κB as measured in Panel C, including statistical annotations.]FIGURE 5 | The effects of B7-H1high-Exo on renal ischemia-reperfusion injury-induced C3 expression, (A, B) the results of the RT-qPCR (n = 3). (C, D) Western blot analysis of NF-κB expression in normal HK-2 cells or hypoxia/reoxygenation-induced HK-2 cells with different treatments. The data were expressed as mean ± standard error. Statistical significance was indicated as follows: ***P < 0.001, ****P < 0.0001, ns denotes no significant difference.
DISCUSSION
In this study, we have firstly identified a subpopulation of human umbilical cord MSCs characterized by high expression of B7-H1. We successfully isolated exosomes with elevated levels of B7-H1 from these cells. Our findings demonstrated that B7-H1high-Exo exhibit superior efficacy in repairing IRI. Through a series of experiments, we observed that B7-H1high-Exo facilitate the repair of renal tissues and the recovery of renal function by down-regulating complement C3. Similarly, B7-H1high-Exo compared to B7-H1low-Exo also showed repair of renal tissue by downregulation of NF-κB. These results strongly indicated the potential of B7-H1high exosomes as a promising cell-free therapeutic approach for the treatment of IRI.
IRI is the primary contributor to AKI (Bonventre and Yang, 2011). Typically, the pathophysiological process of ischemia-reperfusion injury is delineated into six key components: vascular leakage, programmed cell death, transcriptional reprogramming, autoimmunity, activation of both innate and adaptive immune responses, and the no-reflow phenomenon (Eltzschig et al., 2011). Nevertheless, research focusing on the immune cell mechanisms underlying AKI remains scarce. During the initial phases of ischemia/reperfusion (I/R) injury, a substantial number of cells undergo necrosis as a result of hypoxic conditions. Necrotic cells, displaying potent immunostimulatory properties, promote the infiltration of inflammatory cells and cytokine production, leading to the subsequent release or upregulation of damage-associated molecular patterns (DAMPs), which are ligands associated with cellular injury or death (Hotchkiss et al., 2009). DAMPs interact with innate immune receptors, including toll-like receptors (TLRs), thereby activating the innate immune response (Chen et al., 2010; Iyer et al., 2009). In contrast to the well-documented immune response observed in I/R injury, the mechanisms by which the adaptive immune response is activated under sterile conditions remain inadequately understood. Existing research indicates that CD4+ and CD8+ T cells primarily mediate I/R injury (Day et al., 1950; Shen et al., 2009; Yilmaz et al., 2006). In contrast, recent studies suggest that regulatory T cells (Tregs) confer protection to the kidney against IR-induced inflammation and injury. However, the blockade of PD-1 on the surface of Tregs prior to graft transfer impairs their protective function against ischemic kidney injury. Additionally, the inhibition of B7-H1 or PD-L2 results in exacerbated kidney injury and inflammation (Jaworska et al., 2015). Consequently, B7-H1 presents significant potential for further investigation in the context of I/R injury.
MSCs can be obtained from a diverse array of sources, such as bone marrow, adipose tissue, umbilical cord, human placenta, dental pulp, skin, blood, and urine, in addition to induced pluripotent stem cells (iPSCs) (Huang and Yang, 2021). Clinical trials conducted thus far have demonstrated their substantial therapeutic potential (Abumoawad et al., 2019). Nevertheless, the variability in donor condition, cell type, differentiation capacity, and other influencing factors contributes to considerable heterogeneity, thereby constraining the effectiveness of MSC-based therapies (Kim et al., 2021). Growing evidence substantiates the role of Exo in stem cell-mediated repair through the modulation of immunomodulatory functions. In various models of kidney injury, Exo has been shown to facilitate the repair of damaged cells, promote the proliferation of renal tubular cells, and inhibit apoptosis and inflammation (Grange et al., 2019). Over time, MSC-Exo have gained prominence as a significant alternative therapeutic approach for diseases traditionally treated with MSCs. This is particularly evident in the pretreatment of stem cells, which allows for more precise disease management and minimizes treatment-related complications.
As previously noted, the heterogeneity among MSCs is regarded as a significant impediment to their clinical translation into therapies that are reproducible, predictable, and standardized (Zhou et al., 2021). This heterogeneity pertains to the variability in their molecular markers, differentiation potential, and biological functions. Such variation arises not only from diverse tissue sources but also from distinct cell subpopulations within the same tissue source (Hass et al., 2011; Mastri et al., 2014). While numerous studies have compared and analyzed the functional differences of MSCs derived from various tissue sources—encompassing aspects such as multidirectional differentiation potential and immunomodulatory functions—research focusing on the functional characteristics of MSC subpopulations within the same tissue remains limited (Baksh, 2007). Consequently, identifying subpopulations with specific functions and appropriately applying them could offer a viable strategy for tissue repair and functional restoration.
In this study, we identified a subpopulation of hucMSCs with the potential to enhance renal tissue repair and restore renal function using flow cytometry. However, it was observed that this subpopulation did not maintain stable expression during cell proliferation, eventually reverting to the expression profile of unsorted hucMSCs. So we isolated the subpopulation immediately after sorting and utilized them at passages 2–4 for both in vivo and in vitro experiments to solve the problem. The findings demonstrated that the in vivo administration of B7-H1high-Exo facilitated tissue restoration in regions affected by IRI and enhanced the recovery of renal function. Furthermore, in vitro experiments corroborated that the application of B7-H1high-Exo to HK-2 cells significantly attenuated apoptosis in renal tubular cells. Simultaneously, we conducted RNA-seq on the renal tissues of mice and identified differential expression in a total of 389 genes when comparing the B7-H1high-Exo and B7-H1low-Exo groups. Further validation using PCR in vivo and vitro revealed that the gene C3 demonstrated significant differential expression between the B7-H1high-Exo and B7-H1low-Exo groups. Notably, C3 is a critical complement protein situated at the convergence of all complement activation pathways. Extracellular, tissue, cell-derived, and intracellular C3 are pivotal in the dysregulated immune response observed in numerous diseases, rendering them promising therapeutic targets (Kolev et al., 2022). IRI represents an inevitable and severe consequence of renal transplantation, which significantly elevates the risk of delayed graft function and graft loss. The primary catalyst of detrimental response in the kidney is the activation of the complement system, a critical element of the innate immune system. The activation results in the deposition of complement C3 on renal tubules and the infiltration of immune cells, culminating in tubular damage and a consequent decline in renal function (Howard et al., 2021). In murine models, C3 deficiency confers a protective effect against renal IRI and diminishes immune cell infiltration (Zhou et al., 2000). Evidence suggests that following the induction of acute kidney injury in C3 knockout mice, the impairment of renal function is less pronounced compared to wild-type mice (Boudhabhay et al., 2020). Furthermore, Tregs are crucial in the context of IRI. Research demonstrated that the complement system also modulates the induction, function, and stability of Tregs (Van der Touw et al., 2013). A particular research group discovered that peripheral, murine, and natural regulatory T cells (nTregs) express the receptors C3aR and C5aR, which, through their signaling pathways, inhibit Tregs function (Kwan et al., 2013). CD4 Tregs are immunosuppressive T cells, and research has demonstrated that Tregs can mitigate AKI (Lee et al., 2010). Jaworska K et al. reported an improvement in IRI following Tregs transplantation, an effect contingent upon Tregs expression of programmed death ligands 1 and 2, i.e., B7-H1 and PD-L2. Concurrently, experimental evidence indicating PD-1 expression by renal tubular epithelial cells (Jaworska et al., 2015), along with clinical observations of renal adverse events in patients undergoing treatment with immune checkpoint inhibitors targeting the PD-1/B7-H1 axis (Wanchoo et al., 2017), underscores the significance of PD-1 in renal inflammation. Consequently, we hypothesize that B7-H1high-Exo may enhance the function of Tregs by down-regulating C3 and the associated complement cascade pathway, thereby inhibiting renal inflammation. This hypothesis warrants validation in future studies.
However, this study is not without limitations. Firstly, although we have verified how B7-H1high-Exo acts on C3 and NF-κB to repair damage separately, the interaction mechanisms among B7-H1, C3, and NF-κB required further elucidation. Furthermore, the in vivo administration of exosomes through the tail vein did not constitute a non-invasive or direct method of drug delivery. Future research could explore transnasal drug delivery, which is currently favored as the preferred method for exosome-based drug delivery due to its numerous advantages. Initially, it offers a non-invasive and direct approach to drug delivery, complemented by its rapid therapeutic effects (Long et al., 2017). Ultimately, this study concentrated on the mechanisms associated with renal tissue repair and functional recovery following IRI.
CONCLUSION
In summary, our study represented the inaugural investigation to elucidate the roles of C3 and NF-κB through B7-H1high-Exo in the context of IRI, unveiling their potential as therapeutic targets in this pathological setting. The reparative capacity of hucMSCs-derived exosomes with high B7-H1 expression was significantly greater than that of exosomes with low B7-H1 expression. Furthermore, these exosomes facilitated renal tissue repair and functional recovery by down-regulating C3 and NF-κB. Therefore, the therapeutic strategy centered on B7-H1 might effectively augment the ameliorative impact of hucMSCs-derived exosomes on renal injury resulting from IRI.
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Primary Müller glia (MG) have been reported to exhibit a neurogenic capacity induced by small molecules. However, whether immortalized mouse MG cell lines exhibit neurogenic capacities similar to those of primary mouse MG remains unclear. In this study, we examined the morphology, proliferation rate, and marker profile of primary MG cells isolated from postnatal mouse pups with two immortalized mouse MG cell lines, QMMuC-1 and ImM10, in a standard growth medium. After chemical induction, we compared the morphology, markers, direct neuronal reprogramming efficiency, and axon length of these cell types in two culture media: Neurobasal and DMEM/F12. Our results showed that in standard growth medium, QMMuC-1 and ImM10 cells displayed similar morphology and marker profiles as primary MG cells, with the only differences observed in nestin expression. However, QMMuC-1 and ImM10 cells exhibited much higher proliferation rates than the primary MG cells. Following chemical treatment in both Neurobasal and DMEM/F12 media, a subset of primary MG, QMMuC-1, and ImM10 cells was induced to differentiate into immature neuron-like cells by day 7. While primary MG cells showed similar neuronal reprogramming efficiency and axon length extension in both media, QMMuC-1 and ImM10 cells displayed variations between the two culture media. Moreover, some of the induced neuronal cells derived from primary MG cells expressed HuC/D and Calbindin markers, whereas none of the cells derived from QMMuC-1 and ImM10 cells expressed these markers. Subsequent observations revealed that induced immature neuron-like cells derived from primary MG cells in both types of media and those derived from ImM10 cells cultured in DMEM/F12 survived until day 14. Taken together, our findings suggest that the two immortalized cell lines, QMMuC-1 and ImM10, exhibited neurogenic capacities similar to those of primary MG cells to some extent but did not fully recapitulate all their characteristics. Therefore, careful consideration should be given to culture conditions and the validation of key results when using immortalized cells as a substitute for primary MG cells.
Keywords: Müller glia, QMMuC-1 cell line, ImM10 cell line, neurogenic responses, chemical induction, neuronal reprogramming

1 INTRODUCTION
Many retinal degenerative diseases are characterized by the progressive degeneration of retinal neurons, including photoreceptors and retinal ganglion cells, which eventually leads to irreversible blindness (Kaur and Singh, 2023). Cell replacement is a promising strategy for replacing lost neurons and restoring vision (Coco-Martin et al., 2021). However, cell replacement through transplantation poses several challenges in clinical applications, including the complicated process of creating a reliable cell source, poor survival and integration rates of cells, and other potential side effects (Coco-Martin et al., 2021). In contrast, cell replacement via in vivo direct reprogramming from an endogenous cell source to neurons can overcome these challenges (Coco-Martin et al., 2021; Wang et al., 2021). Direct reprogramming of resident cells to replace damaged neurons is faster and avoids the risk of immune rejection (Wang et al., 2021). Nonetheless, this strategy requires further investigation to address significant limitations such as the low proliferative ability of the endogenous cell source, low conversion efficiency, and immaturity of the converted neurons (Wang et al., 2021). More importantly, several studies that successfully achieved in vivo direct reprogramming lack definitive validation of the origin of the converted neurons, leading to controversy or issues with reproducibility (Yao et al., 2018; Zhou et al., 2020; Xu et al., 2023). To address this limitation, genetic lineage tracing of the starting cells involved in direct reprogramming should be used to ensure the accurate identification and validation of the reprogrammed neurons (Hoang et al., 2022; Xie and Chen, 2022; Xie et al., 2022).
Several studies have successfully converted Müller glia (MG), the radial glia in the retina, into retinal neurons by overexpressing neuronal transcription factor genes in adult mice (Jorstad et al., 2017; Yao et al., 2018; Todd et al., 2021; Todd et al., 2022). However, for clinical use, inducing neuronal conversion using small molecules is desirable because this approach is cost-effective, safe, and easy to control in terms of concentration and timing (Wang et al., 2021). Two studies showed that chemical compounds can convert primary MG cells isolated from rat and mouse pups into bipolar-like cells (Xia et al., 2021; Yang et al., 2022). Interestingly, one study found that the intravitreal injection of four small molecules induced some MG to migrate into the outer nuclear layer and express rhodopsin, a specific gene of rod photoreceptors (Fujii et al., 2023). Despite these encouraging findings, the efficiency of chemically induced direct reprogramming remains low, and it is not yet understood how small-molecule combinations can be adjusted to achieve the desired retinal neurons.
In 2015, through two successive rounds of chemical screening with 5,000 and 1,500 small molecules, a set of five small molecules was found to effectively induce mouse fibroblasts into functional neurons in vitro (Li et al., 2015). This compound combination was optimized to convert astrocytes into neurons in the mouse brain (Ma et al., 2021). Thus, in vitro implementation offers many advantages for screening drug candidates owing to its cost-effectiveness and rapid procedures. Nonetheless, to obtain a pure primary MG population for in vitro experiments, retinas are usually dissociated using several enzymes, cultured, and passaged at least twice (Liu et al., 2017; Pereiro et al., 2020b). Using this method, only a small number of primary MG cells can be obtained; however, they proliferate slowly and early undergo senescence after four to eight passages (Liu et al., 2017; Pereiro et al., 2020b). Thus, it requires the use of many postnatal mouse pups to obtain enough cells for experiments, which raises ethical concerns regarding animal welfare. Several MG cell lines have been established and used to study the characteristics and functions of MG, owing to their high proliferative capacity (Sarthy et al., 1998; Limb et al., 2002; Tomi et al., 2003; Otteson and Joseph Phillips, 2010; Augustine et al., 2018; Kittipassorn et al., 2019). Despite the similar characteristics of these cell lines to those of primary MG cells, the immortalization process may change their physiology and behavior compared to primary cells. However, it remains unknown whether these cell lines can serve as useful tools for studying neurogenic characteristics instead of primary MG cells. Here, we show similar and distinct characteristics between primary MG, ImM10, and QMMuC-1 cells grown in growth and chemical induction media. These findings provide useful information on the use of primary MG or immortalized cells to study the neurogenic capacity of MG.
2 MATERIALS AND METHODS
2.1 Experimental animals
Wild-type C57BL/6J female and male mice were purchased from CLEA Japan Inc (Tokyo, Japan). The mice were kept at the laboratory of the Animal Resource Center facility of the University of Tsukuba under standard conditions, including controlled temperatures (23°C ± 1°C) and a 12-h light/dark cycle (7 a.m.–7 p.m.). The mice had ad libitum access to water and chow. The animal experimental procedure were reviewed and approved by the Animal Experimental Ethical Review Committee of the University of Tsukuba.
2.2 Isolation and culture of Primary Müller glia
Primary MG were isolated from the retinas of postnatal day 2 C57BL/6J mouse pups using a Papain Dissociation System (Worthington Biochemical, Cat. #LK003150), following previously established protocols with some modifications (Liu et al., 2017). Briefly, retinas were dissected from the eyes and then incubated with Papain for 10 min in a water bath at 37°C. Every 5 min, the tubes containing the dissociated solutions were gently shaken by rotating them up and down several times. Once incubation was completed, ovomucoid and DNase I were added to the tissue solution to halt the dissociation process. The cell suspension was centrifuged at 400 g for 5 min at room temperature. Subsequently, the cell pellet was washed and resuspended in high-glucose DMEM medium (Gibco, Cat. #12100061) supplemented with 10% Fetal Bovine Serum (FBS; Gibco, Cat. #10270-106) and 1% penicillin-streptomycin (Fujifilm Wako Pure Chemical, Cat. #168-23191), followed by centrifugation at 300 g for 5 min at room temperature. Finally, the cell pellet was resuspended in in high-glucose DMEM medium supplemented with 10% FBS and 1% penicillin-streptomycin and seeded onto 0.1% gelatin-coated dishes. After two passages, the primary cells were utilized for characterization and chemical reprogramming.
2.3 Culture of two immortalized müller glia cell lines
The QMMuC-1 cell line was generously provided by Dr. Mei Chen, Queen’s University Belfast. The ImM10 cell line was kindly provided by Dr. Olaf Strauß, Charité Universitäts Medizin Berlin, with approval from Dr. Deborah C. Ottenson, University of Houston. Both cell lines were cultured in high-glucose DMEM medium supplemented with 10% FBS and 1% penicillin-streptomycin. QMMuC-1 and ImM10 cells at passages 30-40 were used in this study.
2.4 Proliferation rate assay
The proliferation rates of primary MG, QMMuC-1 and ImM10 cells were determined using the Cell Counting Kit 8 (Dojindo, Japan) following the manufacturer’s instructions. Initially, primary MG, QMMuC-1 and ImM10 cells were seeded in 96-well plates at a density of 1 × 103 cells/well and cultured in high-glucose DMEM supplemented with 10% FBS and 1% penicillin/streptomycin. Cell proliferation was measured every 24 h for 7 days. At the designated time point, 10 μL of Cell Counting Kit 8 reagent was added to each well and mixed uniformly. All cells were incubated for an hour, and the optical absorbance at 450 nm was measured and averaged from six wells for each cell type using a Varioskan Lux multiplate reader (Thermo Fisher Scientific, United States).
2.5 Small-molecule-induced direct reprogramming of primary and immortalized MG
Primary MG, QMMuC-1, and Imm10 cells were chemically reprogrammed according to a previously reported method with some modifications (Yang et al., 2022). Briefly, primary MG, ImM10, and QMMuC-1 cells were seeded into 96-well plates coated with 2% Matrigel (Corning, Cat. #354234) and cultured in a growth medium. After primary MG and QMMuC-1 cells reached over 90% confluence and ImM10 cells reached 70% confluence, cells were changed into neuronal induction medium (100 μL of medium per well), consisting of Neurobasal (Gibco, Cat. #21103-049) or DMEM/F12 medium (Gibco, Cat. #11320-033) supplemented with 0.5% N2 (Thermo Fisher Scientific, Cat. #17502048), and 1% B27 (Thermo Fisher Scientific, Cat. #17504,044), 1% L-glutamine (Gibco, Cat. #25030081), 1% penicillin-streptomycin, basic fibroblast growth factor (100 ng/mL; Peprotech, Cat. #100-18B) (100 ng/mL), cAMP (100 μM; Nacalai Tesque, Cat. #23840-16), forskolin (10 μM; Sigma-Aldrich, Cat. #F6886), ISX9 (40 μM; Selleck Chemicals, Cat. #1300031-49-5), CHIR99021 (20 μM; AdooQ BioScience, Cat. #A10199), I-BET151 (2 μM; Medchem Express, Cat. #HY-12323), and Y-27632 (5 μM; Merck Millipore, Cat. #688001). On day 2 after chemical treatment, the concentrations of three small molecules were reduced (ISX9, 20 μM; CHIR99021, 3 μM; I-BET151, 1 μM). On day 7 after chemical induction, the cells were fixed and subjected to immunofluorescence analysis.
For the control groups, only DMSO or individual small molecules were added to the medium. Specifically, ISX9 (day 0 to day 2: 40 μM, day 2 to day 7: 20 μM) or I-BET151 (day 0 to day 2: 2 μM, day 2 to day 7: 1 μM) was used as a control treatment.
2.6 Immunofluorescence staining
The cells were fixed in 4% paraformaldehyde for 20 min at room temperature, followed by three washes with PBS, each lasting 5 min. Subsequently, the cells were permeabilized with 0.3% Triton in PBS for 10 min. After incubation with a blocking buffer containing 1% bovine serum albumin (Sigma-Aldrich, Cat. #9048-46-8) and 0.3% Triton in PBS for 1 h, the cells were incubated with primary antibodies diluted in the blocking buffer overnight at 4°C. The cells were washed with 0.05% Tween in PBS three times, each for 5 min before incubation with secondary antibodies and 4′,6-diamino-2-phenylindole (DAPI; Invitrogen Corporation, Carlsbad, CA; 1:1,000 dilution) diluted in the blocking buffer for 1 h at room temperature. After another round of washing with 0.05% Tween in PBS three times for 5 min each, the cells were mounted with non-hardening Fluoro-KEEPER Antifade Reagent (Nacalai Tesque, Japan) and imaged using a Keyence BZ-X700 All-in-One microscope (Keyence, Osaka, Japan).
The primary antibodies used in this study were rabbit sex determining region Y (SRY)-box9 (Sox9; Merck, Cat. #AB5535, 1:100), rabbit glutamine synthetase (GS; Abcam, Cat. #ab73593, 1:100), rabbit glutamate aspartate transporter (GLAST; Frontier Institute, Cat. #GLAST-Rb-Af660, 1:100), rabbit glial fibrillary acidic protein (GFAP; CST, Cat. #12389, 1:100), mouse nestin (Invitrogen, Cat. #14-5,843-82, 1:500), rabbit paired box 6 (Pax6; BioLegend, Cat. #BL-901301, 1:300), mouse class III beta-tubulin (TuJ1; Genetex, GT11710, 1:500), rabbit RNA-binding protein with multiple splicing (Rbpms; Abcam, Cat. # Ab194213, 1:200), rabbit Brn3a (Abcam, Cat. # Ab245230, 1:500), rabbit Calbindin (Proteintech, Cat. # 14479-1-AP, 1:200), mouse Rhodopsin (Abcam, Cat. # ab3267, 1:200), rabbit microtubule-associated protein 2 (Map2; EMD Millipore, Cat. # AB5622, 1:200), mouse HuC/D (Santa Cruz Biotechnology, Cat. # sc-515624, 1:200), rabbit NeuroD1 (CST, Cat. #D90G12-7,019, 1:200), and rabbit Otx2 (PGI, Cat. #13497-1-AP, 1: 500).
The secondary antibodies used in the present study included Alexa Fluor® 488 goat anti-rabbit IgG H&L (Abcam, Cat. #ab150077) and Alexa Fluor® 594 goat anti-mouse IgG H&L (Abcam, Cat. #ab150116) at a 1:200 dilution.
2.7 Quantification and statistical analysis
The fluorescence intensity was measured using NIH ImageJ/Fiji software, following a previously published method with some modifications (Echeverria et al., 2025). Images taken under the same settings across cell types were converted to grayscale. The freehand tool was used to isolate individual cells, and features such as the “area,” “area of integrated intensity,” and “mean gray value” were measured. A similar area was drawn in a region without cells to measure the background fluorescence intensity. The corrected total cell fluorescence for each cell was calculated by subtracting the product of the “mean gray value” of the background and the “area” of each single cell from the “area integrated density” of that cell. To account for differences in cell size, the corrected total cell fluorescence was normalized by dividing it by the “area” of the respective cell to obtain the fluorescence intensity ratio. The fluorescence intensity ratio of the three cell types in the growth medium was assessed using 3 to 5 cells per image, with 15 images analyzed for each cell line. The fluorescence intensity ratio of TuJ1 at day 14 was evaluated for 1 to 5 cells per image, with 5–10 images analyzed for each cell line.
The conversion efficiency and axon length were analyzed using the Simple Neurite Tracer plugin in the NIH ImageJ/Fiji software (Arshadi et al., 2021). For each treatment, 10-15 images at ×20 magnification were analyzed to obtain average values. Three independent experiments were conducted.
The percentages of primary MG cells positive for Calbindin/TuJ1 or HuC/D among total cells were quantified on day 7 after chemical treatment, using 15 images captured at ×20 magnification.
Data processing and analyses were performed using Python (version 3.8). Statistical significance was determined using the Kruskal–Wallis test, followed by Dunn’s post hoc test for multiple comparisons (*p < 0.05).
3 RESULTS
3.1 Cellular morphology
After isolation and two passages, the cellular morphology of primary MG was examined and compared with that of QMMuC-1 and ImM10 cells under light microscopy (Figure 1A). All cell cultures exhibited a typical MG morphology, with large adherent cells and multiple broad processes. However, the ImM10 cells showed a slight difference in morphology, with elongated rather than broad processes.
[image: Panel A displays three grayscale micrographs labeled Primary MG, QMMuC-1, and ImM10, showing morphological differences among cell types. Panel B is a line graph comparing mean absorbance at 450 nanometers over eight days, with ImM10 increasing sharply, QMMuC-1 moderately, and Primary MG remaining nearly constant.]FIGURE 1 | Morphology and proliferation rate of primary MG, QMMuC-1, and ImM10 cells in growth media. (A) The cellular morphology of primary MG, QMMuC-1, and ImM10 cells was observed under light microscopy. Scale Bars, 50 μm. (B) The proliferation rate of primary MG, QMMuC-1, and ImM10 cells in growth media for 7 days. Both immortalized cell lines exhibited a higher proliferation rate than primary MG. Error bars show mean [image: Black plus sign with bold vertical and horizontal lines centered on a white background.] SD.
3.2 Proliferation rate
The proliferation rates of primary MG, QMMuC-1, and ImM10 cells at 1 week were determined using a Cell Counting Kit 8 (Figure 1B). For the first 3 days, all cell types showed comparable proliferation rates. However, from day 3, ImM10 cells proliferated remarkably, and on day 7, the mean absorbance at 450 nm of ImM10 cells was approximately 19 times and 2.65 times greater than that of primary MG and QMMuC-1 cells, respectively. The proliferation rate of QMMuC-1 cells increased gradually, with the mean absorbance at day 7 being 7.3 times higher than that of primary MG cells. In contrast, primary MG cells only proliferated for the first 2 days and then maintained a similar number of cells until day 7. This suggests that QMMuC-1 and ImM10 cells have a higher proliferative capacity than primary MG cells, as expected.
3.3 Cellular marker profile
We investigated the expression of primary MG, QMMuC-1, and ImM10 cells with various markers, including marker specific for MG, neuronal progenitor cells, and neurons by immunocytochemistry (Figure 2). All cell cultures expressed three MG markers: sex-determining region Y-box 9 (Sox9), glutamine synthetase (GS), and glutamate aspartate transporter (GLAST). ImM10 cells exhibited significantly higher fluorescence signal intensities for all three markers compared to primary MG. Glial fibrillary acidic protein (GFAP), a marker of MG in the activated state, especially after retinal damage, was expressed by all three cell types. However, primary MG showed higher variability in GFAP expression, indicating heterogeneous characteristics.
[image: Panel A presents immunofluorescence microscopy images of three cell types (Primary MG, QMMuC-1, ImM10) stained for seven markers (Sox9, GS, GLAST, GFAP, Nestin, Pax6, TuJ1), with each marker shown alone and merged with DAPI. Panel B displays corresponding bar graphs quantifying marker-positive cells for each marker across the three cell types.]FIGURE 2 | Marker profile of primary MG, QMMuC-1, and ImM10 cells in growth media. (A) Representative images of primary MG, QMMuC-1, and ImM10 cells stained with MG markers (Sox9, GS, GLAST, and GFAP), retinal progenitor markers (nestin, Pax6), and a neuronal marker (TuJ1). Scale Bars, 50 μm. (B) The fluorescence intensity ratio for each marker. The data are presented as mean ± SD.
Interestingly, both primary MG and ImM10 cells were positive for a neuronal progenitor cell marker nestin, whereas QMMuC-1 cells were negative. All three cell types expressed Pax6. None of the primary MG, QMMuC-1, or ImM10 cells expressed class III beta-tubulin (TuJ1), a marker of immature neurons. These results suggest that QMMuC-1 and ImM10 cells exhibit a marker profile highly similar to that of primary MG cells, except for nestin marker, with some variation in fluorescence signal intensity.
3.4 Morphological change and marker expression during chemical reprogramming
Next, we examined whether QMMuC-1 and ImM10 cells exhibited similar neurogenic characteristics induced by small molecules as primary MG cells. We treated primary MG, QMMuC-1, and ImM10 cells with six compounds, including db-cAMP (D, 100 μM), Forskolin (F, 10 μM), Y-27632 (Y, 5 μM), ISX9 (I, 40 μM), CHIR99021 (C, 20 μM), and I-BET151 (B, 2 μM), that have been reported to induce the differentiation of primary mouse MG cells into neuron-like cells (Yang et al., 2022). Unexpectedly, we observed massive cell death during a preliminary experiment (data not shown), particularly in QMMuC-1 and ImM10 cells. Cell death is a major limiting factor in direct reprogramming (Gascón et al., 2016). A high concentration of small molecules induces rapid neuronal conversion but also causes significant cell death (Feng et al., 2021). Thus, we aimed to improve the survival rate by reducing the concentrations of three compounds on day 2 after chemical induction (Figure 3A). Additionally, we tested the neurogenic capacity of these cell cultures in two different media: Neurobasal and DMEM/F12. With this new concentration modification, we observed rapid cellular morphological changes in a subset of primary MG, QMMuC-1, and ImM10 cells after chemical treatment in both media (Figures 3B, C). A few QMMuC-1 cells acquired smaller cell bodies with thin extensions by day 3. By day 7, in both types of culture media, numerous primary MG, QMMuC-1, and ImM10 cells adopted neuron-like shapes with small cell bodies and long extensions. In contrast, in the control group with DMSO or with only IBET-151 or ISX9, all three cell types maintained typical MG-like morphology. Interestingly, in DMEM/F12 medium supplemented with DMSO, most of the ImM10 cells underwent cell death, while these cells still survived and proliferated in Neurobasal medium supplemented with DMSO. This result indicates that DMEM/F12 medium lacks certain factors or nutrients necessary for the survival and proliferation of ImM10 cells, unlike Neurobasal medium.
[image: Diagrammatic overview shows a timeline of cell differentiation from primary MG, QMMuC-1, and ImM10 cells to neuron-like cells, highlighting high and low ICB phases. Two panels (B and C) depict microscopic images of cell morphology changes at days zero, one, three, five, and seven for each cell line in different media conditions (Neurobasal and DMEM/F12), with additional comparative images at day seven under DMSO, i-BET151, and ISX9 treatments. Each row represents a different cell type, and columns show time points and treatment effects.]FIGURE 3 | Morphological changes of primary MG, QMMuC-1, and ImM10 cells after chemical treatment. (A) The scheme of the chemical induction procedure. Primary MG, QMMuC-1, and ImM10 cells were seeded onto matrigel-coated wells and then cultured with an induction medium consisting of db-cAMP (D, 100 μM), Forskolin (F, 10 μM), Y-27632 (Y, 5 μM), ISX9 (I, 40 μM), CHIR99021 (C, 20 μM), and I-BET151 (B, 2 μM). After 2 days, the concentrations of three compounds were reduced (ISX9, 20 μM; CHIR99021, 3 μM; I-BET151, 1 μM). (B) Phase-contrast images of cells on days 0, 1, 3, 5, and 7 in a Neurobasal medium supplemented with 6 small molecules and the phase-contrast images of cells on days 7 in a Neurobasal medium supplemented with DMSO or only I-BET151 or only ISX9. (C) Phase-contrast images of cells on days 0, 1, 3, 5, and 7 in DMEM/F12 medium and the phase-contrast images of cells on days 7 in a DMEM/F12 medium supplemented with DMSO or only I-BET151 or only ISX9. Primary MG, QMMuC-1, and ImM10 cells changed their cell shape from glial morphology to neuron-like morphology during the chemical induction process in both media supplemented with 6 compounds. Scale Bars, 25 μm.
On day 7, all cell types were fixed and subjected to immunostaining with the MG marker Sox9 and the neuronal marker TuJ1 (Figure 4). As expected, many TuJ1-positive cells were detected in all cell cultures treated with the 6 chemicals. We observed three distinct types of morphologies of TuJ1-positive cells: neuron-like, intermediate-like, and MG-like shapes in all cultures of primary MG, QMMuC-1, and ImM10 cells (Figure 4A). In contrast, in the control groups, all cells were negative for the TuJ1 marker (Figure 4B and data not shown), with the exception of QMMuC-1 cells treated with only ISX9 compound in Neurobasal medium. A few TuJ1-positive cells with MG-like morphology were detected in this group. Notably, these TuJ1-positive cells still expressed Sox9 marker in their nuclei, indicating that the cells were still in an immature stage (Figures 4C, D).
[image: Panel figure with immunofluorescence microscopy images in sections A-D showing cells stained for Sox9 (green), Tuj1 (red), and DAPI (blue) under various media conditions, comparing primary and induced cells across Neurobasal and DMEM/F12 mediums. Quantitative bar graphs in panels E, F, and G display statistical analyses of Tuj1+MG-like, Tuj1+intermediate-like, and Tuj1+neuron-like cells for each medium condition, with standard error indicated.]FIGURE 4 | Analysis of TuJ1-positive cells derived from primary MG, QMMuC-1, and ImM10 cells at day 7 after chemical treatment. (A) Representative images of three morphologically distinct types of TuJ1+ cells derived from primary MG at day 7. TuJ1+ cell with neuron-like morphology is indicated by a white arrowhead. TuJ1+ cell with intermediate-like morphology is indicated by a white arrow. TuJ1+ cell with MG-like morphology is indicated by a blue arrow. Scale bars, 100 μm. (B) A representative image of cells in the control group that were not induced into TuJ1+ cells: QMMuC-1 cells cultured in Neurobasal medium supplemented with I-BET151 only. Scale bars, 50 μm. (C, D) Immunostaining of primary MG, QMMuC-1, and ImM10 cells with TuJ1 and Sox9 markers at day 7 in Neurobasal medium (C) and DMEM/F12 medium (D). Scale bars, 50 μm. (E–F) The percentage of neuron-like morphology/TuJ1+ cells, intermediate-like morphology/TuJ1+ cells, and MG-like morphology/TuJ1+ cells derived from primary MG, QMMuC-1, and ImM10 cells among total number of cells at day 7 in Neurobasal medium (E) and DMEM/F12 medium (F). The data are presented as mean ± SEM (n = 3). (G) The total axonal length per cell of neuron-like morphology/TuJ1+ cells at day 7. The data are presented as mean ± SEM (n = 3). 6C–Medium supplemented with 6 small molecules.
We quantified the number of TuJ1-positive cells among the total number of cells for each morphological type (Figures 4E, F). The results showed that, in both Neurobasal and DMEM/F12 media supplemented with 6 small molecules, most TuJ1-positive cells derived from QMMuC-1 and primary MG cells acquired neuron-like shapes. In contrast, in the Neurobasal medium supplemented with 6 compounds, approximately half of the TuJ1-positive cells derived from ImM10 cells exhibited an MG-like shape (Figure 4E). In DMEM/F12, this rate was lower but still accounted for approximately one-third of the total number of TuJ1-positive cells (Figure 4F). Interestingly, in Neurobasal medium supplemented with only ISX9 compound, QMMuC-1 cells showed a comparable rate of TuJ1-positive cells with MG-like morphology to those in Neurobasal medium supplemented with 6 chemicals. This result suggests that ISX9, in combination with Neurobasal medium, has a modest effect on neuronal induction in QMMuC-1 cells. When comparing the neuronal conversion efficiencies of the three cell types induced by 6 small molecules (Figures 4E, F), QMMuC-1 cells showed a higher tendency to become TuJ1-positive and acquire a neuron-like shape. However, a significant difference in this rate was observed only between QMMuC-1 and ImM10 cells cultured in the Neurobasal medium. Analysis of the total axon length per cell showed that neuron-like/TuJ1-positive cells from primary MG and ImM10 cells extended to similar lengths in both media (Figure 4G). However, the axons of neuron-like TuJ1-positive cells derived from QMMuC-1 cells were shorter in the Neurobasal medium. In general, the total axonal length per cell was similar across all cell types. Thus, these results indicate that while the culture medium did not significantly affect neuronal conversion efficiency and axon growth in primary MG cells, chemical induction in DMEM/F12 medium induced more neuron-like cells in ImM10 cells and promoted better axon growth in QMMuC-1 cells than in Neurobasal medium.
To confirm the neuronal identity of neuron-like cells derived from primary MG, QMMuC-1, and ImM10 cells, we stained these cells with neuronal cell markers (Figures 5A, 6A, 7A) and retinal neuron markers (Figures 5B,C, 6B-C, and 7B-C). None of the TuJ1+ cells in all three cell types were positive for NeuroD1, a member of the basic helix-loop-helix transcription factor family that highly expressed in developing neurons (Cho and Tsai, 2004). In addition, TuJ1+ cells in all three cell types were negative for Map2, a marker of mature neurons, confirming that these cells remained at an immature stage. Interestingly, a few TuJ1+ cells derived from primary MG cells were positive for Calbindin in both types of media (Figure 5B). Moreover, we detected cells expressing the HuC/D marker in the primary MG cells treated with 6 compounds (Figure 5C). Due to limitations with the host antibody, we could not confirm whether these HuC/D+ cells were also TuJ1+; however, because none of the primary MG cells cultured in growth medium were positive for HuC/D, it is likely that these HuC/D+ cells were induced by the 6 chemicals. Calbindin is a calcium-binding protein primarily expressed in horizontal cells, as well as in some subtypes of amacrine and retinal ganglion cells in the mouse retina (Poché et al., 2007; Gu et al., 2016). Similarly, HuC/D is expressed in amacrine and retinal ganglion cells, with transient expression in horizontal cells during development (Ekström and Johansson, 2003). However, primary MG-derived TuJ1+ cells were negative for Brn3a and Rbpms, two markers of retinal ganglion cells. Therefore, these results suggest that a subset of neuron-like cells derived from primary MG cells were likely directed toward amacrine cells or horizontal cells rather than retinal ganglion cells. There was no difference in the percentage of primary MG cells positive for Calbindin/TuJ1 or HuC/D markers on day 7 between Neurobasal and DMEM/F12 media. Surprisingly, unlike primary MG cells, none of the neuron-like cells derived from ImM10 or QMMuC-1 cells expressed Calbindin or HuC/D. All cell types were negative for Otx2, a marker of bipolar cells and immature photoreceptors, as well as Rhodopsin, a marker of mature photoreceptors. Taken together, these results on day 7 indicate that QMMuC-1 and ImM10 cells can be induced into immature TuJ1+/neuron-like cells, similar to primary MG cells. However, unlike primary MG cells, they did not differentiate into amacrine or horizontal cell fates by day 7.
[image: Panel A shows immunofluorescence images of primary MG cells stained for neuronal markers NeuroD1 and Map2 across three media conditions, with positive red fluorescence in Neurobasal and DMEM/F12 media with growth factors, and negative staining in growth medium. Panel B presents retinal neuronal markers Calbindin, Brn3a, Rbpms, and Otx2, each displaying positive red fluorescence in Neurobasal and DMEM/F12 with growth factors, while growth medium shows no signal. Panel C highlights HuC/D and Rhodopsin markers, with positive staining indicated by arrowheads in red in media with growth factors, absent in growth medium. Panel D is a bar graph quantitatively comparing marker expression levels in each condition.]FIGURE 5 | Immunostaining results of neuron-like cells derived from primary MG cells with various neuronal markers and retinal neuron markers. (A) Cells were stained with TuJ1 marker and neuronal markers: NeuroD1 and Map2. Scale Bars, 50 μm. (B) Cells were stained with TuJ1 marker and retinal neuron markers: Calbindin (primarily expressed in horizontal cell, as well as in some subtypes of amacrine and retinal ganglion cells); Brn3a and Rbpms (markers of retinal ganglion cells); Otx2 (marker of bipolar and immature photoreceptor). Scale Bars, 50 μm. (C) Cells were stained retinal neuron markers: HuC/D (expressed in amacrine and retinal ganglion cells, with transient expression in horizontal cells during development), Rhodopsin (marker of mature rod photoreceptor). (D) The percentage of cells derived from primary MG that were positive for Calbindin/TuJ1 or HuC/D among total cells on day 7. The data are presented as mean ± SD (n = 3). Scale Bars, 50 μm. 6C–Medium supplemented with 6 small molecules.
[image: Panel of fluorescence microscopy images displaying QMMuC-1 cells stained for neuronal and retinal neuronal markers under three culture conditions: Neurobasal medium plus six C, DMEM/F12 medium plus six C, and growth medium. Panel A shows NeuroD1 and Map2 expression; panel B includes calbindin, Brn3a, Rbpms, and Otx2; panel C presents HuC/D and rhodopsin staining. Red indicates marker fluorescence, and blue shows DAPI-stained nuclei. Marker signal is observed only in the first two conditions, not in growth medium. Each row represents a different marker with consistent controls.]FIGURE 6 | Immunostaining results of neuron-like cells derived from QMMuC-1 cells with various neuronal markers and retinal neuron markers. (A) Cells were stained with TuJ1 marker and neuronal markers: NeuroD1 and Map2. Scale Bars, 50 μm. (B) Cells were stained with TuJ1 marker and retinal neuron markers: Calbindin (primarily expressed in horizontal cell, as well as in some subtypes of amacrine and retinal ganglion cells); Brn3a and Rbpms (markers of retinal ganglion cells); Otx2 (marker of bipolar and immature photoreceptor). Scale Bars, 50 μm. (C) Cells were stained retinal neuron markers: HuC/D (expressed in amacrine and retinal ganglion cells, with transient expression in horizontal cells during development), Rhodopsin (marker of mature rod photoreceptor). Scale Bars, 50 μm. 6C–Medium supplemented with 6 small molecules.
[image: Scientific figure showing immunofluorescence staining of Imm10 cells with neuronal and retinal neuronal markers under three culture conditions. Each row presents different markers, with columns for Neurobasal medium plus 6C, DMEM/F12 medium plus 6C, and growth medium. Red fluorescence denotes marker proteins, blue indicates DAPI-stained nuclei, and merged images display colocalization. Panel A shows neuronal markers NeuroD1 and Map2. Panel B displays retinal markers Calbindin, Bm3a, Rbpms, and Otx2. Panel C includes retinal neuronal markers HuC/D and Rhodopsin. Marker expression is evident in supplemented media but absent in growth medium. Scale bar is included.]FIGURE 7 | Immunostaining results of neuron-like cells derived from ImM10 cells with various neuronal markers and retinal neuron markers. (A) Cells were stained with TuJ1 marker and neuronal markers: NeuroD1 and Map2. Scale Bars, 50 μm. (B) Cells were stained with TuJ1 marker and retinal neuron markers: Calbindin (primarily expressed in horizontal cell, as well as in some subtypes of amacrine and retinal ganglion cells); Brn3a and Rbpms (markers of retinal ganglion cells); Otx2 (marker of bipolar and immature photoreceptor). Scale Bars, 50 μm. (C) Cells were stained retinal neuron markers: HuC/D (expressed in amacrine and retinal ganglion cells, with transient expression in horizontal cells during development), Rhodopsin (marker of mature rod photoreceptor). Scale Bars, 50 μm. 6C–Medium supplemented with 6 small molecules.
Primary MG, QMMuC-1, and ImM10 cells were cultured until day 14 in both Neurobasal and DMEM/F12 media supplemented with 6 small molecules (Figure 8). Interestingly, neuron-like cells derived from primary MG cells survived until day 14 in both media (Figure 8A). In contrast, none of the neuron-like cells derived from QMMuC-1 cells survived until day 14 (data not shown). For ImM10 cells, some neuron-like cells remained in the DMEM/F12 medium on day 14, whereas only cells with MG-like morphology were observed in the Neurobasal medium (Figure 8B). Immunostaining results (Figures 8C– E) showed that the surviving MG-like cells in the Neurobasal medium slightly expressed the TuJ1 marker compared to neuron-like cells, suggesting that these cells could have been induced by the small molecules, but the effects were insufficient to achieve noticeable morphological changes. In vitro cells expressing TuJ1 without acquiring a neuron-like shape have also been reported in previous studies (Gascón et al., 2016; Todd et al., 2022). Surprisingly, TuJ1-positive cells derived from primary MG cells in both Neurobasal and DMEM/F12 media, as well as from ImM10 cells in DMEM/F12, expressed GS, a marker of MG. These results indicate that induced neuron-like cells derived from QMMuC-1 cells in both types of media and from ImM10 cells in the Neurobasal medium may require additional supplements to survive beyond day 7. Furthermore, the surviving induced neuron-like cells on day 14 were still in an immature stage.
[image: Figure contains panels A to E comparing primary MG and ImM10 cells in neurobasal and DMEM/F12 media, showing grayscale cell morphology (A, B), immunofluorescence for GS, Tuj1, and DAPI (C, D), and a bar graph quantifying TuJ1 fluorescence intensity ratio between groups (E).]FIGURE 8 | Morphology and immunocytochemistry staining of primary MG and ImM10 cells at day 14 after chemical induction. (A) Morphology of primary MG cells at day 14 in Neurobasal and DMEM/F12 media. Scale Bars, 50 μm. (B) Morphology of ImM10 cells at day 14 in Neurobasal and DMEM/F12 media. Scale Bars, 50 μm. Primary MG (C) and ImM10 cells (D) were stained with GS and TuJ1 markers at day 14 post-chemical treatment. Scale Bars, 50 μm (E) The fluorescence intensity ratio for TuJ1 marker. 6C–Medium supplemented with 6 small molecules.
4 DISCUSSION
Our research demonstrates that QMMuC-1 and ImM10 cells share similar morphology and marker profiles with primary MG cells in the growth medium and can be chemically induced into immature neuron-like cells. However, QMMuC-1 and ImM10 cells showed unique characteristics, including higher proliferation rates, distinct survival abilities after chemical induction, and different responses to Neurobasal and DMEM/F12 media supplemented with 6 small molecules.
The QMMuC-1 cell line was generated via spontaneous immortalization, while the ImM10 cell line was established by the conditional overexpression of a proto-oncogene called simian virus 40 large tumor antigen (Otteson and Joseph Phillips, 2010; Augustine et al., 2018). Both cell lines were cultured for up to 50 passages (Otteson and Joseph Phillips, 2010; Augustine et al., 2018). In contrast, primary MG cells stop proliferation and undergo senescence after only 4 to 8 passages (Liu et al., 2017; Pereiro et al., 2020b). Thus, it is not surprising that QMMuC-1 and ImM10 cells have a higher proliferation capacity than primary MG cells in the growth medium. Simian virus 40 large tumor antigen activation in primary mouse embryonic fibroblasts showed a shorter doubling rate and greater viability than in cells cultured under spontaneously immortalized conditions (Amand et al., 2016). Thus, conditional overexpression of simian virus 40 large tumor antigen may induce the ImM10 cell line to acquire a higher capacity to overcome contact inhibition and a faster proliferation rate than the QMMuC-1 cell line.
Immunostaining of cell cultures in the growth medium revealed that primary MG, QMMuC-1 and ImM10 cells expressed GFAP marker. In normal retinas, MG typically show no gene expression or very low gene expression of GFAP (Xue et al., 2006a). After the retinal injury, MG upregulate GFAP expression, indicating their activation and stress (Xue et al., 2006a). A previous study reported that freshly dissociated rabbit Müller glial cells did not express the GFAP gene, but after 2 days of culturing, the cells displayed high levels of GFAP marker expression (Mcgillem et al., 1998). Other studies have also shown that primary MG cells express GFAP markers even when the primary cells are isolated from normal, healthy pups (Augustine et al., 2018; Kittipassorn et al., 2019). In contrast, several research groups have reported that primary MG cells do not express GFAP (Hicks and Courtois, 1990; Limb et al., 2002). The cell isolation protocols used in these studies have many differences, including the type of enzyme used for dissociation and the duration of enzyme incubation. One study suggested that extended soaking during cell isolation in their protocol may reduce the cellular adhesion and the severity of tissue dissociation, resulting in low GFAP gene expression (Hicks and Courtois, 1990). Thus, the differences in GFAP expression in primary cells in previous reports may be due to the differences in the effects of the dissociation step on MG. The W21M MG cell line, an immortalized whale MG, strongly expresses GFAP at passages lower than 10 but starts to reduce GFAP expression after passage 10 (Pereiro et al., 2022). Although in this study, the fluorescence signal intensity of GFAP marker in primary MG was comparable to two immortalized cell lines, primary MG displayed a higher variability. Hence, the lower expression of GFAP in QMMuC-1 and more stable expression of GFAP in ImM10 cells compared to that in primary MG cells may be due to the high passage number of the two immortalized cell lines used in the present study.
The primary MG cells isolated from postnatal mouse pups in the present study expressed nestin and Pax6, consistent with previous studies (Xue et al., 2006b; Pereiro et al., 2020a). MG express nestin and Pax6 during postnatal development but diminish the expression of these markers in the adult stage (Xue et al., 2006b; Kato et al., 2022). Notably, a study has demonstrated that a subset of MG cells continues to express Pax6 during the adult stage (Joly et al., 2011). Several studies have shown that MG upregulate nestin and Pax6 expression following retinal injury (Xue et al., 2006b; Suga et al., 2014; Kato et al., 2022). Both QMMuC-1 and ImM10 cell lines were established from primary MG cells isolated at the postnatal stage; however, QMMuC-1 cells were negative for nestin marker. Interestingly, one study observed that only primary human MG that coexpress nestin and cellular retinaldehyde-binding protein, a MG marker, can become spontaneously immortalized in culture (Lawrence et al., 2007). Thus, it is possible that at early passages of QMMuC-1 cells, these cells express nestin. However, after several passages, these cells may lose nestin expression for unknown reasons.
The concentration of small molecules greatly affects neuronal conversion and the survival rate of induced neurons. A previous study halved the concentration of I-BET151 and ISX9 on day 2 after chemical induction and later added neurotrophins, antioxidants, and a broad-spectrum caspase inhibitor on day 6 to increase the survival of reprogrammed cells (Xia et al., 2021). Another study established a strategy to balance the neuronal conversion efficiency and survival rate by adding small molecules in a stepwise manner, with one group of small molecules inducing neuronal reprogramming, while the other group promoting cell survival and improving reprogramming efficiency (Yang et al., 2019). To reduce cell death, we adjusted the concentrations of I-BET151, ISX9, and CHIR99021 on day 2 after chemical induction. In addition to the small molecule concentration, we found that the volume of the induction medium greatly affected the survival rate of converted neurons. Typically, the volume of the medium has not been reported in direct reprogramming studies. In our preliminary experiments, we observed that a higher volume of induction medium accelerated the direct reprogramming process and caused more cell death, even with the same concentration as in a smaller volume. This observation may explain the differences between our results and those of previous study (Yang et al., 2022). When we first tested the same concentration of small-molecule combinations to convert primary mouse MG cells into neuron-like cells, we observed low cell survival. The previous study utilized 6-well plates, whereas we used 96-well plates, which are more suitable for drug screening and reduce the number of primary MG cells required for experiments (Yang et al., 2022). However, although we improved the cell survival with our treatment, the induced neuron-like cells remained in an immature stage at day 14 after chemical induction. Reduced concentrations of these compounds could potentially lead to a slower neuronal reprogramming process or incomplete downregulation of MG gene expression. Thus, our results highlight the importance of small molecule concentrations in cell survival and reprogramming efficiency.
Although immortalized glial cell lines undergo changes during the immortalization process, many retain a neurogenic capacity that is, to some extent, similar to that of primary glial cells. One study treated primary mouse MG cells with four chemicals and found that this combination upregulated the rhodopsin gene, a specific photoreceptor marker (Fujii et al., 2023). This finding was validated using a rat immortalized MG cell line, which showed a similar upregulation (Fujii et al., 2023). Another study screened 93 small molecules in a spontaneously transformed mouse astrocyte cell line and identified a combination that converted these cells into glutamatergic neurons (Fernandes et al., 2022). In this study, we investigated the neurogenic characteristics of two mouse immortalized MG cell lines, QMMuC-1 and ImM10, in two types of culture media, Neurobasal and DMEM/F12. Previous studies on direct neuronal reprogramming commonly used these media individually or in a 1:1 ratio (Li et al., 2015; Yang et al., 2019; 2022; Ma et al., 2021; Xia et al., 2021; Fernandes et al., 2022; Fujii et al., 2023). Our findings demonstrated that QMMuC-1 and ImM10 cells were chemically converted into neuron-like TuJ1-positive cells similar to primary cells by day 7 in both media. Interestingly, QMMuC-1 cells showed a higher tendency to convert induced neuron-like cells than primary MG and ImM10 cells. Notably, only ISX9 supplementation in Neurobasal medium was able to induce a subset of QMMuC-1 cells to upregulate TuJ1 expression. Nestin is a marker protein for central nervous system stem cells and progenitor cells, and its expression decreases when these cells differentiate into neurons and glial cells (Dahlstrand et al., 1995). The absence of nestin expression in QMMuC-1 cells may facilitate neuronal differentiation following chemical treatments. Similar to primary MG cells, QMMuC-1 and ImM10 cells did not upregulate NeuroD1, a basic helix-loop-helix transcription factor crucial for neuronal generation and cell fate (Cho and Tsai, 2004), nor Map2, a marker of mature neurons after chemical treatment at day 7.
Although QMMuC-1 and ImM10 cells can be induced into immature neuron-like cells similar to primary MG cells, the induced neuronal cells from these two immortalized lines may not differentiate in the same way as primary MG cells. After stimulation with six compounds, a subset of primary MG-derived neuron-like cells appears to differentiate into amacrine or horizontal cell fates, as indicated by HuC/D and calbindin markers. In contrast, neuron-like cells derived from QMMuC-1 and ImM10 cells had not reached the differentiation stage. Another possibility is that TuJ1+ cells derived from QMMuC-1 and ImM10 cells could differentiate in the same direction as primary MG cells, but at a slower rate. Therefore, future work is needed to evaluate cell identity at a more mature stage. However, based on these results, we could at least conclude that QMMuC-1 and ImM10 cells did not respond to the six compounds in the same way as primary MG cells. The high variability of the GFAP marker in primary MG cells suggests that these cells were quite heterogeneous, which may explain the differences in response between the cell types. Firstly, the primary MG cells isolated from postnatal day 2 pups may contain a small subset that is susceptible to neurogenic stimulation, allowing these cells to differentiated into retinal neurons more easily. In contrast, the QMMuC-1 and ImM10 cell lines underwent many passages, thus may have lost these characteristics.
We observed that the induced neuron-like cells derived from QMMuC-1 cells could not be maintained beyond day 7 in either Neurobasal or DMEM/F12 media. In contrast, the induced neuron-like cells derived from ImM10 cells in DMEM/F12 survived until day 14 post-treatment, albeit with a gradual reduction in cell numbers after day 7. Primary MG-derived neuron-like cells, on the other hand, survived until day 14 in both types of media. In the retina, MG support retinal neurons by releasing various factors, including neurotrophins (Tworig and Feller, 2022). Given that only a subset of primary MG cells is converted into induced neuron-like cells, non-converted MG cells may release neurotrophic factors, thereby supporting the survival of converted neuron-like cells. In contrast, immortalized cell lines lose this characteristic during the immortalization process, as exemplified by QMMuC-1’s significantly lower expression of neurotrophic genes than in primary MG cells (Augustine et al., 2018). The study mentioned above, which used a spontaneously transformed mouse astrocyte cell line, also included neurotrophins in the induction medium from day 0, whereas previous studies typically added neurotrophic factors after transitioning to a mature medium (Li et al., 2015; Ma et al., 2021; Fernandes et al., 2022). It remains unclear why neuron-like cells derived from QMMuC-1 and ImM10 exhibit distinct survival abilities, despite both being immortalized cell lines. Differences in the methods used for immortalization may influence their characteristics.
Our results suggest that the two immortalized MG cell lines, QMMuC-1 and ImM10, to some extent, can be used to study the neurogenic characteristics of MG and address the limitations associated with the use of primary MG cells. Using the ImM10 cell line can be particularly beneficial for screening purposes because it carries a GFP reporter gene under the rhodopsin promoter, enabling the robust detection of GFP signals when ImM10 cells are converted into photoreceptor cells (Otteson and Joseph Phillips, 2010). Immortalized cell lines are also particularly valuable for studying the neurogenic capacity of MG in human due to the limited availability of primary human MG cells. However, since the induced neuronal cells from these two immortalized lines did not respond to the six small molecules in the same differentiation direction as primary MG cells, validating key findings from immortalized cells using primary MG cells is essential. In addition, the inclusion of neurotrophic factors or other supportive factors in the induction media is crucial for maintaining the survival of induced neuron-like cells derived from immortalized cells.
While this study provides valuable insights into the neurogenic capacity of immortalized MG cell lines, certain limitations must be acknowledged. Firstly, due to the lack of access to early-passage QMMuC-1 and ImM10 cell lines, we were unable to assess and compare their neurogenetic capacity at early and late passages. This limitation prevents a comprehensive understanding of how genetic or epigenetic drift during immortalization may influence neurogenesis. Future studies focusing on early-passage immortalized MG cell lines will be essential for clarifying the impact of passage number on small-molecule-induced neurogenesis and improving the generalizability of these findings. Secondly, the induced neuronal cells in this study are predominantly at an immature stage. Therefore, further work will be necessary to promote their maturation and evaluate their functional characteristics, such as synaptic connectivity and electrophysiological responses. Finally, while our study highlighted differences in cell survival between the induced neuronal cells derived from primary Müller glia, QMMuC-1 cells, and ImM10 cells in two different media, and suggested potential factors contributing to these differences, we did not perform experiments aimed at improving cell survival. Optimizing conditions to enhance cell survival is a complex task that would require careful adjustments of various factors, and thus, represents an important area for future research.
5 CONCLUSION
In conclusion, we examined and compared the characteristics of primary MG cells and two immortalized mouse MG cell lines, QMMuC-1 and ImM10, in standard growth and neurogenic induction media. In standard growth medium, QMMuC-1 and ImM10 cells showed similar morphology and marker profiles, with differences only in the nestin markers. However, the QMMuC-1 and ImM10 cells exhibited significantly higher proliferation rates. In the chemical induction medium, QMMuC-1 cells and ImM10 cells were converted into immature neuron-like cells, such as primary MG cells with variations in reprogramming efficiency. However, induced neuronal cells derived from QMMuC-1 and ImM10 cells exhibited differences in their differentiation capacity into retinal neurons compared to primary MG cells. Our experiments also showed differences in the cell survival of induced neuron-like cells derived from the three cell types and the effect of the culture medium on direct neuronal reprogramming.
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Synchrotron radiation FTIR microspectroscopy enables measuring dynamic cell identity patterning during human 3D differentiation
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Human cell fate specification, particularly in neural development, is difficult to study due to limited access to embryonic tissues and differences from animal models. Human induced pluripotent stem cells (hiPSCs) and 3D organoid models enable the study of early human neural development, surpassing limitations of 2D cultures by incorporating crucial cell-cell and cell-matrix interactions. In this study, we used synchrotron radiation-based Fourier transform infrared (SR-FTIR) microspectroscopy to examine biomolecular profiles of 3D-differentiated organoids, specifically embryoid bodies (EBs) and neural spheroids (NS), derived from hiPSCs. SR-FTIR allowed us to analyze these organoids’ cellular identity at a biomolecular level, offering a holistic view that complements specific cell markers. Our findings reveal distinct biomolecular identities in 3D organoids, with differences in DNA structure, lipid saturation, phospholipid composition, and protein conformations. This approach highlights that cellular identity is shaped by more than gene expression alone; it involves unique biomolecular compositions that can be detected even in complex, multicellular environments. By demonstrating the role of molecular configuration in cell differentiation, our findings suggest that differentiation processes extend beyond genetics, involving interdependent biochemical signals. This study demonstrates the unique efficacy SR-FTIR in analyzing human-specific 3D models for investigating complex multicellular differentiation mechanisms, offering new avenues for understanding the biochemical basis of human development and disease.
Keywords: SR-FTIR, biomolecular conformation, IPSC, 3D embryoid bodies, neural spheroids, human morphogenesis, cell identity

1 INTRODUCTION
The variety of mechanisms involved in human development during early cell fate specification has only recently begun to be elucidated due the relative inaccessibility of human embryo tissues and biological differences with animal models. This is specially challenging in brain development that requires an elaborate succession of cellular events that, when disrupted, can lead to neuropsychiatric disease which present great difficulty in studying and understanding their origin and possible therapeutic alternatives.
Neural specification of human induced pluripotent stem cells (hiPSCs), offers unprecedented opportunities for studying human neural development (Avior et al., 2016). The recent development of 3D neural cultures derived from hiPSCs offers a promising approach to understanding human brain development and disease (Pasca, 2018), surpassing the lack of cell-cell/cell-matrix interactions in monolayer cultures.
Our understanding has improved recently thanks to techniques allowing single-cell resolution in studying cell states (Hagey et al., 2016). Nevertheless, cell commitment during development has mainly been investigated in isolation at the population level by analyzing the effects of individual factors or, when using non-targeted approaches, the analysis is focused on cell expression profiles based on specific gene or protein identity markers (Jovic et al., 2022). This approach is not ideal due to the interdependent nature of the processes and the significant cellular transformations involved.
Although the use of cell identity markers is very useful and allows the analysis of specific cell populations, their use is not free of controversy regarding their fidelity or causality in determining cell identity, and it is becoming increasingly necessary to understand cellular transformation as a whole in order to achieve a deep understanding of the specification process during development and the factors that constitute the identity of a cell (McKinley et al., 2020).
Fourier transform infrared (FTIR) microspectroscopy is a highly effective analytical method used to examine various cellular components, including polysaccharides, nucleic acids, proteins, and lipids at the subcellular level. It leverages the natural ability of molecular systems to vibrate in resonance with different infrared light frequencies, creating unique spectra for each component (Miller and Dumas, 2010). Synchrotron radiation (SR)-FTIR microspectroscopy offers exceptional spectral resolution at the single-cell level, enabling the detailed analysis of cellular diversity within complex systems. Its micrometer-scale resolution, allows for monitoring the overall biochemical makeup of bulk samples (spanning tens of cubic microns). This method can detect subtle shifts in the composition of biological macromolecules, making it a valuable tool across various biological research fields for studying changes in chemical structure and conformation (Dumas, 2020).
The high spectral clarity and stable, fast measurements provided by synchrotron source FTIR (SR-FTIR) make it ideal for accurately resolving organic compounds, especially when compared to conventional globar sources. SR-FTIR spectroscopy provides approximately 1000 times the brightness of standard sources, enhancing the signal-to-noise ratio and enabling rapid acquisition of thousands of spectra over large sample areas with high peak precision (Baker et al., 2014). Additionally, SR-FTIR combines the high spatial resolution required to reach diffraction limits with excellent spectral detail, linking specific chemical groups to their vibrational peaks in IR spectra—thus aiding in the study of chemical properties in biological molecules and complexes.
Mid-infrared (IR) spectroscopy offers high sensitivity for analyzing the structure and conformation of proteins, lipids status, and nucleic acids, as well as complex biological substances like body fluids, cell cultures and tissues, often used in biomarker research (reviewed in (Dumas, 2020; Malek and Bambery, 2014; Finlayson et al., 2019)). Infrared spectroscopy is a crucial tool in “functional biology,” revealing extensive information from FTIR spectra, such as protein secondary structures through Amide I (1,600–1,700 cm−1) and Amide II (1,500–1,060 cm−1) bands, which reflect peptide backbone vibrations. These bands are sensitive to structural differences in proteins, such as α-helices, β-sheets, turns, and random coils, as influenced by hydrogen bonding environments. Beyond conformational analysis of proteins, FTIR provides detailed biochemical insights into samples, with prominent absorption patterns from lipids (2,800–3,020 cm−1), carbonyl (C=O) groups in lipids and proteins (1,480–1,780 cm−1), and nucleic acids (900–1,480 cm−1), which involve PO2− stretching vibrations.
FTIR spectroscopy has broad applications beyond biological research and diagnostics, including material science, extreme environmental studies, archaeology, and planetary sciences. It is also pivotal in forensic science, as the biochemical makeup of fingerprints provides essential evidence. As a non-destructive technique sensitive to biomolecular conformational changes, FTIR microspectroscopy has been used to study mouse and rat healthy or injured brain tissue and there is still a limited number of studies using human brain tissue that confirm the capacity of this technology to be used as a potential diagnostic tool for disease mainly focused in brain tumors (Boseley et al., 2024; Liao et al., 2013; Steiner et al., 2023). However, one limitation in advancing neuroscience research lies, on one hand, in the relative difficulty of accessing human neural tissue samples, especially from pathologies where surgical interventions are highly unlikely, and on the other, in the challenge of tracking early stages of diseases or understanding the developmental characteristics of the nervous system itself. To address this issue, differentiated cell models derived from induced pluripotent stem cells provide a valuable alternative to animal models, allowing for the study of unique human-specific traits. The application of FTIR microspectroscopy in studying cell models derived from pluripotent cells remains limited and has largely focused on homotypic differentiations in 2D cultures (Ami et al., 2008; Heraud et al., 2010; Cao et al., 2014). Expanding its use to more complex systems, such as 3D cultures or in vivo models, could provide deeper insights into cellular differentiation and the dynamic biochemical changes that occur during development. While few research has explored its use in analyzing 3D structures, this has mainly focused on tumor organoids (Sun et al., 2024; Shao et al., 2024), with little information available regarding its use in understanding complex 3D multicellular differentiation. Such studies will not only enhance our understanding of the molecular features of this intricate process but also help identify potential abnormalities associated with these tissues.
In this study, we utilized both spontaneous and directed 3D differentiation of iPS cells: spontaneous differentiation to generate embryoid bodies (EBs) containing cell derivatives from the three germ layers, and directed differentiation formed neural spheroids with characteristic glial and neuronal profiles. We applied SR-FTIR technology to analyze cellular identity in terms of the composition and conformation of key/fundamental biomolecules, providing a holistic perspective that complements specific cell-type markers. Our findings reveal that 3D organoids exhibit notable differences in their biomolecular profiles, and conformational changes reflect a distinct macromolecular identity, including unique characteristics in DNA backbone structure, phospholipid abundance, lipid unsaturation levels, and predominant protein structures.
2 METHODS
2.1 Cell culture and 3D spheres generation
We used previously generated iPS cell lines from female donors (3 cell lines) with clearances from the bioethical committee and Review Board of the Spanish National Research Ethics Service (#PR-03-2018). They were cultured in hES medium on mitomycin-C-treated mouse fibroblasts as previously described (Gonzalez-Munoz et al., 2014; Lopez-Caraballo et al., 2020a; Lopez-Caraballo et al., 2020b). For 3D neural spheroid (NS) generation we used already published protocol (Marton et al., 2019) with some modifications. iPSCs were dissociated and plated in low-attachment 96-well U-bottom plates in mTeSR1 medium with ROCK inhibitor Y-27632. Spheroids were differentiated into neuroectodermal lineage using SMAD inhibitors (and maintained in differentiation medium supplemented with growth factors (EGF, bFGF) and SHH agonist. From day 25, NS were cultured with T3, biotin and neurotrophic factors (NT-3, BDNF), to promote maturation. For embryoid body (EB) formation, iPSCs were aggregated in AggreWell-800™ and cultured in hES medium without bFGF as previously described (Gonzalez-Munoz et al., 2014; Lopez-Caraballo et al., 2020a).
At day 40, three dimensional NS and EB were either used for RNA isolation or fixed using 4% paraformaldehyde incubation for 20 min at 25°C. Data correspond to the average of 3 independent differentiation experiments done in triplicate (EB) or quadruplicate (NS) from three different iPSC clones (n = 9 for EB and n = 12 for NS).
2.2 Immunofluorescence
NS and EB were fixed in 4% paraformaldehyde, cryoprotected in 30% sucrose, and embedded in OCT compound. Cryosections were blocked and incubated with primary and secondary antibodies, counterstained with Hoechst 33258, and imaged using a Leica SP5 II confocal system. Fluorescence intensity was quantified using Fiji software (Shihan et al., 2021; Schindelin et al., 2012).
2.3 Quantitative PCR
RNA was isolated using the NucleoSpin RNA Mini kit, and cDNA was synthesized using SuperScript II SuperMix. qPCR was performed with SYBR Green on a CFX96 Real-Time System, using actin, gapdh, and tbp as reference genes (Supplementary Table S4).
2.4 SR-FTIR measurements and analysis
Samples were analyzed at the MIRAS beamline (ALBA Synchrotron) using a Hyperion 3,000 microscope. Spectra were collected in transmission mode (10 μm × 10 µm aperture) across the 4,000–900 cm−1 range. Principal component analysis (PCA) was performed using Orange software (Demšar et al., 2013; Toplak et al., 2017; Toplak et al., 2021).
3 RESULTS
3.1 Three-dimensional organoids derived from the spontaneous and directed differentiation of induced pluripotent stem cells (iPSCs) exhibit characteristic molecular markers of specific trilineage and neural differentiation
Embryoid bodies (EBs) were generated as 3D trilineage differentiation organoids by allowing iPSCs to spontaneously differentiate in suspension cultures without growth factors, promoting simultaneous and spontaneous differentiation into cell types representing the three germ layers: endoderm, mesoderm, and ectoderm. Neural spheroids (NS) were produced through a modified protocol (Marton et al., 2019) that included inhibiting the SHH signaling pathway after neuronal induction. This approach activates oligodendrogenesis, generating therefore the three main neural cell types of the central nervous system—neurons, astrocytes, and oligodendrocytes—that co-develop both spatially and temporally, mirroring endogenous cellular diversity.
After 6 weeks, RNA from NS and EBs was extracted for quantitative PCR analysis targeting cell-type markers: AFP and GATA4 for endoderm, BRACHYURY and RUNX1 for mesoderm, and for ectoderm and neural differentiation, NCAM for neurons, GFAP for astrocytes, and OLIG1 and OLIG2 for oligodendrocytes (Figure 1A). Additionally, NS and EBs were fixed, cryosectioned, and immunostained to detect proteins associated with specific cell identities, including MYF5 for mesoderm, GATA4 and AFP for endoderm, NG2 and OLIG2 for oligodendrocyte progenitors, MBP for oligodendrocytes, GFAP for astrocytes, and MAP2, DCX, TUJ1, NESTIN, and MECP2 for neuronal progenitors and early neurons (Figure 1B).
[image: Panel A shows a bar graph comparing expression fold change for specific genes in NS versus EB, with most genes upregulated in NS. Panel B displays a grid of immunofluorescence images showing cellular protein localization for different genes, each row representing a separate marker with multiple fluorescent channels. Panel C presents a bar graph comparing protein levels for various labeled proteins in NS and EB, with red bars (EB) generally higher for later markers.]FIGURE 1 | Cell marker characterization of NS and EB 3D organoids differentiated from human iPSC lines. (A) qRT-PCR data showing regulation of differentiation markers GATA4 and AFP (endoderm), BRACHYURY and RUNX1 (Mesoderm), and for ectoderm and neural differentiation, NCAM for neurons, GFAP for astrocytes, and OLIG1 and OLIG2 for oligodendrocytes at day 40 of either in vitro differentiation. Average folding change expression values ± STD (relative to spontaneous differentiated EB) are represented (logarithmic scale). (B) Representative immunofluorescence analysis image of markers of mesoderm (MYF5), GATA4 and AFP for endoderm, NG2 and OLIG2 for oligodendrocyte progenitors, MBP for oligodendrocytes, GFAP for astrocytes, and MAP2, DCX, TUJ1, NESTIN, and MECP2 for neuronal progenitors and early neurons (scale bar 100 µm). (C) Protein level quantification based on relative fluorescence intensity.
Quantitative PCR and immunofluorescence data, supported by fluorescence intensity quantification (Figure 1C), reveal significant differential marker expression aligned with trilineage identities in EBs and neural cell types in NS. These data confirm the reliability of the 3D model in accurately reflecting the distinctive co-differentiation processes.
3.2 SR-FTIR spectroscopy enables the identification of complex differentiated 3D structures based on characteristic biomolecular profiles that reflect their interconnected cellular identities
EBs and NS cryosections were analyzed using SR FTIR microspectroscopy, revealing primary absorption features of key biomolecules: proteins (Amide I and II: 1,480–1,700 cm−1), lipids (2,800–3,000 cm−1) carbonyl (C=O) groups, and nucleic acids and sugars that predominantly absorb between 1,000 and 1,500 cm−1 (Dumas, 2020) (Supplementary Figure S1). In Figure 2, the second-derivative spectra show the lipid region (A), Amides I and II and carboxyl group (B), and nucleic acids (C), highlighting distinctive spectral variations between EB and NS samples across all regions (Figures 2A–C), confirmed by PCA grouping of these sample types (Figures 2D–F; Supplementary Table S2).
[image: Composite scientific figure with three columns labeled Lipid, Protein/ester, and Nucleic Acid, each showing a series of plots and a heatmap. Top row shows spectral line graphs for NS (red) and EB (blue) groups. Second and third rows display principal component analysis scatter plots with distinct group separation. Subsequent rows include principal component loading plots and detailed heatmaps with hierarchical dendrograms above, depicting clustering patterns for both NS and EB groups. A color-coded key is included below the heatmaps.]FIGURE 2 | Second derivative of the FTIR averaged spectra of fixed neural spheroids (NS) (blue) and trilineage (EB) (red) differentiated iPSC in the (A) lipids’ spectral region of 3,020–2,800 cm−1, (B) proteins and carbonyl area, 1,800–1,480 cm−1, and (C) the nucleic acids region, 1,200–900 cm−1. Graphs in (D,F,H) represent the PCA analysis and values of the PC scores for each region assigned above; graphs (E,G,I) show the contribution of individual absorbance to the PCAs (loading values) of the specified principal components in blue and red. Black line and grey shadow represents the average and SD contribution of all principal components explaining 80% of the variance. (J–L) Hierarchical clustering (top dendrograms) and leveraged heatmaps (bottom matrices) of NS and EB organoids, based on the average FTIR absorption spectra of each biological replicate. Clustering was performed using Euclidean distances calculated across three distinct spectral regions: lipid-associated bands (J), protein and carbonyl-associated bands (K), and nucleic acid-associated bands (L). In the heatmaps, warmer colors indicate greater similarity (lower distance) between replicates, while cooler colors indicate greater dissimilarity. This visualization allows grouping of biologically related samples based on their biochemical spectral profiles. The color-coded table indicates the identity and grouping of the biological replicates. Data represent independent differentiation experiments performed in triplicate for EBs and quadruplicate for NSs, derived from three different iPSC clones (n = 9 for EB and n = 12 for NS).
In the lipid region, the differences are evident in bands at ∼2,850, ∼2,874, ∼2,925, and ∼2,960 cm−1, corresponding to v sCH2, v sCH3, v asCH2 and vasCH3 respectively (Loutherback et al., 2016), along with the ∼3,010 cm−1 peak (v(H−C = ), indicating fatty acid unsaturation (Figure 2A; Supplementary Table S1). The PCA analysis further substantiates these distinctions, as these bands significantly contribute to the separation of the EB and NS groups (Figures 2D,G; Supplementary Table S2). For the protein/ester region, variations primarily involve the Amide I and II band positions (Figure 2B; Supplementary Table S1), where PCA loadings indicate shifts in secondary protein structures, notably around ∼1,620, ∼1,650, and ∼1,680 cm−1, representing intramolecular β-sheet, α-helix, and turn and loops structures, respectively, alongside the ∼1,740 cm−1 carbonyl peak from phospholipid acyl chains or carbonylated proteins (Loutherback et al., 2016) (Figures 2E,H; Supplementary Table S2). Within Amide II, differences emerge at ∼1,545 to 1,555 cm−1 for α-helix and random coil structures (Malek and Bambery, 2014; Dučić et al., 2022) and at intramolecular β-sheet structure peak near ∼1,570 cm−1 (Figure 2B; Supplementary Table S2).
In the nucleic acid and carbohydrate absorbtion region (1,200–900 cm−1), multiple bands show differences (Figure 2C; Supplementary Table S1). PCA indicates distinct vibrational band contributions at ∼975, ∼1,027, ∼1,060 cm−1, corresponding to DNA, Z-form DNA, with the latter particularly enhanced in Z-form DNA (Zhang et al., 2016). Shifts at ∼1,110–1,115 cm−1 and ∼1,130–1,135 cm−1 relate to DNA methylation (Li et al., 2018) and RNA (Gioacchini et al., 2014), respectively (Figures 2F,I; Supplementary Table S2), suggesting notable DNA reorganization and epigenetic variation based on organoid type (Knaupp et al., 2017; Li et al., 2021).
Euclidean distances were calculated for each spectral region’s averages to create a hierarchical clustering of the different samples (Figures 2J–L), that derived from distinct experimental replicates from three different iPSCs to ensure robustness and reproducibility of the results. We found differential segregation of samples within each spectral region according to their differentiation group, confirming that the molecular configuration profile based on their spectral features varies and is therefore definitive of cellular identity within the organoids.
These differences were supported by the analysis of the integral area of the specific peaks, indicative of abundance of specific biomolecule and conformation (shown in Figure 3; Supplementary Table S2). For DNA backbone conformation, peak areas around ∼990 and ∼1,060 cm−1, associated with DNA-backbone and Z-form DNA that has been associated with histone acetylation and epigenetic modifications (Zhang et al., 2016; Gioacchini et al., 2014; Beknazarov et al., 2020), were statistically higher in the NS group, while ∼1,150 and ∼1,250 cm−1 peaks, indicative of different C-O bound carbohydrates (glycogen) (Malek and Bambery, 2014; Heraud et al., 2010) content and RNA/DNA structures respectively (Martinez-Rovira et al., 2020), were more prominent in EB organoids. Although most molecular events during cell specification have traditionally been studied in the context of specific transcriptional regulator activity, the epigenetic roles associated with nucleic acid conformational changes and molecular bonding remain underexplored. Z-DNA has gained attention for its potential role in transcriptional regulation; it is thought to form in the promoter region within open chromatin, induced by chromatin remodeling factors, and to stabilize this open structure through binding with proteins such as ADAR1 or Nrf2, thereby facilitating downstream transcriptional events (Liu et al., 2001; Maruyama et al., 2013). The distinct DNA conformations observed between EB and NS organoids suggest a potential relationship between these conformational changes and the involvement of specific proteins, either as causative factors or as a consequence of these changes. This includes the possible roles of histone acetyltransferases and Z-DNA binding proteins, such as mentioned ADAR1, Nrf2, or DLM-1 (Kim et al., 2018) for cell fate decisions. While the identification of Z-DNA is based on previously reported vibrational signatures in the ∼1,060 cm−1 region, we acknowledge that this remains a putative spectral assignment. Nonetheless, experimental studies using isotopically labeled oligonucleotides and induced B-to-Z transitions have provided direct evidence linking these IR bands to the Z-DNA conformation (Banyay et al., 2003; Duan et al., 2023). In vivo formation of Z-DNA under histone acetilation conditions (Zhang et al., 2016) or after histone remodeling complex overexpression (Li et al., 2020), further supports its functional relevance. However, complementary structural approaches such as NMR or crystallography would be required to definitively confirm its presence in our system.
[image: Violin plots arranged in a two-column grid compare eight biochemical or biophysical properties between two groups labeled NS (blue) and EB (red), with statistical significance indicated by asterisks above each plot. Each panel includes a y-axis label denoting the specific measurement, such as protein and phospholipid signatures or specific spectral peaks, and the x-axis divides samples into NS and EB. Data show clear group differences in shape and distribution across all panels.]FIGURE 3 | Violin plots showing the normalized mean integral area values of second derivative average spectra of NS and EB organoids at selected spectral regions: (A) ∼1,060 cm-1 assigned to strongly enhanced Z-form DNA (B) ∼1,250 cm-1 assigned to (νasPO2−) related to DNA backbone conformation (C) ∼1,650 cm-1 assigned to α-helix protein conformation, (D) ∼1,635 cm-1 related to β-sheet protein conformation, (E) ∼1,150 cm-1 corresponding to −CO− stretching related to glycogen, (F) ∼1,740 cm-1 assigned to the ester carbonyl groups (vC = O) related to phospholipids, (G) (∼2,850 + 2,920 cm−1) sum of asymmetric and symmetric CH2 picks area related to the total amount of lipid present in the cells, (H) ∼3,010 cm-1 assigned to unsaturated fatty acids. Values were calculated from unit vector-normalized spectra following baseline correction and second derivative transformation. Integration was performed using the “integral from 0” method within Orange Spectroscopy software (ANOVA test ***p < 0.005). The y-axis represents unitless integral area values, enabling relative comparisons across groups. These measurements reflect the abundance of specific molecular features between NS and EB populations.
Additionally, the ∼1,070 cm−1 peak area, representing −CO−O−C stretching in cholesterol esters and phospholipids, was elevated in EBs versus NS (Supplementary Figure S1G).
In the protein region, significant differences were found in Amide I and II integral areas (Supplementary Table S2), indicating changes in protein quantity, structure, or function. Protein conformation variations were also observed in peak areas near ∼1,650 cm−1, ∼1,645 cm−1, and ∼1,635 cm−1, attributed to α-helix, random coil, and β-sheet structures, respectively (Pezolet et al., 1992; Wellner et al., 1996; Sarroukh et al., 2011; Bhatia et al., 2015; SAJ and Joye, 2020) (Figures 3C,D; Supplementary Table S2). Notably, NS samples exhibited a higher presence of α-helix structures, while EBs had more β-sheet structures. The β-sheet/α-helix ratio is linked to proteins’ responses to mechanical stimuli (Rustem et al., 2012), presenting a potential avenue for examining the connection between mechanical influences, recently described as regulators of morphogenetic events (Goodwin and Nelson, 2021), and the underlying molecular mechanisms that involve changes in the composition and conformation of biomolecules involved in this regulation.
Although part of this difference likely reflects the distinct proteomic profiles of each organoid type, as also indicated by marker expression patterns (Figures 1A,C), it may also result from conformational shifts driven by mechanobiological context. Mechanical forces are known to regulate protein folding and aggregation states, often without altering gene expression, by influencing the energy landscape of protein structure (Discher et al., 2009; Vining and Mooney, 2017). Thus, the β-sheet/α-helix ratio observed here may represent an integrated biochemical signature of both protein composition and mechanotransductive regulation, reinforcing the value of SR-FTIR in capturing subtle, functionally relevant structural properties in differentiating cells.
In the lipid region, a significant increase in methylene groups (both v sCH2 and v asCH2) was observed during trilineage development compared to neural differentiation (Figures 3G,H; Supplementary Table S2). This increase suggests longer acyl chains, impacting membrane rigidity, and an overall rise in lipid content (Malek and Bambery, 2014) within these cells as confirmed by the higher cumulative methylene and methyl peak areas in EBs (Supplementary Table S2). Additionally, the significant increase in the ∼3,010 cm−1 peak area (Figures 3G,H; Supplementary Table S2) —associated with fatty acid unsaturation—in NS, alongside the elevated symmetric/asymmetric methylene stretching ratio (vsCH2/vasCH2) in EBs (linked to membrane rigidity) (Sandt et al., 2013), aligns with the observation of greater membrane lipid fluidity during neural differentiation compared to trilineage differentiation.
Meanwhile, other lipid structural features, such as the abundance of ester carbonyl group stretching vibrations (v C=O), associated with membrane permeability, and the ratio of this peak to the sum of methylene and methyl band areas (v CH2 and v CH3), which has been correlated with lipid peroxidation (Dučić et al., 2019; Mendelsohn et al., 2006; Kreuzer et al., 2020), remain similar across both trilineage and neural differentiation. These findings indicate that lipid composition and structural variations are not generalized but rather specifically targeted to certain aspects, such as membrane fluidity. These distinctions suggest that particular structural and functional adaptations in lipid membranes may underpin mechanisms or functional outcomes tied to the complex multicellular differentiation processes.
4 DISCUSSION
Growing evidence implicates metabolic pathways as central regulators of cell fate and function, suggesting that these pathways not only supply energy for cellular activities but also shape and define cellular identity (Ghosh-Choudhary et al., 2020), influencing the epigenetic regulation of gene expression (Tatapudy et al., 2017). For instance, nicotinamide N-methyltransferase (NNMT) is a key enzyme in metabolic regulation, essential for establishing and maintaining the histone H3 repressive mark (H3K27me3) during pluripotency (Sperber et al., 2015). NNMT is particularly abundant in adipose tissue and the liver, where its expression impacts lipid accumulation during cell differentiation processes (Komatsu et al., 2018; Xu et al., 2022), highlighting the interconnection between cell identity and biomolecular composition. In the context of neural stem cells, glucose and lipid metabolism play critical roles in processes such as proliferation, differentiation, and quiescence, with several studies emphasizing the importance of lipid accumulation in human neurogenesis (reviewed in (Angelopoulos et al., 2022)). Our data add a new perspective to this connection, highlighting the qualitative profile of these macromolecules as part of a coordinated process during multicellular co-differentiation, suggesting their active role in this process.
Our data provide highly relevant insights into early cellular development and specification, shedding light on the critical role that biomolecular composition and conformation play in determining cellular identity. The cellular macromolecular profile can be detected not only in homogeneous cell populations (Ami et al., 2008; Heraud et al., 2010; Cao et al., 2014; Dučić et al., 2019; Sandt et al., 2012; Dučić et al., 2023), but even in extremely complex cellular environments like those used here, which involve the simultaneous and cooperative emergence of various cell types. These findings suggest that differentiation and specification extend beyond a complex gene expression regulatory network; they are closely linked to the biomolecular composition and structure of cells during differentiation, which is therefore tightly related to cellular identity. While our data do not clarify the direction of causality between molecular configuration and gene expression profiles, they certainly establish a connection and add a new layer of complexity to cellular identity, simultaneously providing a novel tool for its definition. Furthermore, they allow for compelling hypotheses in which molecular composition and configuration underlie the intercellular regulation occurring during multicellular differentiation.
Differential specification regulation in interacting cells remains a key topic in human developmental biology. Most approaches have focused on the role of morphogens and transcriptional regulation via ligands and receptors, progressively contributing to the transcriptional restriction that leads to cellular identity. Recently, however, attention has shifted to how mechanical forces shape developing tissues and to the physical mechanisms of morphogenesis, leveraging biophysical measurements (Goodwin and Nelson, 2021; Mammoto et al., 2013). Developing tissues are subject to both intrinsic mechanical signals from active forces and changes in tissue mechanical properties, as well as extrinsic mechanical signals, such as constraint, compression, pressure, and shear forces.
It is essential to highlight that mechanical forces also impact another key developmental aspect—cellular differentiation. Physical forces can activate intracellular signaling cascades or modify nuclear envelope mechanics, influencing the activation or nuclear localization of mechanosensitive transcription factors, which then lead to downstream changes in gene expression, altering cell behavior and fate (Vining and Mooney, 2017; Hampoelz and Lecuit, 2011; Kumar et al., 2017). Such nuclear-level changes could indirectly impact tissue material properties, ultimately resulting in morphological changes.
While the study provides robust evidence of group-specific spectral differences supported by multivariate analyses, it is important to acknowledge certain limitations. The number of biological replicates per group is modest and may limit the generalizability of the findings. Although each replicate was independently generated and analyzed, increasing the sample size in future studies would enhance statistical power and capture broader biological variability. Additionally, our conclusions are based on exploratory, unsupervised methods (e.g., hierarchical clustering and PCA) rather than predictive modeling. While this avoids risks of overfitting, it also limits the formal assessment of classification accuracy. Future work may benefit from combining larger replicate numbers with supervised approaches to validate and extend the current findings.
Furthermore, all cell lines used in this study were derived from female donors. Although no consistent sex-dependent effects have been reported in spontaneous or directed neural differentiation under standard culture conditions, subtle sex-linked variability in gene regulation, chromatin structure, has been described (Sugathan and Waxman, 2013; Ober et al., 2008). Importantly, recent studies have shown both no significant sex-related differences in early neural induction from human pluripotent stem cells (Strano et al., 2020) or limited effect on the expression of specific genes (Pottmeier et al., 2024), indicating minimal impact on the results presented here. Nonetheless, including cell lines from both sexes in future studies would strengthen the translational robustness of spectral phenotyping approaches.
Finally, although SR-FTIR spectroscopy provides spatial resolution in the range of ∼3–10 μm, enabling single-cell level analysis (Dučić et al., 2022; Dučić et al., 2023; Andjus et al., 2019; Pascolo et al., 2014; Hackett et al., 2013; Doherty et al., 2016) this resolution is approximate and may integrate signals from adjacent cells in densely packed 3D structures such as organoids or embryoid bodies. Furthermore, the use of spectral averaging across many cells, while improving the signal-to-noise ratio, may mask the presence of rare subpopulations or transitional states. Although consistent spectral segregation between groups was observed, a more detailed exploration of cellular heterogeneity would benefit from increasing sampling density or combining SR-FTIR with higher-resolution or complementary single-cell techniques (Heraud et al., 2010; Wang et al., 2021).
Our approach employs a human model based on pluripotent stem cells 3D differentiation, proving to be extremely valuable for studying specific developmental characteristics of the nervous system, often not replicated in animal models (Walsh et al., 2024; Li et al., 2023). This model also enables simultaneous and comparative analysis of different experimentally controlled differentiation patterns.
Our findings indicate that biomolecular composition and configuration are also crucial factors during early developmental stages—an aspect that remains largely unexplored. Further studies are needed to establish causal relationships between genetic developmental patterns, the influence of mechanical forces, and molecular composition and structure. While the first two are beginning to be elucidated (Vining and Mooney, 2017; Hampoelz and Lecuit, 2011; Kumar et al., 2017), the role of molecular composition and conformation in this process remains uncharted. This study, therefore, serves as evidence of its significant role in human development.
5 CONCLUSION
This research underscores the value of SR-FTIR microspectroscopy for high-resolution biomolecular profiling in trilineage and neural hPSC-derived organoids, providing insights into cellular identity in 3D differentiation. The distinct biochemical and structural profiles observed among organoids reveal that cellular identity extends beyond traditional gene expression markers, implicating specific biomolecular composition and conformation besides mechanical forces in cell fate decisions. The study highlights SR-FTIR as a promising tool for investigating human developmental biology and understanding potential disease mechanisms that arise from differential and potentially aberrant cellular differentiation.
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Postoperative cognitive dysfunction is a common central nervous system complication after general anesthesia in the elderly, and when it occurs, it will seriously affect the patient’s postoperative recovery and quality of life, which puts elderly postoperative general anesthesia patients at an extremely uncertain risk of postoperative psychiatric disorders or even death. It is currently believed that neuronal damage and inflammatory response due to cerebral ischemia/reperfusion injury induced by transient or repeated global cerebral ischemia during surgery are the key mechanisms for the development of postoperative cognitive dysfunction. Therefore, repairing postoperative neuronal damage and reducing neuroinflammatory responses may be an effective means of early intervention for postoperative cognitive dysfunction. Extracellular vesicles, a therapeutic tool with clear advantages in regenerative medicine, have been suggested as potential nanopathways to modulate postoperative cognitive dysfunction due to their pro-regenerative, pro-repair, and influence on immune responses. In this paper, we will summarize studies related to extracellular vesicles in the treatment of postoperative cognitive dysfunction and discuss the potential function of extracellular vesicles in nerve repair and inhibition of acute neurological inflammation, which will expand the therapeutic strategies for postoperative cognitive dysfunction and may represent the development of novel cell-free therapeutic pathways for modulating postoperative cognitive dysfunction.
Keywords: postoperative cognitive dysfunction, extracellular vesicle, nano-targeted therapy, neuroinflammation, neurorestoration, cell-free therapeutic pathway

INTRODUCTION
Postoperative cognitive dysfunction (POCD) is a common complication of general anesthesia surgery, manifesting as agitation, confusion, and loss of learning and memory abilities, with memory loss being the most prominent feature (Liu et al., 2023). This condition can persist for months or even years, and untimely and inappropriate interventions may lead to dementia or even risk of death, which severely hampers postoperative recovery in elderly patients and makes the perioperative period extremely precarious for elderly patients undergoing general anesthesia surgical procedures. The occurrence of POCD is associated with a variety of factors, including age, education, preoperative complications, type of anesthesia, degree of surgical trauma, type of surgery, and postoperative Pain (Oriby et al., 2023; Ding et al., 2021). Large-scale clinical studies have shown that POCD occurs in about 30% of cases at 7 days postoperatively and in about 10% of cases at 3 months postoperatively (Yang et al., 2022). In terms of type of surgery, patients undergoing cardiovascular and orthopedic surgeries had the highest prevalence of postoperative cognitive deficits, at about 40% (Progress of research in postoperative cognitive dysfunction in cardiac surgery patients: a review article), while non-cardiovascular surgeries accounted for about 23.8% (Silva et al., 2021). POCD can seriously affect patients’ quality of life and increase the difficulty and burden of care, while soaring hospitalization costs as well as increased risk of mortality and dementia contribute to the adverse consequences of POCD. Therefore, early detection, diagnosis and intervention of POCD will effectively improve the quality of life of elderly surgical patients. However, the mechanism of POCD is unclear, and uniform clinical criteria for diagnosing POCD are still lacking. Therefore, it is imperative to find reliable and convenient clinical biomarkers. Currently, it is believed that the pathogenesis of POCD mainly focuses on the dysregulation of neuronal damage, neuroinflammation, oxidative stress, impairment of synaptic structural plasticity, and lack of neurotrophic support (Zhao et al., 2024; Lin et al., 2020). The most researched and considered major factors are neuronal damage and neuroinflammation, which are in fact considered to be the end result of other factors that ultimately trigger the onset and progression of POCD (Lin et al., 2020).
With the development of nanoscience and technology, extremely microscopic biomaterials are considered to be helpful in solving neurodegenerative disorders. With the regenerative repair, immune interference, and its unique cell affinity, targeting, and nano-delivery platform effects of extracellular vesicles, extracellular vesicles have been recognized as potential nanobio-pathways that can prevent and treat related neurological disorders (e.g., Alzheimer’s disease, Parkinson’s disease). For example, extracellular vesicles deliver therapeutic genetic material, such as miRNAs and proteins, which can exert neuroprotective effects and reduce cognitive impairment. As mediators of intercellular communication, extracellular vesicles are implicated in amyloid degradation, brain clearance, and intercellular diffusion of tau, and neuronal damage can be repaired by improving neuronal apoptosis through specific modifications of extracellular vesicles. The stem cell-derived extracellular vesicles also showed a strong regeneration-promoting function in brain injury due to their regenerative repair function (Hu et al., 2020). As far as neuroinflammation is concerned, extracellular vesicles in postoperative patients can act as a proactive mediator of postoperative cognitive dysfunction, and interfering with the development of these extracellular vesicles can help to impede and ameliorate COPD, e.g., treatment with GW4869 (an extracellular vesicle blocking agent) can be effective in preserving postoperative cognitive function by inhibiting the release of extracellular vesicles. In addition, extracellular vesicles from a variety of cellular sources also exhibit significant immunosuppressive functions, e.g., extracellular vesicles from mesenchymal stem cells reduce neuroinflammation (Cabrera-Pastor, 2024). Thus, extracellular vesicles may be a potential new modality for the prevention and treatment of postoperative cognitive dysfunction. Synthesizing the current studies and proposing the potential mechanism of extracellular vesicles for the treatment of POCD and preoperative medication pathway will greatly expand the prevention and treatment strategies for postoperative cognitive function.
POSTOPERATIVE COGNITIVE DYSFUNCTION
In November 2018, the first international definition of perioperative neurocognitive disorder (PND) was proposed (Evered et al., 2018). Traditionally POCD, postoperative delirium, and preexisting cognitive impairment have all been defined as PND, while also emphasizing that cognitive deficits are associated with the entire perioperative period (Kong et al., 2022). With the rapid development of medical technology, the proportion of elderly patients undergoing surgery continues to rise, and the incidence of POCD has gradually increased, POCD has become a research hotspot in perioperative medicine (Liu and Leung, 2000). Studies have found that the overall incidence of POCD in older postoperative patients is approximately 25.8% within 1 week, and approximately 30%–60% of POCD occurs with delirium or cognitive dysfunction within 1 week of cardiovascular surgery. Previously, it was thought that all forms of cognitive impairment after anesthesia could be referred to as POCD, including POD, but more recently it has been argued that POCD is different from POD because POD is accompanied by altered consciousness, whereas POCD is not (H et al., 2017). Perioperative neurocognitive disorders in humans can lead to significant complications in the lives of patients, and patients with POCD will experience disturbances in consciousness, cognition, orientation, thinking, memory, or sleep, as well as social impairments after anesthesia and surgery. Patients with POCD often exhibit anxiety, confusion, and a loss of learning and memory abilities. This may increase the risk of developing different brain dysfunctions, including Alzheimer’s disease, long-term cognitive decline, and dementia, making POCD a highly worrisome condition, especially in the elderly population (Needham et al., 2017; Berger et al., 2019; Fong et al., 2021). Postoperative cognitive dysfunction can be triggered and exacerbated by a variety of factors, and the occurrence of postoperative cognitive dysfunction will seriously reduce postoperative recovery and lead to unavoidable medical disputes, but the relevant treatment methods are still very limited, and it is still necessary to find rapid and effective methods to prevent and control postoperative cognitive dysfunction, however, all the preventive and curative measures should be based on the premise that the etiology of the disease is clearly defined and the mechanism of the disease is clearly defined.
Etiology and mechanisms
Factors closely associated with POCD include perioperative factors such as age at surgery, preoperative education, basal status, duration of surgery, type of surgery, type of anesthesia, and intraoperative hemodynamic changes, as well as postoperative factors such as infections, pain, and sleep disorders (Le et al., 2014; Monk et al., 2008) (Table 1). Of these, advanced age was identified as the only risk factor for long-term POCD (>3 months postoperatively) (Le et al., 2014; Monk et al., 2008; Moller et al., 1998). Although surgery is effective in treating a wide range of diseases, it can also lead to postoperative cognitive deficits, which may be associated with intraoperative and postoperative neuroinflammation induced by a variety of factors, neuronal injury, microecological dysregulation, defective autophagy in neuronal cells, and immune dysregulation (Huang et al., 2025). Different types of surgeries may also have an effect; older patients undergoing orthopedic and cardiovascular surgeries are more likely to develop POCD, possibly because such surgeries are more likely to cause widespread inflammation and neurologic changes (Wei et al., 2017; Hovens et al., 2016). Studies have found that POCD frequently occurs after coronary artery bypass grafting (CABG), and that the incidence of early cognitive dysfunction after CABG is high, at about 30%–60% (Boodhwani et al., 2006; Liu et al., 2009; Bishawi et al., 2018). For example, it has been found that transient or repeated cerebral ischemia during surgery can induce cerebral ischemia/reperfusion injury which in turn leads to neuronal damage and neuroinflammation, which is considered to be the key pathogenesis of POCD (van Harten et al., 2012; Lu et al., 2022). And massive intraoperative blood loss can lead to circulatory fluctuations and insufficient blood supply to the brain, which can affect oxygen supply, brain cell metabolism, and postoperative cognitive function (Zhang et al., 2019). For postoperative factors, postoperative pain and sleep disturbances are thought to be associated with the development of POCD, e.g., effective analgesia and adequate sleep may reduce the incidence of POCD (Wang et al., 2014). Although the mechanism is still unclear, it may involve the body’s stress response due to pain to trigger an anxious and depressed state, and the sleep state can effectively promote the removal of metabolic waste. In addition, maintaining a positive preoperative state of mind may also help reduce postoperative delirium (POD) and promote postoperative cognitive improvement (Hudetz et al., 2010). It is evident that POCD is not only related to neurological disorders but also to psychiatric disorders. However, the relationship between anesthetic drugs and depth of anesthesia and the incidence of POCD is still controversial (Hou et al., 2018; Lu et al., 2018; Farag et al., 2006). Indeed, the etiology of POCD varies depending on the purpose of the study, which depends on the population included, assessment criteria, interventions, type of surgery and other factors. For example, studies have found that the fewer years of education and knowledge base a patient has, the higher the incidence of POCD, but this still needs to take into account geographic and gender differences (Scott et al., 2017).
TABLE 1 | Risks of POCD and interventions.
[image: Table listing surgery types, risk factors, interventions, and references. Examples include gastrointestinal surgery with advanced age addressed by cognitive training, and cesarean section with surgical stress managed by stellate ganglion block.]Sleep disorders are thought to be an important contributor to POCD, with chronic reductions in sleep duration or complete lack of sleep leading to cognitive deficits. For example, maintaining sleep duration at 4–6 h per night can lead to neurobehavioral deficits during waking hours. In contrast, patients’ reduced daytime strength, functional limitations, and emotional vulnerability after surgery will negatively affect postoperative cognitive recovery (Xie et al., 2013). In fact, postoperative cognitive dysfunction (POCD) and AD have similar pathogenesis (Hu et al., 2010).
During sleep, the interstitial volume of the cerebral cortex can increase by up to 60%, resulting in increased convection of ISF and CSF, which is effective in clearing Aβ. Pathological tau accumulation is more strongly associated with cognitive decline than Aβ, and sleep disorders can lead to hyperphosphorylation and aggregation of tau proteins, which in turn can lead to the formation of neural protofibrillar tangles, neurinflammatory plaques, and other structures (Brier et al., 2016). Sleep disturbances are also associated with hemodynamic instability and changes in pulmonary ventilation, which increase the incidence of postoperative fatigue, anxiety, depression, and pain sensitivity and thus decrease the rate of recovery from postoperative cognitive deficits, which leads to prolonged hospital stays. Postoperative pain can also severely affect postoperative cognitive recovery. Postoperative pain is a complex series of pathophysiological responses to surgical trauma involving cellular inflammation, nerve damage, and synaptic remodeling, which are closely related to the development of postoperative cognitive dysfunction. The hippocampus plays a key role in regulating emotion, learning and memory formation during cognitive processes, and postoperative pain significantly induces cellular stress and inflammatory responses and induces the release of inflammatory cytokines in the hippocampus, which in turn impairs hippocampal function (Chen et al., 2020; Conner et al., 2009). In addition, the toxicity of anesthetic drugs has been linked to postoperative cognitive dysfunction, and new evidence from experimental models in humans and rodents in vivo suggests neurobiological changes and lifelong cognitive deficits following exposure to anesthetic agents. Studies have shown that exposure to isoproterenol and sevoflurane causes cognitive deficits in mice (Lv et al., 2017). Anesthetics cause changes in the blood-brain barrier and cerebrovascular system by altering neuronal networks that may also contribute to long-term neurocognitive dysfunction in the brain. Since both intravenous and inhalational anesthetics currently in use produce anesthetic and sedative effects by binding to GABA receptors and/or N-methyl-D-aspartate receptors (NMDA, a subtype of glutamate receptors), due to these mechanisms of their use, all of these drugs may contribute to the development of neurocognitive deficits in the postoperative period (Orser and Wang, 2019).
Postoperative neuroinflammation, systemic immune activation, and oxidative stress in cells have been found to be key mechanisms in the development of postoperative cognitive dysfunction (Cibelli et al., 2010) (Figure 1). In terms of postoperative systemic inflammation, surgical trauma induces the release of proinflammatory cytokines and chemokines at the site of tissue injury, triggering a localized inflammatory response. These inflammatory mediators can activate peripheral immune cells and disrupt the tight junctions of the blood-brain barrier, and these peripheral immune cells (macrophages and monocytes) can then infiltrate the nervous system to and further contribute to the neuroinflammatory cascade. In the CNS, microglia play a critical role as immune cells, and their dysfunction can lead to neuroinflammation and negatively impact overall health. Microglia help reduce neuroinflammation by phagocytizing proteins such as Aβ, tau, and α-synuclein (Loh et al., 2024). Because central microglia are particularly sensitive to pathological injury and can respond immediately to infection, inflammation, and neurological injury, this inflammatory state can activate microglia to polarize toward inflammation (M1 phenotype) and lead to further release of proinflammatory cytokines and chemokines, thereby triggering a cascade of neuroinflammatory responses (Li et al., 2010). In contrast, microglia polarization responses have a huge impact on neuronal activity and synaptic plasticity in the hippocampus, ultimately affecting cognitive function. For example, a systematic evaluation of animal experiments has shown that microglia activation is associated with elevated levels of IL-1β, TNF-α, and Toll-like receptors (activated microglia release cytokines and chemokines, such as IL-1β, IL-6, and TNF-α), and may lead to delirium (Hoogland et al., 2015; Author Anonymous, 2024). Additional studies have also confirmed that the inflammatory response plays a key role in the onset and progression of POCD, and that activation of the systemic inflammatory cascade response will result in systemic cytokine dysregulation, which is thought to be an important factor in neurodegeneration and subsequent cognitive impairment in delirium (Momen-Heravi et al., 2014). This is because the elderly are often in a state of chronic low-grade inflammation and immunocompromise, which makes them more susceptible to the inflammatory effects of infection and trauma. When an elderly patient is subjected to major trauma (e.g., a serious injury or fracture), the systemic acute inflammatory response can be triggered rapidly and involves the release of cytokines and the aggregation of inflammatory cells, which is followed by a high likelihood of POCD after undergoing anesthesia and major surgery. POCD and major surgical procedures or anesthetic drugs can elicit a secondary inflammatory response that can exacerbate the severity of the inflammatory response. Such secondary inflammatory events can lead to immune dysregulation, disruption of cellular function, and negative effects on multiple systems, including an increased risk of POCD (Qin et al., 2024). In addition, this chronic inflammatory state can also lead to mild neuroinflammation characterized by upregulation of central proinflammatory cytokines and increased numbers of microglia (Li et al., 2022). In addition to aging itself, chronic diseases associated with aging, such as obesity, diabetes, cardiovascular disease, etc., can also lead to the body in a state of “chronic low-grade inflammation” (Kawai et al., 2021). In fact, mice that underwent major surgery after a one-time inflammation showed a further decline in physical activity that also led to more severe cognitive impairment.
[image: Infographic illustrating how perioperative factors such as gut bacteria, anesthesia, and surgical procedures lead to the release of DAMPs and EVs, activate circulating macrophages, increase blood-brain barrier permeability, and provoke microglial activation, ultimately resulting in central nervous system inflammation and nerve cell destruction associated with POCD.]FIGURE 1 | Perioperative factors contribute to POCD.
In addition to the inflammatory response, POCD has been found to be involved in a variety of pathological processes such as neuroinflammation, mitochondrial dysfunction, oxidative stress, blood-brain barrier damage, impaired neurotrophic support, and synaptic injury and has been well-studied. Evidence suggests that these associated molecular pathways may increase perioperative complications and mortality (Lin et al., 2020). However, at present, inflammatory response and nerve damage are considered to be the more recognized key mechanisms of postoperative POCD, and many therapeutic options are mainly based on this mechanism and have achieved some therapeutic effects, although the current therapeutic options are extremely limited. Therefore, summarizing and describing the potential new nanoscale solutions by inhibiting inflammation and repairing the most nerve damage will greatly expand the treatment options for postoperative POCD and may lead to new breakthroughs in nanotherapeutics.
Perioperative factors lead to the release of DaMPs from damaged cells that are recognized by the corresponding receptors in circulating macrophages. Binding to TLR and RAGE at the macrophage membrane triggers the NF-κB pathway in the cytoplasm. Degradation by phosphorylation and ubiquitination exposed the nuclear translocation site in NF-κB and induced nuclear translocation of NF-κB. In the nucleus, NF-κB regulates the expression of proinflammatory genes and promotes the cellular secretion of inflammatory factors (IL-1, IL-6, IL-8, and TNF-α). Pro-inflammatory factors disrupt the tight junctions of the blood-brain barrier after which inflammatory factors, danger signaling molecules, and peripheral immune cells enter the brain through the damaged blood-brain barrier to further activate microglia. At the same time, the damaged cells may also release specific extracellular vesicles that prompt peripheral immune cells (including circulating macrophages) to produce inflammatory factors or extracellular vesicles that can directly damage neuronal cells through the blood-brain barrier.
Status of treatment
POCD is a complication of the central nervous system characterized by intellectual disability, anxiety, personality changes, and impaired memory that manifests as neurocognitive deficits, affecting many elderly patients recovering from surgical procedures, where declines in memory, attention, and executive functioning can significantly affect quality of life and increase the risk of long-term cognitive impairment. Currently, the treatment of POCD relies on medication and rehabilitation such as acupuncture (Table1), focusing on reducing inflammatory responses and maintaining neurotransmitter balance, such as the narcotic drugs dexmedetomidine, etomidate, and ketamine; the anti-inflammatory drugs parecoxib and cyclooxygenase-2; and the antipsychotic drugs galantamine and sarcosine methyl, haloperidol, and so on (Wang et al., 2021). Acupuncture, on the other hand, is mainly for electro-acupuncture stimulation of acupoints to reduce the postoperative stress response thereby alleviating the degree of nerve damage (Ho et al., 2020). In contrast, non-pharmacological options such as preoperative and postoperative cognitive training are usually preferred for the treatment of POCD in the clinical context (Butz et al., 2022; Saleh et al., 2015). This is due to the fact that various medications are not developed for POCD, which can have numerous adverse effects on patients. For example, postoperative use of non-steroidal anti-inflammatory drugs for pain relief may lead to gastric bleeding and kidney damage and is not suitable for long-term use; anesthetic drugs are not suitable for patients with chronic diseases such as heart, lungs and brain, especially for the elderly. Although some clinical reports suggest that the use of lidocaine (a local anesthetic) or parecoxib (a nonsteroidal anti-inflammatory drug) may reduce the incidence of POCD (Ho et al., 2024). Even though certain medications, such as cholinesterase inhibitors, N-methyl-d-aspartate receptor antagonists, and antipsychotics, have been used in clinical practice to improve cognitive function, there are no specific medications approved by the U.S. Food and Drug Administration for the treatment of POCD (Gao et al., 2024). Therefore, there is a need to study and develop effective control programs to help patients regain cognitive function at different stages of the postoperative period. Although anti-inflammation, inhibition of microglia activation and improvement of cerebral microcirculation are potential coping strategies for POCD, neither pharmacologic nor non-pharmacologic approaches have achieved satisfactory clinical results (Lin et al., 2020). There is an urgent need to explore reliable detection and treatment methods, and the international community has called for systematic research on POCD.
EXTRACELLULAR VESICLES MODULATE POSTOPERATIVE COGNITIVE DYSFUNCTION
Modulation of neuroinflammatory responses
Inflammatory responses play a key role in the development and progression of a variety of human diseases, including autoimmune, neurodegenerative, and other inflammatory disorders, and have also been recognized as a major feature of several neurological disease-related pathological conditions, such as Alzheimer’s disease and postoperative cognitive dysfunction. Neuroinflammation has been identified as a key mechanism contributing to cognitive impairment, and a large body of clinical evidence highlights the significant impact of immune dysfunction on cognitive decline. Surgical activation of immune cells in the immune system (e.g., macrophages and neutrophils) infiltrates neural tissue through the disrupted blood-brain barrier and thus leads to neuroinflammation. Although the inflammatory response to tissue damage or destruction removes harmful substances and damaged tissue. However, excessive nervous system inflammation can lead to neurotoxicity and cell death. In turn, damaged neurons release Aβ to cause inflammation, thus initiating a vicious cycle of continuous Aβ release, similar to Alzheimer’s disease (Krstic and Knuesel, 2013). In addition, central inflammation affects neurotrophic factor levels, which disrupts synaptic plasticity and leads to decreased nerve regeneration. The resulting excessive inflammation in the brain can lead to postoperative cognitive decline (Solas et al., 2017). Extracellular vesicles are important carriers that mediate the transfer of active substances and genetic information between cells. It was found that the preoperative message carried by exosomes released by peripheral monocytes/macrophages has been altered in older patients who have experienced major illness or trauma (Qin et al., 2024). Another study reported that extracellular vesicles released by macrophages, when injected via jugular vein, aggregated more prominently in the brains of mice with the presence of central nervous system inflammation than in normal mice (Dong et al., 2021). In contrast, postoperative mice treated with GW4869 had cognitive function and blood-brain barrier function closer to those of normal mice, and significant reductions in the levels of inflammatory factors in the peripheral blood and central hippocampus of the mice. Furthermore, injection of macrophage-released exosomes into healthy mice induced inflammation, hippocampal damage, and cognitive deficits, which were significantly alleviated by treatment with GW4869 (Qin et al., 2024). Thus, extracellular vesicles are likely to be important mediators in mediating the postoperative peripheral immune response to induce central inflammation. Twenty-five EVs associated with M1-type microglia have been reported to modulate neuronal inflammation involved in cognitive impairment (Medders et al., 2010; Zhou et al., 2016). For example, EVs released from M1-microglia overexpressing IL-1R1 can promote POCD development by modulating neuronal inflammation. Another study reported that extracellular vesicles released by macrophages, when injected via jugular vein, aggregated more prominently in the brains of mice with the presence of central nervous system inflammation than in normal mice (Dong et al., 2021). Extracellular vesicles may help deliver therapeutic genetic material, such as miRNAs and proteins, to exert neuroprotective effects and reduce cognitive impairment. For example, in an animal model of persistent pulmonary hypertension, extracellular vesicles inhibit macrophage infiltration and the release of proinflammatory mediators through miRNA-mediated decreases in the levels of monocyte chemotactic proteins and mitogens, which effectively control the inflammatory response caused by the surgery and thus reduce the occurrence of POCD. The release of extracellular vesicles containing miR-124-3p from microglial cells also exerts a protective effect against cognitive deficits by attenuating the inflammatory polarization process of hippocampal microglia in aged mice (Xin et al., 2017). Embryonic stem cell-derived extracellular vesicles also alleviate long-term diabetes-induced chronic inflammation in neural tissue to improve postoperative cognitive dysfunction in mice (Lang et al., 2023). Therefore, interfering with the generation of extracellular vesicles as mediators of postoperative cognitive dysfunction and special cellular sources with anti-inflammatory functions or utilizing their anti-inflammatory functions may be a potential pathway to ameliorate postoperative cognitive dysfunction.
Promotes neural tissue survival
The regenerative repair function of extracellular vesicles of specific cellular origin has been extensively studied, and their neurorestorative function is gradually being recognized. In postoperative cognitive dysfunction, neuronal damage is the direct cause of the onset of cognitive impairment (Lang et al., 2023). Repairing and promoting neuronal survival may help to inhibit the onset and slow the severity of postoperative cognitive dysfunction. Among them, stem cell-derived extracellular vesicles are most widely used in neural cell regeneration and repair therapy, mainly due to their high self-renewal capacity, high plasticity, low immunogenicity and effective cellular therapeutic efficacy (Andrzejewska et al., 2021). First, exogenous extracellular vesicles can target brain cells across the blood-brain barrier (Wang et al., 2020). Second, stem cell-derived extracellular vesicles exhibit robust neurogenesis and cognitive recycling (Lang et al., 2023). For example, embryonic stem cell-derived extracellular vesicles have shown potent regenerative functions in brain injury, and have also shown beneficial effects in promoting angiogenesis, stem cell proliferation and differentiation (Hu et al., 2020; Hu et al., 2015). In addition, extracellular vesicles that maintain neural repair and regeneration are also present in the central system. miR-124-3p-containing extracellular vesicles released by exogenous microglia in the hippocampus improve cognitive function by repairing axonal demyelination and overexpressing neurotrophic factors. Previous studies have demonstrated that microglia in the hippocampus continuously synthesize, assemble and secrete various types of extracellular vesicles into synapses to regulate synaptic plasticity and neural activity (Li Q. et al., 2021; E et al., 2022). Extracellular vesicles in the hippocampal microenvironment contain miR-124-3p that can also alter the expression of various neurotrophic factors that are essential for nerve growth. For example, BDNF promotes neuronal growth and differentiation and enhances synaptic plasticity (Huang et al., 2018; Ge et al., 2020). Since miRNA expression is associated with surgery-induced neuronal injury, extracellular vesicles carrying and transporting miRNAs may be important elements in neuronal survival or death. For example, knockdown of extracellular vesicles of miR-206 inhibits neuronal apoptosis after acute brain injury. It is well known that microglia polarization has a huge impact on neuronal activity and synaptic plasticity in the hippocampus, which can ultimately affect cognitive function. Previous studies have demonstrated that microglia in the hippocampus can secrete miRNA-containing extracellular vesicles into the microenvironment to regulate microglia polarization and neurodegeneration (Qian et al., 2022). For example, central hippocampal microglia contain miR-124-3p extracellular vesicles involved in the process of autophagy and apoptosis in neurons to ameliorate postoperative cognitive dysfunction. In contrast some substances in microglia extracellular vesicles damage neurons at a later stage, such as IL-1β, soluble toxic Aβ peptide, and caspase-1 (Kong et al., 2024). Since miRNAs are involved in multiple pathophysiological processes involved in POCD occurrence, interfering with the extracellular vesicles that transmit miRNAs may be a new target for POCD therapy by enhancing neuronal survival.
Improvement of postoperative pain
Postoperative pain-induced cognitive impairment severely worsens the outcome of rehabilitation in elderly patients. Elderly patients are often sensitive to surgical trauma, stress, anesthesia, or pain, which greatly increases the incidence of postoperative cognitive impairment, especially after undergoing cardiovascular, orthopedic, or cerebrovascular surgery. Postoperative pain-induced cognitive deficits in elderly patients are becoming a pressing issue, and patients with cognitive deficits often experience severe impairments in social activities, learning, and memory, which are detrimental to the quality of recovery in elderly patients. Postoperative pain is associated with the development of POCD, and although the mechanisms involved are unclear, it may be related to the body’s stress response due to pain, which triggers a state of anxiety and depression. Several studies have confirmed that effective analgesia can reduce the incidence of POCD (Wang et al., 2014). For example, postoperative morphine analgesia inhibits the expression of proinflammatory factors, cell cycle protein D1, in the hippocampus and promotes the expression of anti-inflammatory factors in the central system (Kong et al., 2024). As extracellular vesicles derived from stem cells are also effective in relieving postoperative pain, the use of these extracellular vesicles may be a way to improve postoperative cognitive dysfunction. Abnormally activated microglia act as an innate central immune cell, which can exacerbate inflammatory pain by upregulating inflammatory factors. Extracellular vesicles derived from human umbilical cord mesenchymal stem cells have been shown to alleviate inflammatory neuropathic pain caused by microglia activation (Hua et al., 2022). Neuroinflammation is a common feature of most neurologic dysfunctions and is also strongly associated with postoperative pain. By reducing neuroinflammation it is also effective in reducing postoperative pain and ultimately facilitating recovery from postoperative cognitive dysfunction. For example, miR-124-3p expression in microglial extracellular vesicles was shown to be downregulated in the hippocampus of mice with postoperative pain. Protective effect of postoperative pain production against cognitive impairment by modulating inflammatory polarization of hippocampal microglia in aged mice can be reduced (Kong et al., 2024). In addition, various forms of extracellular vesicles have been shown to reduce signs of neuronal inflammation thereby alleviating neuropathic pain in animal models. For example, extracellular vesicles from synovial MSCs, human placental stem cells, dental pulp stem cells, and bone marrow MSCs have all demonstrated the ability to reduce inflammation to relieve pain in animal models (Shipman et al., 2024). Interestingly, self-metabolically regulated processes (autophagy, pyroptosis) in neuronal cells are also associated with neuropathic pain, with activation of astrocyte autophagy decreasing the pain level and inhibition of autophagy exacerbating the pain, regardless of whether neuropathic pain is at any stage of induction or maintenance. The activation of cellular pyroptosis also exacerbates neuroinflammation and thus neuropathic pain. In contrast, human umbilical cord mesenchymal stem cell-derived extracellular vesicles have been found to attenuate inflammatory neuropathic pain by enhancing autophagy and inhibiting cellular focal death. Therefore, pain alleviation and thus effective reduction of POCD by utilizing the inhibitory neuroinflammatory effects of extracellular vesicles may be a potential approach for the treatment of POCD.
Reducing postoperative sleep disturbances
Postoperative sleep disorders are a common complication after major surgery, and patients usually present with a persistent decrease in the quality and duration of their sleep (Gögenur et al., 2008). Surgery is associated with sleep fragmentation and deprivation, as well as reduced rapid eye movement and slow wave sleep, which results in changes in postoperative brain function and increases the risk of postoperative cognitive decline, and prolonged reductions in postoperative sleep duration or complete sleep deprivation have been shown to result in cognitive deficits (Sipilä and Kalso, 2021). Therefore, early identification and intervention of sleep disorders may be effective in reducing postoperative cognitive dysfunction, ultimately improving prognosis and shortening hospital stay (Shokri-Kojori et al., 2018; Bah et al., 2019). In terms of mechanisms, postoperative sleep disturbances can lead to amyloid plaque accumulation, tau protein diffusion, increased neuroinflammation, and increased blood-brain barrier permeability leading to postoperative cognitive decline (Gu and Zhu, 2021). Modulation of these processes may be a pathway to reversing postoperative cognitive deficits. Extracellular vesicles are important mediators of the transfer of active substances and genetic information between cells, and are involved in the development of sleep disorders and their subsequent resultant cognitive deficits by increasing the formation of amyloid plaques, transmitting tau proteins, modulating neuroinflammation, and increasing the permeability of the blood-brain barrier (Gu and Zhu, 2021). For example, inhibition of total extracellular vesicular secretion secretion in vivo decreases AD-like pathological processes, but the mechanisms involved in this process still need to be refined (Dinkins et al., 2014). Plasma extracellular vesicles obtained from sleep-rhythm-disordered mice can act as a bridge between peripheral clock-control genes and central rhythms and transmit the effects of circadian rhythm disruption to target organs, thereby disrupting end-organ homeostasis (Khalyfa et al., 2017). In terms of direct action, extracellular vesicles may be proteins that directly regulate signaling pathways or regulate proteins involved in signaling pathways or key enzymes. However, the specific molecular mechanisms behind these processes are still debatable. With the advantage that extracellular vesicle intervention and mediated miRNA modulation can reduce neurotoxic proteins produced by sleep disorders, extracellular vesicles, a nano-delivery pathway, may in the future provide new insights into the pathomechanisms and treatment of POCD. An in vitro study, for example, found that extracellular vesicles derived from N2a cells enhance Aβ uptake into microglia via their surface sphingolipids and ultimately reduce amyloid plaque formation (Perez-Gonza et al., 2012; An et al., 2013). Under hypoxic conditions, extracellular vesicles will help prevent and treat abnormally elevated Aβ levels caused by sleep disorders. In conclusion, sleep disorders are likely to be involved in the pathogenesis of postoperative cognitive impairment and increase the risk of postoperative dementia. And due to the advantages of extracellular vesicles in terms of reduced immunogenicity and better targeting. Delivery of therapeutic biomolecules to target cells via extracellular vesicles to correct physiological dysfunction is a potential therapeutic strategy for treating brain disorders characterized by exogenous disturbances (e.g., surgery, trauma).
Regulates the microecology of the body
Increased permeability of the blood-brain barrier in the postoperative period is the main pathologic mechanism of POCD (Wang et al., 2017). During surgery, the integrity of the blood-brain barrier (BBB) may be compromised, allowing harmful substances normally blocked by the barrier to enter the brain. This may lead to inflammation and brain cell damage, which ultimately induces the development of POCD (Keshavarz et al., 2021). Specifically, the entry of harmful substances triggers microglia activation, which in turn promotes the secretion of pro-inflammatory factors, which in turn exacerbates BBB damage, resulting in a vicious cycle of inflammation and neurodegeneration (Wang Y. et al., 2019). In fact, the factors associated with BBB permeability impairment are not only related to the gastrointestinal tract’s communication with brain centers. The importance of the microbiome-gut-brain axis in central system disorders has gained prominence over the past 2 decades (Iyaswamy et al., 2023). It has been shown that alterations in gut flora reduce expression of tight junction proteins, leading to BBB leakage (Luo et al., 2021; Wen et al., 2020). Thus, surgically induced intestinal mucosal injury impairs the intestinal mucosal barrier function, allowing toxic metabolites and bacteria to enter the somatic circulation, which in turn enters the central system through the compromised BBB (Yang et al., 2023). Surgical and anesthetic procedures may alter the composition of the gut microbiota. Indeed, the gut microbiota of older mice with postoperative cognitive dysfunction was significantly different from that of normal mice (Zhang Sh et al., 2023). Changes in the abundance of various bacterial species and their metabolites before and after surgery may be associated with postoperative cognitive impairment (Zhang et al., 2024; Ren et al., 2024; Tsigalou et al., 2023). For example, increased abundance of pro-inflammatory gut microbiota triggers and worsens the systemic inflammatory response, promotes neuronal cell injury and inhibitory processes on neuroautophagy, and influences anti-inflammatory extracellular vesicle production and circulation, which collectively play a role in the onset and progression of cognitive deficits in the postoperative period. Interestingly, secretion of extracellular vesicles by some specific beneficial intestinal flora can also effectively reverse this process, e.g., mucinophilic Ackermannia-derived extracellular vesicles can ameliorate intestinal I/R-induced POCD in a mouse model by maintaining intestinal and BBB integrity. Therefore, analyzing perioperative changes in extracellular vesicles released by gut flora and exploring interventions based on these alterations could provide a promising approach to the prevention and management of neurocognitive disorders.
Extracellular vesicles of bacterial origin are important mediators of communication between different bacterial colonies as well as between colonies and hosts. These vesicles are mainly composed of lipopolysaccharides, lipids and proteins (Díaz-Garrido et al., 2021). They play an important role in maintaining the integrity of the host intestinal mucosal barrier, supporting the normal function of the host immune system, and regulating substance metabolism (Díez-Sainz et al., 2022; Tan et al., 2022). Changes in bacterial flora produce different types of extracellular vesicles, and dysbiosis can lead to abnormalities in these vesicles, which can have a more variable impact on host cognitive function. In a preclinical study, it was demonstrated that transferring fecal microbes from older to younger mice increases the likelihood of cognitive deficits and that such vesicles cause hippocampal damage (Lee et al., 2020). In addition, postoperative cognitive deficits may also be associated with an increase in pro-inflammatory bacteria, such as extracellular vesicles from the intestinal flora of AD patients that activate GSK-3β proteins, induce tau protein phosphorylation, and enhance the secretion of inflammatory cytokines in the hippocampus (Wei et al., 2020). All these processes suggest that extracellular vesicles are involved in the gut-brain axis to induce the onset and progression of POCD. Therefore, by interfering with the occurrence and release of extracellular vesicles may be a potential way to regulate the organism’s microecology to effectively ameliorate POCD.
Reduced neurotoxicity of anesthetics
Anesthetic neurotoxicity is defined as damage to the structure and function of the nervous system caused by exposure to anesthetic drugs (Campo et al., 2024). In vivo experimental models have shown neurobiological changes and lifelong cognitive deficits following exposure to anesthetics. It is possible that anesthetics interfere with the proliferation and differentiation of immature neurons and that neurogenic changes can be observed after exposure to different anesthetics (including isoproterenol, isoflurane, and sevoflurane) in young and adult brains (Fang et al., 2012). For inducing postoperative cognitive dysfunction, this may be due to the fact that anesthetics can induce changes in the blood-brain barrier and the cerebrovascular system by altering the neuronal network of the brain for long-term neurocognitive dysfunction (Zanghi and Jevtovic-Todorovic, 2017). As the most widely used anesthetics, exposure to isoproterenol and sevoflurane will often exacerbate postoperative cognitive impairment in patients (Lv et al., 2017). All currently used intravenous and inhaled general anesthetics produce anesthetic and sedative effects by binding to GABA receptors and/or N-methyl-D-aspartate receptors. This can lead to minor neurocognitive deficits in patients after surgery, such as postoperative delirium. First, this is because with the use of perioperative anesthetic drugs GABAA receptors are potentiated, which alters the opening of intracellular ion channels affecting the inflow and outflow of chloride ions leading to excessive neuronal inhibition that persists long after the drugs have been eliminated (Orser and Wang, 2019). Second, proinflammatory cytokines released during surgery also induce cell surface overexpression of extrasynaptic GABAA receptors. Both mechanisms may lead to permanent neurocognitive deficits in patients after surgery (Orser and Wang, 2019). Perioperative neurocognitive deficits may carry a serious risk of developing dementia, memory loss, loss of concentration and even death (Rudolph and Marcantonio, 2011). Therefore, intervening and ameliorating the neurotoxicity of anesthetics may be a necessary part of preventing POCD. Biomolecules that control adverse reactions to anesthetic drugs may help reduce the development of postoperative brain dysfunction, study finds. It was found that extracellular vesicles are capable of transporting active ingredients that represent the extracellular microenvironment, and that all cell types can communicate with each other through this pathway, exchanging molecules needed to maintain homeostasis. In this case, any alteration affecting each cell type can to a large extent be compensated by the other cell types, being able to provide the tissue with all the effective molecules needed to overcome the perturbation or to induce specific epigenetic modifications that allow the synthesis of molecules that restore the in vivo equilibrium or even prevent it from being altered (Campo et al., 2024). Of course, this does not preclude the transport of extracellular vesicles from providing the deleterious molecules needed to promote perturbation. In the in vitro circulation, extracellular vesicles can exert a protective effect against anesthetic-dependent adverse effects by transmitting overexpression of miR-34a and miR-124 in the central system. YRNA1 in circulating extracellular vesicles is significantly overexpressed in the postanesthetic state, and its upregulation correlates closely with the ability of the central system to compensate for anesthetic-induced inflammatory effects. In clinical practice, the incidence of POCD is higher in elderly patients anesthetized with sevoflurane (Ishii et al., 2016). This may be due to the higher utilization of sevoflurane compared to isoproterenol. It has been found that sevoflurane inhalation anesthesia promotes POCD in a dose-dependent manner, and that inhalation of sevoflurane can cause cognitive deficits and behavioral abnormalities in postoperative patients, accelerating the onset and progression of POCD (Cheng et al., 2018). This may be due to the fact that sevoflurane anesthesia produces associated extracellular vesicles involved in the activation of inflammatory and apoptotic neuronal pathways in the central system of the organism (Cui et al., 2018). For example, sevoflurane-induced associated extracellular vesicles can deliver miR-584-5p to promote the onset and progression of delirium by targeting BDNF to regulate Caspase3 and BDNF/TrkB signaling.
In addition, anesthetic drugs disrupt the balance of the gut microbiota through direct effects on the microbiota, potentially leading to dysbiosis, which in turn affects central neurocognitive function through the gut-brain axis (Iyaswamy et al., 2023; Liu et al., 2022). In addition, the effects of different anesthetic drugs and anesthetic methods on the microbiota may vary. Opioids can have significant effects on the gut microbiota that can lead to disruption of microbial and host metabolism. In addition, anesthesia-induced dysbiosis of the intestinal flora can lead to significant changes in the composition of extracellular vesicles and alter the ability of extracellular vesicles to enter the bloodstream, which ultimately affects systemic energy metabolism and thus the central system, which may be a potential mechanism for surgical damage to the intestinal microbial homeostasis leading to the development of POCD (Huh et al., 2019; Saeedi et al., 2019). Indeed, extracellular vesicles from different flora sources exert different effects on the host, which also include a protective effect on central cognitive functions (Diaz-Garrido et al., 2022). Therefore, implementation of appropriate preoperative and postoperative interventions to minimize damage to the microbiota ecosystem and repair disturbed microecology may be a future strategy for POCD treatment in the case of cognitive deficits caused by anesthetic drugs or surgery. Certainly, preventing or ameliorating the onset and progression of postoperative cognitive deficits by means of intervening on extracellular vesicles released after microecological disturbances, including inhibition of deleterious vesicles and promotion of protective vesicles (e.g., preoperative intestinal implantation of probiotic bacteria) may be an exploratory avenue of POCD nanotherapeutics.
ADVANTAGES OF EXTRACELLULAR VESICLES IN MODULATING POSTOPERATIVE COGNITIVE DYSFUNCTION
Biomolecular transfer function
There is growing evidence that circulating extracellular vesicles contain a large number of multifunctional RNAs (e.g., miRNAs, lncRNAs, circRNAs), which explains their key role in cellular communication. In this context, extracellular vesicles are considered important messengers that can transport a wide range of molecules at once, including cytokines, growth factors, various proteins, and even nucleic acids, thus determining their efficient delivery for transfer from 1 cell to another (Campo et al., 2024). These transported molecules may represent all the major components of the extracellular microenvironment, and all the biomolecular types that maintain homeostasis in the organism can communicate with each other through this mechanism, exchanging molecules required for correct homeostasis. Delivery of therapeutic RNA to target cells via extracellular vesicles to correct protein dysfunction is a potential therapeutic strategy for the treatment of brain disorders due to the low immunogenicity and good targeting properties of extracellular vesicles (Duan et al., 2021). For example, extracellular vesicle transferable miRNAs modulate the neuroinflammatory cascade response, Aβ production, and neuronal apoptosis to inhibit the development of postoperative cognitive dysfunction (Gu and Zhu, 2021). Decreased S-100β protein, neuron-specific enolase, and glial cell line-derived neurotrophic factor in the peripheral circulation are strongly associated with the development of POCD (McDonagh et al., 2010). These proteins may be modified and increased or decreased through the extracellular vesicle pathway to accelerate recovery from postoperative cognitive impairment. Extracellular vesicle-mediated circRNAs can also be involved in the onset and progression of neurological diseases (Chen et al., 2016). For example, the pathogenesis of POCD may be related to abnormal levels of exosome-delivered circRNA-089763 caused by perioperative stimuli.
Furthermore, elucidating the mechanisms by which postoperative extracellular vesicle changes control neuroinflammation is critical for developing therapeutic strategies targeting postoperative neurodegeneration (Prinz and Priller, 2014; Gao and Hong, 2008; Izquierdo-Altarejos et al., 2020). In this context, extracellular vesicles have emerged as key mediators mediating circulatory and central inflammatory changes, facilitating the transfer of inflammatory bioactive molecules between cells and the regulation of immune responses. Extracellular vesicles act as carriers of specific cargoes, including microRNAs, proteins, and lipids, and are capable of modulating peripheral and central immune responses (Vella et al., 2016; Gallego et al., 2022). For example, extracellular vesicles from activated microglia can exacerbate central inflammation by transferring pro-inflammatory molecules to neighboring cells, while other studies have shown that extracellular vesicles can transport inflammation-suppressing substances to control excessive immune responses (Izquierdo-Altarejos et al., 2023).
Cell-free nanotherapeutic pathways
For the treatment of POCD, extracellular vesicles of specialized cellular origin may be good cell-free nanotherapeutic avenues (Figure 2). Compared to liposomes, extracellular vesicles have excellent targeting and alteration of pathophysiological processes due to their specific membrane proteins and contained biomolecules, while their low immunogenicity and biohazardous nature may be of greater value for use in purely cell-based therapies. For example, MSCs are pluripotent cells with potential regenerative repair potential, mainly by secreting growth factors and cytokines for paracrine effects. Extracellular vesicles with cellular repair function are one of their important paracrine factors, which may be a potential cell-free nanotherapeutic for the treatment of CNS diseases. Recent reports suggest that extracellular vesicles can prevent neuroinflammatory properties in the center (Zhuang et al., 2011). For example, MSC-derived extracellular vesicles prevented postoperative hippocampal tissue damage and significantly reduced serum NSE and S100-β levels. Extracellular vesicles derived from human mesenchymal stem cells have been shown to have anti-inflammatory effects on microglia in perinatal brain injury (Thomi et al., 2019) and the number of activated inflammatory microglia was significantly reduced compared to the control group (Zhuang et al., 2011). Similar to this result, adipose stem cell-derived extracellular vesicles inhibited microglia activation and prevented neuroinflammation by inhibiting NF-κB and MAPK pathways (Yang et al., 2017). Extracellular vesicles of antler MSCs can help improve cognitive function in rats undergoing extracorporeal circulation surgery by mediating the TLR2/TLR4 signaling pathway, which may be due to the fact that extracellular vesicles of AMSCs inhibit neuronal apoptotic ability in rats undergoing extracorporeal circulation surgery. In fact, in addition to stem cell-derived extracellular vesicles, more cell-derived extracellular vesicles exist to improve postoperative cognitive dysfunction, such as plant-derived extracellular vesicles (Nemati et al., 2022). Ginseng-derived extracellular vesicles were found to have special proteins that nourish nerve tissues to repair damaged neurons (Li et al., 2023). In contrast, extracellular vesicles of poplar origin function to inhibit the systemic inflammatory response (Shao et al., 2023). This may also be a potential tool to improve postoperative cognitive dysfunction.
[image: Infographic illustrates the cycle of extracellular vesicles as nanotherapy for postoperative cognitive dysfunction, including stem cell sourcing, differentiation, gene editing, vesicle production, drug delivery routes, and cognitive improvement.]FIGURE 2 | Extracellular vesicles as POCD nanotherapeutics.
Penetrating the blood-brain barrier to target cells
In fact, due to their phospholipid bilayer structure, extracellular vesicles can penetrate all current biological barriers, such as the blood-testis barrier, the blood-brain barrier, and the placental barrier. In the case of the blood-brain barrier, the mechanism by which extracellular vesicles cross the blood-brain barrier is through receptor-mediated endocytosis, e.g., extracellular vesicles derived from neural stem cells interact with brain endothelial cells via heparan sulfate proteoglycans and ultimately cross the blood-brain barrier through endocytosis (Yin et al., 2025). For the treatment of central diseases, the penetration rate of the blood-brain barrier of a drug is a key indicator for evaluating drug efficacy. This may not be necessary for extracellular vesicles, such as those administered intranasally, which can be rapidly transported to the mouse brain and taken up by microglia. It can also be engineered to modify its membrane proteins to enhance its central targeting ability. It has been found that receptor-mediated transcytosis is widespread at certain receptors (e.g., TfR, low-density lipoprotein receptor (LDLR), and insulin receptor (INSR)) on brain endothelial cells. Utilizing these receptor pathways, enhancement of extracellular vesicle penetration into the BBB can be designed. For example, extracellular vesicles harboring TfR ligands cross the BBB via receptor-mediated transcytosis (Wang et al., 2024). In addition, in clinical work, peripheral blood samples are easier to collect and accept than other samples such as cerebrospinal fluid and brain tissue, and extracellular vesicles in the extracorporeal circulation may be excellent diagnostic markers for central diseases. It has been found that brain tissue can release extracellular vesicles, which can carry non-coding RNAs (ncRNAs, microRNAs, circRNAs) and enter the circulation through the blood-brain barrier. Especially for circRNA, it is mainly transported in the form of extracellular vesicles and communicates between central and peripheral circulation through the blood-brain barrier. (Li et al., 2015). circRNA may play a key role in neurological disorders (Zhao et al., 2016; Sekar et al., 2018). For example, circRNA-associated ceRNA networks have been characterized in the susceptible brains of mice with accelerated aging, and these networks may influence the diagnosis and treatment of AD in the near future (Zhang et al., 2017). Furthermore, dysfunction of the extracellular vesicle-mediated circRNA-miRNA-mRNA regulatory system appears to represent an important aspect of epigenetic control of human CNS pathogenic genes. And POCD and AD have similar pathogenesis (Hu et al., 2010). Thus, the potential for the diagnostic and therapeutic role of extracellular vesicles in the treatment of central diseases is great.
Communicating whole body holistic conditioning
Extracellular vesicles act as mediators for communication between the periphery and the center, and pathophysiological changes in the peripheral circulation can interact through extracellular vesicles. Extracellular vesicles play a key role in intercellular and interorgan communication and influence disease progression. Peripheral immune signaling can influence brain function through extracellular vesicle-mediated communication, which can affect barrier function and neuroinflammatory responses. Extracellular vesicles contain key mediators in the immune system (Budnik et al., 2016). These mediators activate the peripheral inflammatory response to induce the production of pro-inflammatory factors, which, after blood transport and penetration of the disrupted blood-brain barrier, can enter the center and exacerbate the neuroinflammatory process in neurological disorders. Second, proinflammatory factors can also be transported directly to the center by extracellular vesicles, inducing a central inflammatory response (Cabrera-Pastor, 2024). In addition, there is evidence that extracellular vesicles play a role in facilitating communication between the brain and adipose tissue. Adipose tissue produces many bioactive substances that are involved in interactions with peripheral organs and the central system through extracellular vesicles. Adipokines transported by extracellular vesicles modulate neuroinflammation and oxidative stress, which have been implicated in central nervous system disorders. In addition, adipose tissue is an important source of circulating noncoding RNAs, many of which are carried by extracellular vesicles and are involved in regulating homeostasis in the peripheral and central systems (Hajer et al., 2008). For chronic diseases resulting in systemic pathological microchanges can also be transmitted centrally via extracellular vesicles, inducing atrophy and aging of neural tissues, e.g., POCD. POCD is also an important comorbidity and complication of diabetes (Biessels and Whitmer, 2020). Diabetic patients are at a significantly increased risk of developing cognitive dysfunction after surgery (Thourani et al., 1999). This may be related to diabetes modulating cognitive function and changes in brain structure, such as diabetics having lower total brain volume, more infarcts, greater white matter high signal volume, and lower gray matter volume (Callisaya et al., 2019). In contrast, extracellular vesicles may be involved in inducing changes in the brain tissue of diabetic patients, possibly because they transmit signals of circulating chronic inflammation and abnormal glucose metabolism that lead to neurological tissue lesions (Wang M. et al., 2019). For example, glucagon signaling pathways have been shown to be associated with neuroinflammation, and these signals can also be transmitted by extracellular vesicles (van Harten et al., 2012; Gonçalves et al., 2016; van Praag et al., 2002; Zhang L. et al., 2023). And neuroinflammation has become an important cause of aging and cognitive decline. In addition, gut microbes play a role in the production of bioactive substances, such as extracellular vesicles (Mhanna et al., 2024; Zhai et al., 2024). These extracellular vesicles can enter the bloodstream and affect the central nervous system, subsequently affecting host cognition and behavior. The perioperative period is characterized by disturbances in the intestinal flora due to slow gastrointestinal motility and metabolic disturbances in the body, while the extracellular vesicles produced by the mother are altered, and these altered circulating extracellular vesicles ultimately affect central cognitive functions (Huang et al., 2025).
DISCUSSION AND OUTLOOK
Perioperative neurocognitive dysfunction is a major problem affecting the health of the population, compromising postoperative recovery and increasing the financial burden on patients. As survival life expectancy increases, POCD is a growing public health problem due to the need for surgery in many frail older adults, with approximately 20%–50% of people over the age of 60 years developing POCD after major surgery (Avidan et al., 2017; Vlisides et al., 2019). The pathogenesis of POCD involves a variety of neurobiological processes, including cerebrovascular dysfunction, neural tissue damage, neuroinflammation, and brain tissue alterations (Vlisides et al., 2019). For example, preoperative dexamethasone administration before cardiac surgery significantly reduced the incidence of postoperative neurocognitive deficits in patients. The mechanism of this protective effect is most likely through the reduction of the neuroinflammatory response (Glumac et al., 2017). This emphasizes the key role of neuroinflammation in the development of cognitive impairment. Therefore, ways to reduce neuroinflammation may be the most currently recognized effective way to improve POCD. However, at present, relying solely on drugs such as compounds that are not suitable for most elderly patients who need prophylactic or anti-infective drugs such as dexamethasone and immunosuppressants may have numerous side effects. These medications also fail to meet the practical requirements of sustained postoperative slowing of the inflammatory state in order to effectively prevent POCD. As far as extracellular vesicles are concerned, the role of extracellular vesicles in slowing down inflammation is more modest (Noonin and Thongboonkerd, 2021). It is also more suitable for perioperative maintenance medication. First, for the process of postoperative peripheral inflammation inducing central inflammation, blocking the mediator function of extracellular vesicles or utilizing extracellular vesicles can suppress peripheral immune activation which is also the initial state (Arabpour et al., 2021). Second, interfering with inflammatory activation of microglia as well as promoting the release of anti-inflammatory extracellular vesicles from the hippocampus through specific modifications targeting extracellular vesicles in the center (Qin et al., 2024; Xin et al., 2017; Kong et al., 2024; Xin et al., 2022; Feng et al., 2017). Finally, the regenerative function exhibited by extracellular vesicles of special origin contributes to the repair of nerve tissue damage caused by neuroinflammation (Lang et al., 2023). All these modalities suggest the great potential of extracellular vesicles for the prevention and treatment of POCD. For molecules of the delivery signaling pathway of extracellular vesicles, a role involving gut-brain communication could be interesting. By utilizing extracellular vesicles released by the cells may help to improve intestinal motility while improving central cognitive function (Diaz-Garrido et al., 2021). In fact, in elderly patients, the postoperative period is often accompanied by slow intestinal motility leading to the accumulation of harmful substances (metabolic wastes released by bacteria) in the intestines and into the bloodstream affecting central cognitive functions (Kim et al., 2024). Currently, the diagnosis of POCD is still based on the description of the patient’s symptoms, assessment of mental status, and clinical behaviors, which are complex and take time to evaluate, especially in older patients with preoperative psychiatric disorders (Needham et al., 2017; Kapoor et al., 2019). This greatly delays POCD diagnosis and treatment. Recent studies have found that diseased tissue from the brain can release extracellular vesicles and can cross the blood-brain barrier into the circulation. These extracellular vesicles may be a new diagnostic marker for POCD (Li et al., 2018; Otero-Ortega et al., 2019). Currently there are few effective treatments for POCD, and improving postoperative pain is considered one of them, and opioids and NSAIDs are commonly used clinically to relieve pain caused by postoperative period (Ho et al., 2024). However, continued opioid use increases the risk of serious adverse effects, such as drug addiction, opioid tolerance, and opioid-induced pain hypersensitivity. It should be noted that certain miRNAs carried by extracellular vesicles have sustained analgesic effects (Hua et al., 2022). However, since miRNAs can act on different target genes and the expression of a gene can be regulated by multiple miRNAs. This suggests that interventions based on targeting the activity and/or treatment of individual genes have a limited effect. Thus, the use of multiple extracellular vesicles with analgesic effect miRNAs or the use of extracellular vesicles implanted with multiple miRNAs, etc., may be considered. Indeed, the successive multiple injuries induced by surgery require a multipronged therapeutic approach to ameliorate cognitive deficits, which includes systemic modulation using extracellular vesicles as well as reduction of the neurotoxic effects of anesthetic drugs (Cui et al., 2018). Of course, whether the use of multiple extracellular vesicles poses biosafety or potential complications needs to be further explored, for example, most of the extracellular vesicles that are administered via blood vessels or orally are concentrated in the liver and kidneys, and it is still unknown whether the metabolism of these extracellular vesicles by the liver will impair liver and kidney functions. In fact, administration via intranasal or intrathecal administration may be an effective way to avoid the above or even to rapidly affect the center (Yang et al., 2020).
SUMMARIZE
Extracellular vesicles as a potential tool for the treatment of postoperative cognitive dysfunction. Extracellular vesicles may be effective in preventing the extent of postoperative neurocognitive deficits and contribute to the treatment of postoperative neural tissue damage by interfering with pathological mechanisms of postoperative cognitive dysfunction, such as inhibiting inflammation and repairing nerve damage. In particular, RNAs transmitted by extracellular vesicles modulate the systemic neuroinflammatory cascade response, neuronal injury, and signaling communication in systemic microecology. This suggests that the role of extracellular vesicles in the pathogenesis associated with postoperative cognitive dysfunction could provide an avenue for their role as potential biomarkers and therapeutic targets for neurocognitive deficits induced by surgical or anesthetic drugs. Continuing to elucidate the exact pathomechanisms of POCD, studies on the mechanisms of reliable action of extracellular vesicles in postoperative cognitive impairment, and how to use extracellular vesicles for rapid central onset of action may be the future direction of research in postoperative cognitive impairment. Future work should focus on how to obtain extracellular vesicles that have a significant effect and are conveniently sourced. For the present, particular attention could be paid to changes in the state of extracellular vesicles and intravesicular biomolecules in the presence of postoperative cognitive deficits for early diagnosis and intervention of the disease.
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Background
Chronic periodontitis is a prevalent inflammatory and destructive oral disease, and its primary treatment is to control the development of inflammation and promote the regeneration of periodontal tissue. Psoralen (Pso) has been shown to promote the osteogenic differentiation of periodontal ligament stem cells (PDLSCs), suggesting its potential as a therapeutic agent for osteogenic regeneration.
Methods
Network pharmacology and transcriptomic sequencing were exploited to screen target genes of Pso in PDLSCs, lentiviruses were employed to interfere with the target gene, and RT-qPCR was conducted to assess the expression levels of osteogenesis-related factors. Pso-loaded mesoporous polydopamine (MPDA-Pso) nanoparticles were constructed and evaluated in vitro, and in vivo osteogenesis was assessed in rats with alveolar bone defects.
Results
Network pharmacology analysis revealed that the mammalian target of rapamycin (mTOR) was a potential target of Pso, and Pso significantly modulated the expression levels of mTOR in PDLSCs and markedly enhanced osteogenic differentiation. However, Pso did not significantly alter osteogenesis-related genes in PDLSCs after mTOR-inhibitor treatment. We also confirmed that MPDA-Pso nanoparticles promoted the expression of osteogenesis-related genes in PDLSCs; and compared with the control group, observed that the mass of new bone was augmented in the MPDA-Pso group.
Conclusion
Pso was shown to promote the osteogenic differentiation of PDLSCs, and we postulate that this differentiation was facilitated in the LPS-induced inflammatory microenvironment via inhibition of the autophagy-related mTOR-signaling pathway. Additionally, the MPDA-Pso nanoparticles we developed promoted osteogenesis.
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1 INTRODUCTION
Periodontitis is a chronic, progressive inflammatory disease that affects periodontal tissue, and its primary clinical manifestations include the formation of periodontal pockets and varying degrees of alveolar bone resorption. In advanced cases, periodontitis can lead to tooth loosening, displacement, or even total loss (Kinane, 2000; Sanz et al., 2020a; Teles et al., 2022). As the predominant cause of tooth loss in adults, significantly impacting patient quality of life. Epidemiologic data reveal its worldwide prevalence, affecting approximately 11% of the population in its severe form, ranking as the sixth most prevalent disease worldwide (Kinane, 2000; Kwon et al., 2021). The primary goal of periodontitis treatment is to control inflammation, prevent further destruction of periodontal tissue, and promote regeneration. Primary treatments such as supragingival scaling and root planning are considered the gold standard for chronic periodontitis (Sanz et al., 2012; Herrera et al., 2022; Sanz et al., 2020b). However, periodontitis is also closely related to various systemic diseases such as diabetes and chronic kidney disease. To effectively manage inflammation and prevent infections resulting from systemic factors, adjunctive treatment with antibiotics is often necessary (Graziani et al., 2000; Liccardo et al., 2019). Nonetheless, antibiotics can lead to drug resistance and other side effects, so it is urgent to uncover new drugs for periodontal local treatment that manifest anti-inflammatory and antibacterial properties while minimizing side effects in order to facilitate the regeneration of periodontal bone tissue.
Psoralen (Pso), a linear furanocoumarin compound, is the principal bioactive constituen of the traditional Chinese herb Psoralea corylifolia L., and is a member of the linear furanocoumarin family. Pso is recognized for its diverse biologic activities, including anti-inflammatory, antibacterial, anti-tumor, and estrogen-like effects—specifically facilitating the promotion of osteogenic differentiation (Li et al., 2018; Jamalis et al., 2020); and has been applied widely to the clinical arena. Researchers indicate that Pso enhances the proliferation and vitality of bone marrow mesenchymal stem cells while also promoting their osteogenic differentiation (Huang et al., 2021; Yuan et al., 2016). We previously revealed that Pso elevated levels of the anti-inflammatory factor IL-10 in serum and reduced the secretion of the pro-inflammatory factor TNF-α (Liu et al., 2021). However, the precise mechanism by which Pso promotes osteogenic differentiation of periodontal ligament stem cells (PDLSCs) remains unclear.
Autophagy functions as a self-protective mechanism that cells use to against oxidative stress, hypoxia, and exogenous microorganisms. It facilitates the removal of harmful substances and factors generated during alveolar bone resorption, and occupies a crucial role in regulating the differentiation and functions of cells involved in bone metabolism (Guo et al., 2021; Wang et al., 2023; Liu et al., 2015). Autophagy also facilitates cellular metabolism and assists in maintaining homeostasis within the intracellular environment. Studies have revealed that autophagy is essential for the proliferation and osteogenic differentiation of bone marrow mesenchymal stem cells (BMSCs), with the mammalian target of rapamycin (mTOR)-signaling pathway significantly contributing to this process (Nuschke et al., 2014). Network pharmacology studies have also identified mTOR as a potential target for Pso. We therefore speculate that Pso mediates the osteogenic regulatory effect through the mTOR signal-transduction pathway.
Pso, however, exhibits limited solubility in water, rendering it unsuitable for topical periodontal administration. Consequently, optimizing its delivery methods and surface properties are challenges that must be addressed prior to clinical application. Mesoporous polydopamine (MPDA) has been demonstrated to serve as a drug carrier that manifests favorable mechanical compatibility, with the aromatic rings on the surface of the polydopamine facilitating drug loading via hydrophobic-hydrophobic interactions (Jiang et al., 2022; Hu et al., 2022). Furthermore, the substantial surface area of the pores enhances drug-loading capacity and encapsulation efficiency, providing a foundation for effective drug delivery and targeted release (Zhu et al., 2021; Ma et al., 2022; Ch et al., 2016); this then enables the precise localization for periodontal drug therapy. Additionally, MPDA demonstrates excellent water solubility, significantly improving the water dispersibility of hydrophobic drugs post-loading. These physicochemical properties have therefore recently led to the extensive exploration of MPDA as a drug carrier.
Thus, to improve the properties of Pso, we encapsulated hydrophobic Pso within MPDA to create novel MPDA-Pso nanoparticles, and incorporated them into PDLSCs in vitro and alveolar bone defects in rats in vivo. We hypothesized that Pso would promote osteogenic differentiation in vivo and in vitro, and that it would reflect a potential for development into a novel drug for clinical application.
2 MATERIALS AND METHODS
2.1 Effect of pso on osteogenic differentiation of PDLSCs
2.1.1 Culture of PDLSCs
PDLSCs were isolated from the periodontal membrane of healthy first premolars reserved for extraction due to orthodontic needs of patients with no prior history of periodontal disease. The subjects, aged between 18 and 25 years, received treatment at the Oral and Maxillofacial Surgery Department of Qingdao Stomatological Hospital and showed no underlying systemic conditions. Primary PDLSCs were cultured in medium supplemented with 20% fetal bovine serum (FBS, Pricella, China), and all other cultures were maintained with a 10% concentration. This study was approved by the Ethics Committee of Qingdao University (QDU-HEC-2024266).
2.1.2 Adipogenic differentiation
When PDLSCs reached their third passage, they were plated at a density of 1 × 105 cells per well in a six-well plate and subjected to adipogenic differentiation using specific medium (Pricella, China), with medium refreshed every 3 days for 21 days. Following this period, the cells were fixed in 4% paraformaldehyde (Solarbio, China), rinsed with PBS, and stained with oil red O (Pricella, China) for subsequent microscopic examination.
2.1.3 Osteogenic differentiation
After the third passage, PDLSCs were similarly plated at a density of 1 × 105 cells per well in a six-well plate and induced with osteogenic differentiation medium (Pricella, China). The cells were then fixed with 4% paraformaldehyde, rinsed with PBS, and subjected to alizarin red (Pricella, China) and alkaline phosphatase (ALP) staining (Pricella, China) for microscopic examination.
2.1.4 Flow-cytometric identification
The cell density at the third-generation of PDLSCs was adjusted to 1 × 106 cells/mL. The cellular suspension was aliquoted into centrifuge tubes at 100 µL per tube, and antibodies generated against CD34, CD45, CD73, CD90, and CD105 (Pricella, China) (at 1:50 dilutions) were added separately, while the control group received an equivalent volume of PBS. All cells were then incubated at room temperature in the dark for 20 min. After centrifugation, the supernatant was discarded, and the pellet was washed twice with PBS. The cells were resuspended in 500 µL of PBS for analysis on a flow cytometer (CytoFLEX; Beckman Coulter, Fullerton, California, United States).
2.1.5 CCK-8 assay
PDLSCs were seeded at a density of 2 × 104 cells per well in a 96-well plate and cultured with a gradient of lipopolysaccharide (LPS) concentrations at 0 μg/mL, 20 ng/mL, 50 ng/mL, 100 ng/mL, 150 ng/mL,and 200 ng/mL to screen the concentration of LPS in the simulated periodontitis microenvironment. On this basis, the effective concentration of Pso was screened at concentrations of 2 μg/mL, 5 μg/mL, 10 μg/mL, 15 μg/mL, 20 μg/mL, and 25 μg/mL. We evaluated cellular proliferation using a microplate reader (Bio-Tek, United States).
2.1.6 Pso promotes osteogenesis of PDLSCs
PDLSCs were co-cultured with Pso after LPS-induction and the LPS-induced stem cells served as the control group. We followed the same experimental protocol as in section 2.1.2, with alizarin red staining and ALP staining performed.
2.2 Network construction of the drug-target pathway
2.2.1 Network pharmacology screening of drug targets
Network pharmacology analysis was employed to screen the potential targets of Pso in relation to chronic periodontitis (Beijing Allwegene Tech.). We implemented this approach to determine the specific targets that Pso may affect with respect to chronic periodontitis. Pathways with a significant enrichment of target genes were then analyzed to construct a drug-target-pathway network.
2.2.2 Transcriptomics
Cells were allocated to four groups: PDLSCs, PDLSCs induced by LPS, PDLSCs cultured with Pso, and cells cultured with both LPS/PSO. Total RNA was extracted using TRIzol reagent (Takara, Japan), and high-throughput sequencing was conducted by Beijing Allwegene Tech., with P < 0.05 designating differentially expressed genes (DEGs). We performed gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses to identify the pathways associated with the DEGs.
2.2.3 Detection of osteogenesis-related targeted protein
Total cell protein from all groups noted above were extracted using RIPA lysis solution (Elabscience, China) on ice, and a BCA kit (Elabscience, China) was employed to determine protein concentration. With GADPH as the internal reference, ALP (1: 1000; (Abcam, United Kingdom), OCN (1: 5000; Abcam, United Kingdom), Runt-related transcription factor 2 (RUNX2; 1: 1000; Abcam, United Kingdom), and mTOR (1: 1000; Boster, United States) were added sequentially and proteins incubated at 4°C overnight. After incubation with second antibody, ECL luminescent reagent (Elabscience, China) was added to observe HRP-labeled protein bands.
2.2.4 Detection of mTOR pathway-related genes
Total RNA from all groups noted above was extracted using TRIzol reagent, and the expression levels of PI3K, LC3, Deptor, PI3K, and WIPI 1 (Sangon Biotech, China) were determined by real-time q-PCR. GADPH (Sangon Biotech, China) was used as the internal reference, and relative expression levels were calculated using the 2−ΔΔCT method. All analyses were repeated three times. The primers that we used were PI3K, 101 CTT TGC GAC AAG ACT GCC GAG AG (forward) and 101 CGC CTG AAG CTG AGC AAC ATC C (reverse); WIPI 1, 114 TGC TTG GCT CAG GAA CAA CAG AAG (forward) and 114 GCA CCG TGG AGG CTG AAG ATG (reverse); LC3, 89 TCT GAG GGC GAG AAG ATC CGA AAG (forward) and 89 TCC AGG TCT CCT ATC CGA GCT TTG (reverse); RagC, 139 CAG CGG CAA GTC CTC CAT CC (forward) and 139 CAT GTA GTC ATC CTG TGC GTC AAT G (reverse); and Deptor, 118 TTG TGG TGC GAG GAA GTA AGC C (forward) and 118 AGG ACA TTG AGC CCG TTG ACA G (reverse).
2.3 The role of the mTOR-signaling axis in osteogenic differentiation
2.3.1 mTOR inhibitors
Rapamycin is a potent and specific mTOR inhibitor and an autophagic activator (Rangaraju et al., 2010; Edwards and Wandless, 2007), and can be used to effectively inhibit the expression of mTOR. PDLSCs were cultured with rapamycin (MCE, United States) and dissolved in DMSO (Solarbio, China), and PCR was conducted to verify mTOR gene expression.
2.3.2 Detection of osteogenesis-related factors
We added Pso to the control group to form the experimental group, extracted RNA, and implemented PCR to evaluate the changes in gene-expression levels. Cells were then allocated to the control group or mTOR-inhibitor group. The gene and protein expression levels for Rag C and for the osteogenic genes ALP and RUNX2 were ultimately ascertained.
2.3.3 Lentiviral transfection of PDLSCs
Lentiviruses for Rag C knockdown were constructed by Jikai Gene (Shanghai, China), and PDLSCs in optimal growth conditions were selected for lentiviral transfection. After 16 h of PDLSC transfection with lentivirus, normal medium was replaced, cultures were continued for an additional 72 h, and cells were observed under a fluorescence microscope. Following successful transfection, puromycin was employed to select for cell lines with stable expression, and PCR was utilized to assess expression changes in ALP and RUNX2 genes.
2.4 Preparation and characterization of MPDA-Pso nanoparticles
2.4.1 Synthesis of MPDA nanoparticles
After mixing absolute ethanol and purified water, F127 and TMB were added and the mixture stirred for 30 min at room temperature. Dopamine hydrochloride (Aladdin, China) and Tris were then added, and the mixture was stirred for 24 h at room temperature. The mixture was centrifuged at 12,000 rpm for 10 min, and MPDA was obtained by washing the mixture of absolute ethanol/acetone (v/v = 2:1) three times by centrifugal precipitation.
2.4.2 Preparation of MPDA-Pso composites
MPDA and Pso were dispersed in absolute ethanol by ultrasonic shock. The evenly distributed MPDA and Pso were subsequently mixed and stirred in a magnetic stirrer for 24 h at room temperature.
2.4.3 Characterization of MPDA and MPDA-Pso
The surface morphology and diameter of MPDA and MPDA-Pso composites were determined by transmission electron microscopy (TEM). The zeta potential was used to assess the stability of MPDA and MPDA-Pso, and the peaks for MPDA and MPDA-Pso were characterized using a Fourier transform infrared spectrometer (NICOLET iS50 FT-IR) and ultraviolet spectrophotometer.
2.5 Effect of MPDA-Pso nanoparticles on osteogenic differentiation
2.5.1 Alizarin red staining
PDLSCs were added to six-well plates at 2 × 105 cells per well and divided into four groups: an MPDA group, Pso group, MPDA-Pso group, and blank control group. The medium was changed every 3 days for 21 days, and the cells were then fixed with 4% paraformaldehyde, washed with PBS, and stained with alizarin red.
2.5.2 Alkaline phosphatase staining
PDLSCs were added to six-well plates at a concentration of 2 × 105 cells per well and grouped as 2.5.1 cells, and we changed the solution every 3 days and co-cultured them for 14 days. The cells were then fixed in 4% paraformaldehyde (Solarbio, China) for 30 min, washed with PBS, and stained with an ALP staining kit.
2.5.3 Quantification of alkaline phosphatase
After 14 days, the existing medium was removed, and the cells were fixed with 4% paraformaldehyde and rinsed with PBS. The cells in each group were then lysed on ice. Protein concentration was assessed with a BCA kit, and absorbance was measured at 520 nm after treatment with an ALP kit, and ALP activity was calculated according to the formula.
2.5.4 Detection of osteogenesis-related gene expression in PDLSCs
PDLSCs were seeded in six-well plates and grouped as in 2.5.1 above. After 7 days of culture, the RNA was extracted and its concentration was analyzed. The expression of ALP was determined by q-PCR using QuantiNova PCR Kits (QIAGEN, Germany). We adopted GAPDH as an internal reference for all samples, and the results were quantified as relative expression using the 2−ΔΔCt method. The primers that we used for ALP were 92 ACT CTC CGA GAT GGT GGTGGT G (forward) and 92 CGT GGT CAA TTC TGC CTC CTT CC (reverse). Three replicates of the experiment were performed for each group.
2.5.5 Effects of MPDA-Pso nanoparticles on osteogenesis in rats with alveolar bone defects
To verify the osteogenic effects of MPDA-Pso nanoparticles in vivo, we anesthetized eight-week-old Sprague-Dawley rats using sodium pentobarbital, extracted their maxillary first molar, and established an alveolar bone-defect model. Following tooth extraction we applied a gelatin sponge, gelatin sponge combined with MPDA, gelatin sponge combined with MPDA-Pso, or a control group with no material to the alveolar socket. The maxilla (which included the alveolar bone-defect site) was dissected from the sacrificed rats on days seven and 28. Micro-computed tomography (micro-CT) was employed to reconstruct 3D images of alveolar bone defects and to conduct a quantitative analysis. We also performed hematoxylin and eosin (H&E) staining to evaluate the degree of alveolar bone healing. Our experimental procedures complied with the NIH Guide for the Care and Use of Laboratory Animals (United States); and the present study was approved by the Ethics Committee of Qingdao University (QDU-AEC-2024475).
3 RESULTS
3.1 Effect of pso on osteogenic differentiation of PDLSCs
3.1.1 Culture and identification of PDLSCs
PDLSCs have the potential of self-renewal and multi-lineage differentiation, and are vital to the repair of periodontal tissue damage and the regenerative treatment of periodontal disease (Calabrese, 2021). These cells are also the primary source of newly attaching cells following periodontitis treatment (Yu et al., 2017). We first cultured PDLSCs and identified them, and observed that the primary stem cells grew radially around the tissue block and were arranged in a vortex shape, exhibiting a typically long spindle shape (S1 A). After osteogenic and adipogenic induction, mineralized red nodules (S1 C) and pink lipid droplets (S1 D) were observed microscopically. Flow-cytometric analysis showed that the primary stem cells exhibited characteristics of mesenchymal stem cells (MSCS)—i.e., the cells were positive for CD73, CD90, and CD105 (S1 F), while they were negative for CD34 and CD45 (S1 E). These results indicated that the cells we extracted were, in fact, PDLSCs, and that PDLSCs manifested the basic characteristics of BMSCs.
3.1.2 Effects of Pso on PDLSCs
LPS is known to stimulate the production of pro-inflammatory cytokines in vitro, and has been employed to simulate periodontal inflammatory disease (Stemmler et al., 2021). In order to emulate the periodontal microenvironment, PDLSCs were co-cultured with LPS, according to the references and our CCK-8 assay showed that 100 ng/mL LPS can simulate periodontitis environment and did not inhibit the proliferation of PDLSCs (Figure 1A). On this basis, we found that 10 μg/mL Pso significantly promoted the activity of PDLSCs (Figure 1B). Additionally,We noted that as LPS concentration increased, the enhancement in cellular vitality became less pronounced. Consequently, we selected 10 μg/mL Pso and 100 ng/mL LPS for subsequent experiments. ALP staining revealed a distinct blue-black coloration in the Pso group relative to the control group (Figure 1C), denoting a higher production of ALP in the former group. Additionally, alizarin red staining demonstrated an increased presence of calcium nodules in the Pso group (Figure 1D), further supporting the conclusion that Pso promoted the osteogenic differentiation of PDLSCs.
[image: Panel A shows a bar graph of OD four hundred fifty nanometers vs. LPS concentration, with OD peaking at one hundred nanograms per milliliter; Panel B displays a similar bar graph for Pso concentration, peaking at ten micrograms per milliliter. Panel C presents two microscopy images: CK shows sparse blue staining, while Pso exhibits dense blue staining. Panel D contains two microscopy images with intense red staining, indicating positive reactions, both with one labeled two hundred micrometers scale bars.]FIGURE 1 | Effects of Pso on PDLSCs. (A) Impact of various concentrations of Pso on the viability of PDLSCs. (B) Influence of different concentrations of LPS on the viability of PDLSCs. (C) Representative images of ALP staining. CK, PDLSCs only; Pso, PDLSCs plus Pso. (D) Representative images of alizarin red staining (scale bar = 200 μm). Data are expressed as means ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.3.2 Drug-target-pathway network construction
3.2.1 Network pharmacology screening of drug targets
To elucidate the mechanism underlying Pso-induced osteogenic differentiation of PDLSCs, we initially conducted a network pharmacology analysis to predict potential targets of Pso. After deduplication through database queries, we obtained 24 active compound targets and 1,800 chronic periodontitis-related therapeutic targets (Figure 2A). Eight genes were ultimately identified that served as both target genes of active ingredients and genes associated with chronic periodontitis. Enrichment analysis of the target proteins revealed that Pso targeted a variety of immune- and inflammation-related signaling pathways, including the mTOR signaling pathway, Toll-like receptor signaling pathway, and MAPK signaling pathway (Figures 2B–D); and of these, the mTOR signaling pathway was specifically related to osteogenesis (Laplante and Sabatini, 2012).
[image: Scientific figure with four panels: Panel A shows a Venn diagram comparing gene sets between periodontal disease and psoriasis, with eight overlapping genes. Panel B displays a dot plot of gene ontology enrichment analysis, with the size and color of symbols representing count and p-value significance respectively. Panel C presents a horizontal bar chart of KEGG pathway enrichment, highlighting cytokine-cytokine receptor interaction as most significant. Panel D features a KEGG pathway map for the mTOR signaling pathway with specific pathway genes highlighted in red.]FIGURE 2 | Network pharmacology results. (A) Venn diagram of Pso and chronic periodontitis targets. (B) Bubble chart of GO-enrichment analysis for Pso targets. The horizontal axis represents the rich factor value of the enrichment degree, and the vertical axis represents the GO Term. Of these, the size of the shape represents the number of differentially expressed proteins mapped. The larger the shape, the greater the number. The color of the shape represents the size of the corrected p-value; the redder the color, the smaller the p-value. BP, Biological Process; CC, Cellular Component; MF, Molecular Function. Diagram of the mTOR-signaling pathway in the KEGG database; red boxes indicate DEGs. (C) Histogram of KEGG-enrichment analysis of the top 10 target protein pathways affected by Pso. In the figure, the abscissa is −log10 (p-value) and the ordinate is the pathway name. The length of the column represents the size of the p-value; the longer the column, the smaller the p-value; and the darker the color, the more target proteins mapped to this pathway. (D) KEGG pathway analysis of metabolic mTOR diagram detailing target proteins; red denotes the target-expressed proteins.3.2.2 Use of transcriptomic sequencing to screen pso targets
In order to explore the mechanism(s) underlying Pso influences on the osteogenic differentiation of PDLSCs, we sequenced RNA extracted from the cultured cells using an Illumina second-generation high-throughput sequencing platform. This approach allowed us to assess the impact of Pso on PDLSCs, particularly in the context of LPS-induced differential gene expression. In comparison to the control group, we identified 2,377 DEGs in the cells cultured with both LPS/PSO, of which 1,606 were upregulated and 771 were downregulated (all P < 0.05) (Figure 3A). When Pso was administered to LPS-induced PDSLCs, the DEGs were predominantly enriched in biological processes, including developmental processes, cell differentiation, and cell regulation (Figure 3B).
[image: Panel A shows a volcano plot comparing gene expression between MP and CK groups, highlighting up- and downregulated genes; panel B displays a heatmap clustering differentially expressed genes across MP, MD, PSO, and CK samples; panel C presents a bar graph of the most enriched Gene Ontology terms distinguishing biological processes and cellular components; panel D illustrates a bubble chart depicting pathway enrichment, with the autophagy pathway notably highlighted and gene counts indicated by bubble size.]FIGURE 3 | Transcriptomic-sequencing analysis as applied to investigate the effects of Pso on LPS-induced PDLSCs. (A) Volcano plot of the number of DEGs; red dots signify upregulated genes, and green dots denote downregulated genes with significant differential expression. (B) Differential expression-clustering diagram; the color-gradient transitions from red to blue indicate a diminution in log(FPKM+1) values. (C) Top 10 GO functional-enrichment analysis. Green denotes biological processes, while blue signifies cellular components. (D) KEGG functional-enrichment analysis features the pathway names on the vertical axis and the rich factor on the horizontal axis; the size of each point reflects the number of DEGs within the corresponding pathway, and the color of the points corresponds to different Q-value ranges. The top 20 significantly enriched pathways were sorted from smallest to largest by Q-value, and the red box in the figure denotes the most obvious pathway for enrichment for visual emphasis, and the red box in the figure denotes the most obvious pathway for enrichment for visual emphasis.In order to further identify the targeting pathway for Pso, we performed GO and KEGG functional-enrichment analyses of the DEGs, and noted that the most significantly enriched differences were observed in the pathways related to autophagy and mitophagy (Figure 3D). Among these factors, the enriched difference in the mTOR pathway was particularly significant, implying that this pathway was critical to the osteogenic process with respect to inflammatory PDLSCs. We therefore speculate that mTOR signaling may constitute a key pathway involved in the osteogenic differentiation of PDLSCs.
3.2.3 Effect of pso on PDLSCs
When we evaluated the expression of related proteins by Western blot analysis, we observed that the expression levels of the osteogenesis-related genes OCN, RUNX2, and ALP were significantly downregulated in the LPS group, while they were elevated following the addition of Pso. Relative to the control group, mTOR expression was notably downregulated in the PSO group. These results suggested that Pso promoted the osteogenic differentiation of PDLSCs, a process that may be associated with mTOR (Figure 4A).
[image: Panel A shows Western blot bands for mTOR, RUNX2, ALP, OCN, and GAPDH proteins across four groups: CK, L, P, and LP. Panels B to F display bar graphs of relative gene expression for LC3, PI3K, RagC, WIPI1, and Deptor, respectively, across the same groups, with statistical significance indicated by asterisks.]FIGURE 4 | Verification of the effect of Pso on PDLSCs. (A) Representative protein expression bands for mTOR, OCN, RUNX2, ALP, and GADPH. (B–F): Expression of LC3, PI3K, Rag C, WIPI 1, and Deptor genes. CK, blank control; L, LPS group; P, Pso group; LP, Pso/LPS co-culture group. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs. control group.3.2.4 Evaluation of mTOR pathway-related genes
In order to further clarify the mechanism by which mTOR regulated osteogenesis, we evaluated the differential expression of genes related to the mTOR pathway based on the results of transcriptomic sequencing. As can be viewed from the figure, after adding LPS and compared to the control group, the expression levels of LC3 and PI3K increased, while the expression of Deptor diminished; and again compared to the control group, the genes with augmented expression included Deptor, Rag C, and WIPI 1 in the Pso group (Figures 4B–F). These findings were thus consistent with our sequencing results.
3.3 Effects of mTOR on osteogenic differentiation in PDLSCs
3.3.1 Effects of an mTOR inhibitor on PDLSCs
In order to examine the relationship between the mTOR-signaling pathway and osteogenesis of PDLSCs, we added rapamycin as an mTOR inhibitor to cultured PDLSCs. Results indicated that the addition of the mTOR inhibitor significantly attenuated the gene-expression level of mTOR (Figure 5A) while simultaneously upregulating Rag C (Figure 5B). We also ascertained that after adding Pso to PDLSCs incubated with the mTOR inhibitor, the expression of Rag C protein was upregulated; and that the gene- and protein-expression levels for the osteogenic markers ALP and RUNX2 tended to increase, but not to a significant degree (Figures 5C–F). This indicated that Pso regulated osteogenic differentiation via mTOR.
[image: Nine-panel scientific figure showing multiple bar graphs, a Western blot, and a fluorescence microscopy image. Panels A-D, F, H, and I display bar graphs comparing gene or protein expression levels between experimental groups, with statistical significance indicated by asterisks and “ns” for not significant. Panel E shows Western blot bands for Rag C, RUNX2, ALP, and GADPH proteins labeled with molecular weights and sample groups. Panel G presents a fluorescence micrograph of elongated green-stained cells with a scale bar labeled 200 micrometers.]FIGURE 5 | Expression of related genes and proteins after the addition of mTOR inhibitor. (A) Expression level of the mTOR gene after adding the inhibitor rapamycin. (B) Change in the expression levels of the Rag C gene. (C–D) Changes in the expression levels of the osteogenesis-related genes ALP and RUNX2. (E) Protein expression levels for of Rag C, Deptor, ALP, and RUNX2. CK, control group; mTOR, mTOR-inhibitor group. (F) Relative expression levels of Rag C, ALP, and RUNX2 proteins. mTOR, mTOR-inhibitor group; Pso, mTOR inhibitor + Pso group. (G) Representative images of PDLSCs with Rag C lentiviral knockdown; green fluorescence indicates the lentiviral vector particles. (H–I) Expression changes in ALP and RUNX2 in PDLSCs with Rag C knockdown. CK, control group; Rag C, PDLSCs (scale bar = 200 μm). Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs. the control group.3.3.2 Rag C knockdown by lentiviral transfection of PDLSCs
In order to further assess the underlying mechanism of action for Pso in the Rag C/mTOR-signaling axis and to investigate the role of mTOR in the osteogenic differentiation of PDLSCs, we constructed lentiviral vectors to establish PDLSCs with Rag C knockdown. The presence of green fluorescence in the cells validated the success of the lentiviral transfection (Figure 5G), and we observed that the osteogenic genes ALP and RUNX 2 were upregulated after lentiviral knockdown compared to the controls (Figures 5H,I). This result confirmed that Rag C functioned as an upstream regulator of mTOR and that Pso limited mTOR signaling via Rag C, thus modulating the osteogenic differentiation of PDLSCs.
3.4 Preparation and application of MPDA-Pso nanoparticles
3.4.1 Preparation and characterization of MPDA-Pso nanoparticles
In order to improve the physical properties of Pso, we prepared MPDA nanoparticles loaded with Pso. The optimal drug loading rate was approximately 80.30% when the Pso:MPDA ratio was 5:1 (Figure 6E). Under electron microscopy, the prepared MPDA nanoparticles were spherical and showed a pore structure (Figures 6A,C). The mean size of the MPDA nanoparticles was 196.60 ± 21.90 nm, and the zeta potential was −23 mv. Pso was encapsulated in MPDA mesopores, and the MPDA-Pso nanoparticles were spherical in shape (Figure 6B) and of various particle sizes with a mean ± SD of 220.95 ± 28.20 nm (Figure 6D). After drug loading, the particle size and shape did not change significantly, and the zeta potential was −22.7 mv.
[image: Panel A displays a grayscale electron microscope image of three spherical particles, each about two hundred micrometers across. Panel B shows a similar image with two spherical particles. Panel C contains a histogram with a fitted curve, showing particle size distribution centered around one hundred ninety-six point six nanometers. Panel D shows another size distribution histogram with a peak at approximately two hundred twenty point nine nanometers. Panel E presents a bar graph of drug loading rates, demonstrating a marked increase as the PSO to MPDA ratio rises, peaking at a five to one ratio. Panel F features an infrared spectroscopy graph comparing transmittance spectra for PSO, MPDA, and MPDA-PSO across wavenumbers.]FIGURE 6 | Characterization of MPDA-Pso nanoparticles. (A) Representative TEM image of MPDA nanoparticles. (B) Representative TEM image of MPDA-Pso nanoparticles. (C) Diagram of particle size distribution of MPDA. (D) Diagram of particle size distribution of MPDA-Pso nanoparticles. (E) Changes in the drug-loading rate of MPDA-Pso nanoparticles prepared with different ratios of Pso/MPDA. (F) Images of Fourier transform infrared spectrophotometry (FTIS); the three lines from top to bottom are the absorption peaks of Pso, MPDA, and MPDA-Pso.Fourier infrared spectra (Figure 6F) showed a series of changes in the MPDA-Pso nanoparticles compared to MPDA alone. The characteristic peak change at 1395 cm-1 represented the bending and tensile vibration of the C-O-H bond, the peak change at 910 cm-1 represented the vibration of the C-O bond of the oxygen-containing functional group in MPDA, and the peak change at 1510 cm-1 represented the shear vibration of the N-H bond. In conclusion, these characteristic peak changes further proved that Pso was successfully loaded and that the MPDA-Pso nanomaterials were prepared successfully.
3.4.2 Effect of MPDA-Pso nanoparticles on osteogenic differentiation of PDLSCs
To verify an effect of the prepared MPDA-Pso nanomaterials on osteogenic differentiation of PDLSCs, MPDA-Pso nanoparticles were co-cultured with PDLSCs, with the control group and the MPDA group displaying no significant blue coloration. In contrast, the cells in both the Pso and MPDA-Pso groups were stained intensely bluish; however, the staining area of the Pso group was notably smaller than that of the MPDA-Pso group (Figure 7A). The results of alizarin red staining mirrored those of ALP staining, with the most prominent red calcium nodules observed in the MPDA-Pso group, while such nodules were infrequently observed in the control and MPDA groups (Figure 7B). After 14 days of cell culture, ALP activity and ALP gene expression were assessed, and we noted significant differences among the Pso group, the MPDA-Pso group, and the control group. Both the Pso group and the MPDA-Pso group exhibited significantly enhanced ALP activity and ALP gene expression in the cells (Figures 7C,D). These results indicated that MPDA-Pso nanomaterials and Pso promoted the osteogenic differentiation of PDLCs.
[image: Panel A shows four microscopic images comparing cell morphology or staining under treatments CK, MPDA, Pso, and MPDA-Pso, each with a scale bar of two hundred micrometers. Panel B displays four corresponding images under the same treatments, stained more intensely red, suggesting increased marker or mineralization. Panel C presents two bar graphs: the left shows relative ALP levels and the right shows relative ALP expression, both significantly increased in MPDA-Pso and Pso compared to CK and MPDA, indicating enhanced osteogenic activity.]FIGURE 7 | MPDA-Pso promotes osteogenesis of PDLSCs. (A) Images of ALP staining. (B) Alizarin red-stained images. (C) ALP activity and gene-expression analyses (scale bar = 200 μm). Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs. control group.3.4.3 Effects of MPDA-Pso nanoparticles on osteogenesis in rats with alveolar bone defects
To evaluate the osteogenic effects of MPDA-Pso nanomaterials in vivo, we constructed a rat model of maxillary first molar defect, conducted micro-CT analysis 7 days and 28 days after the application of the materials, and noted that the amount of new bone in the MPDA-Pso group increased compared to the control group. Alveolar bone healing was also better at 28 days than at 7 days (Figures 8A,B).
[image: Figure panels present experimental results for four groups (CK, G, MPDA, MP) at 7 and 28 days. A: 3D renderings of jawbone segments. B: Cross-sectional CT scans of teeth and alveolar bone. C: Histological images with features marked by colored stars and scale bars of three hundred micrometers. D: Bar graph compares bone volume fraction (BV/TV%) among groups, with MP showing a significant increase. E: Bar graph shows trabecular separation (Tb.Sp) with MP displaying a significant decrease.]FIGURE 8 | Effect of MPDA-Pso on osteogenesis in defective alveolar bone in rats. (A–B): micro-CT images on days 7 and 28. (C): H&E-stained images of alveolar bones; blue marks indicate inflammatory cell infiltration, and red marks indicate new bone tissue. (D): Trabecular bone parameter BV/TV as obtained by micro-CT analysis. (E) Tb. Sp data analysis as obtained by micro-CT analysis. CK, control group; G, gelatin sponge; MPDA, gelatin sponge combined with MPDA; MP, gelatin sponge with MPDA-Pso BV/TV, bone volume per tissue volume; Tb. Sp, trabecular separation (scale bar = 300 μm). Data are expressed as mean ± SD. **P < 0.01 and ***P < 0.001.To assess the extent of alveolar bone healing, we conducted histologic analyses to evaluate alveolar inflammation and cellular proliferation at seven and 28 days post-reaction, and observed that all groups manifested an inflammatory response at 7 days. Although the proportion of new bone within the alveolar socket had increased significantly in the MPDA-Pso group by 28 days, the remaining three groups demonstrated more pronounced inflammatory responses in alveolar bone compared to the MPDA-Pso group (Figure 8C). We attribute the diminished inflammatory response observed in the MPDA-Pso group to the material’s beneficial effect on the osteogenic differentiation of BMSCs, as it facilitated the transformation of granulation tissue into woven bone.
Our results also revealed that the bone volume fraction (BV/TV) in the MPDA-Pso group was significantly higher than that in the control group (P < 0.01) (Figure 8D). However, there was no significant difference in BV/TV between the gelfoam group or the MPDA group compared to the control group. Additionally, trabecular separation (Tb.Sp) in the MPDA-Pso group was significantly lower than in the control group (P < 0.001) (Figure 8E). These findings suggested that MPDA-Pso nanomaterials effectively promoted osteogenesis in rat alveolar sockets.
4 DISCUSSION
Chronic periodontitis is at a high incidence in the human population, and can cause non-renewable inflammatory destruction of periodontal bone tissue (Van Der Velden, 2000). Additionally, LPS, the primary antigenic component of the outer membrane of Gram-negative bacteria such as Porphyromonas gingivalis, is able to stimulate local periodontal tissue cells and immune cells to produce a large number of inflammatory mediators, thus playing an important role in the pathogenesis of periodontitis (Gasmi et al., 2022; Xu et al., 2020; Zhang et al., 2023). PDLSCs are the principal source of newly attached cells after periodontitis treatment, manifest a variety of differentiative potentials, and can be employed as ideal model cells for regenerative engineering of periodontal tissue (Tomokiyo et al., 2019; Li et al., 2014).
Pso has been confirmed to exert anti-inflammatory, antibacterial, and osteogenic differentiative activities; and is widely applied to diseases such as psoriasis and vitiligo (Olafsson et al., 2023; Thakur et al., 2020). Our previous study also confirmed that systemic application of Pso significantly reduced alveolar bone loss in rats with periodontitis via modulation of the intestinal flora. Based upon the above considerations, we conducted a network pharmacology analysis to further explore the mechanism(s) by which Pso influences the osteogenic differentiation of PDLSCs. Network pharmacology results showed that Pso affected various biologic pathways and processes used by PDLSCs, including autophagy as related to osteogenesis. We therefore hypothesized that the effect of Pso on LPS-induced PDLSCs was associated with autophagy.
Autophagy is a process of cellular self-degradation and recycling of intracellular components, and plays an important role in the pathogenesis of immune regulation, infection, inflammation, tumors, and neurodegenerative and other diseases (Glick et al., 2010; Mizushima and Komatsu, 2011). It is currently postulated that autophagy is a defense-and-stress regulatory mechanism that is bidirectional (Onorati et al., 2018). Some studies have shown that P. gingivalis induces the production of autophagosomes (Lee et al., 2018), and there is also evidence that an enhanced autophagic response inhibits the intracellular survival of A. actinomycetes in a patient’s THP-1 monocyte line infected with this bacterial species (Chung et al., 2018). In order to explore the relationships among Pso, autophagy, and periodontitis in an inflammatory environment, we simulated the inflammatory microenvironment characteristic of patients with periodontitis and performed transcriptomic sequencing. Through enrichment analysis and molecular function annotation of the differential genes involved, we discovered that the autophagic process in PDLCs was significantly affected by Pso, and that the mTOR-signaling pathway was crucial to the process. The mTOR-signaling pathway is an important cell-signaling pathway that participates in a variety of biologic processes such as cell growth, autophagy, and metabolism (Liu and Sabatini, 2020; Wang and Zhang, 2019; Kim and mtor, 2015); Yang G et al. found that MTORC1 is not only an executor of RagC phosphorylation, but also achieves feedback regulation of its own activity. This feedback regulation mechanism enables the mTORC1 signaling pathway to more accurately respond to changes in the intracellular and extracellular environment, maintaining the balance of cell growth, proliferation, and metabolism (Yang et al., 2019). and Abudu et al. ascertained that mTORG1 (a WD domain repeat protein of the mTOR family) inhibited mTOR signaling via Rag GTPases (Rags A–D), thereby promoting infrastructural autophagy (Abudu et al., 2024). The NLRP3 inflammasome produced by periodontitis can promote the maturation and secretion of inflammatory cytokines such as IL-1β and IL-18, while autophagosomes can recognize and encapsulate the NLRP3 inflammasome to degrade it, thereby inhibiting the large-scale production of inflammatory cytokines such as IL-1β and IL-18 from the source, effectively reducing inflammatory damage to periodontal tissue (Hashim et al., 2024; Isola et al., 2022). Recent evidence has shown that autophagy is involved in osteogenesis and bone development, and that AMP-activated protein kinase (AMPK) and mTOR are essential for autophagy (Cheng et al., 2019). Huang et al. also discerned that mTOR inactivation inhibited osteoblast proliferation and promoted differentiation (Huang et al., 2015).
To investigate the role of the mTOR-signaling pathway in the osteogenic differentiation of PDLSCs induced by Pso, we added the mTOR-inhibitor rapamycin to the cells. Our results demonstrated that after adding Pso to the PDLSCs and successfully inhibiting mTOR, the gene- and protein-expression levels of the osteogenesis-related factors ALP and RUNX2 tended to be upregulated (although they were not statistically different). In contradistinction, the expression levels of the Rag C gene increased significantly, indicating that Rag C was an upstream regulator of mTOR, and that the mTOR-signaling pathway was key to enhancing the differentiative capability of PDLSCs toward osteogenesis by Pso. This result also provides evidence for the application of Pso in the treatment of periodontitis.
In order to elucidate the upstream and downstream mechanisms underlying Pso effects on the mTOR pathway, we established a lentiviral Rag C-knockdown model using PDLSCs; and our analysis revealed that the expression of the osteogenesis-related genes ALP and RUNX2 was upregulated, indicating the impact of Rag C on mTOR signaling. We therefore speculate that Pso limited mTOR signaling by inhibiting Rag C, and that it modulated autophagy and stem cell osteogenesis by regulating the Rag C/mTOR-signaling axis.
Pso is slightly soluble in water, engendering a challenge to its use as an oral medication. To modify its physical properties so as to improve therapeutic efficacy, we selected MPDA as a carrier and prepared MPDA-Pso nanoparticles. This material exhibited a large surface area, facilitated surface modification, possessed favorable biocompatibility, and was convenient for loading drugs—making it widely available for use as a drug-delivery system (Liu et al., 2021). We synthesized MPDA-Pso nanoparticles that significantly increased the water solubility of Pso, and co-cultured these nanoparticles with PDLSCs. Our results indicated that MPDA-Pso nanoparticles promoted the osteogenic differentiation of PDLSCs, suggesting that, while MPDA-Pso altered the physical properties of Pso, it did not affect the material’s capacity to promote osteogenesis.
We subsequently performed micro-CT scan analysis on the maxillary bones of rats that were raised for 7 and 28 days following the application of the materials. The analysis revealed that alveolar bone healing encompassed several processes, including inflammatory cell infiltration, angiogenesis, fibroblast migration, collagen deposition, and bone remodeling (Thoma et al., 2017), of which the bone-remodeling process was the most significant. These results demonstrate that MPDA-Pso significantly increased the volume of bone mass and significantly reduced trabecular bone separation, demonstrating its potential for effectively promoting alveolar bone formation in rats.
5 CONCLUSION
In summary, we herein demonstrated that Pso promotes the osteogenic differentiation of PDLSCs. Specifically, Pso’s promotional effect on the osteogenic differentiation of inflammatory PDLSCs was generated via its regulation of the Rag C/mTOR-signaling axis and the autophagic process, thus modulating stem cell osteogenesis. Furthermore, the MPDA-Pso nanoparticles we developed were shown to promote osteogenic differentiation of PDLSCs in vitro and to facilitate alveolar bone formation in rats in vivo. Collectively, our findings offer novel insights into the mechanisms by which Pso enhances osteogenic differentiation of PDLSCs within an inflammatory microenvironment, and potentially facilitates its application in the treatment of chronic periodontitis. Our experiments also revealed that the mechanism whereby Pso promoted osteogenic differentiation of PDLSCs involved a combination of multiple pathways, highlighting the necessity for the further examination of other potential underlying mechanisms.
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Aberrant interactions among decidual stromal cells, decidual natural killer (dNK) cells, and trophoblasts are implicated in placenta accreta spectrum (PAS) pathogenesis, though the underlying mechanisms remain unclear. This study investigates the relationship between defective decidualization of endometrial stromal cells and dysregulated dNK cell proliferation, which may contribute to excessive trophoblast invasion and the development of PAS. We established an in vitro system that mimics the decidual microenvironment to investigate these interactions. Maternal decidua-derived mesenchymal stem cells (MD-MSCs) from healthy pregnancies and PAS patients (PA-MSCs) were isolated and induced to undergo decidualization using hormonal and chemical stimuli. Peripheral natural killer (pNK) cells were then co-cultured with these MSCs to generate dNK-like cells. Cellular interactions among MSCs, dNK-like cells, and trophoblasts were evaluated using an in vitro co-culture system. Decidualization defects in PA-MSCs were marked by reduced morphological changes and dysregulated expression of decidual markers, potentially associated with estrogen receptor (ER) overexpression. Furthermore, both PA-MSCs and normal MD-MSCs similarly regulated trophoblast invasion, suggesting an indirect impact of impaired decidual cells on trophoblast behavior. Interestingly, decidualized MD-MSCs (De-MD-MSCs) showed the potential to induce the conversion of pNK cells into dNK-like cells, which displayed reduced cytotoxicity on trophoblasts and elevated KIR2DL4 expression. These dNK-like cells exhibited increased proliferation when co-cultured with PA-MSCs, enhancing trophoblast invasion and spiral artery remodeling. Conditioned medium derived from PA-MSCs-induced dNK-like cells demonstrated a higher capacity to promote trophoblast invasion in a dose-dependent manner. The abnormal proliferation of dNK cells induced by impaired decidual cells may contribute to the pathogenesis of PAS, providing valuable insights into its mechanisms and potential therapeutic interventions.
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INTRODUCTION
In the process of embryos implanting in the uterus, the interaction between the maternal decidual cells, leukocyte subpopulations like decidual natural killer (dNK) cells, and blastocyst trophoblasts is critical for healthy placental formation and successful pregnancy (Xu et al., 2017). During blastocyst development, trophoblasts differentiate into cytotrophoblasts (CTBs), the subsequent syncytiotrophoblasts (SCTs), and extravillous trophoblasts (EVTs), forming the primitive syncytium and lacunae (Kim et al., 2024; Kojima et al., 2022). Studies demonstrate that decidual and dNK cells regulate trophoblast invasion by secreting factors, maintaining a delicate balance (Yang et al., 2019). During pregnancy, decidual cells, part of the specialized endometrium, complete the decidual reaction post-implantation, supporting placentation through interactions with trophoblasts and producing specific proteins and factors (Hess et al., 2007). Throughout pregnancy, dNK cells, with unique killer cell immunoglobulin-like receptors (KIR) expression and interactions with decidual cells, play a crucial role in immune tolerance at the maternal-fetal interface and placentation through interactions with EVTs (Jabrane-Ferrat, 2019). The equilibrium among decidual, dNK, and trophoblast cells is vital in establishing an immune-regulated environment necessary for placental formation and fetal development, contributing significantly to maternal-fetal immune tolerance (Wang and Li, 2020; Hanna et al., 2006).
Various placental disorders, including the high-risk placenta accreta spectrum (PAS), are caused by disruptions in the regulation between these cells (Al-Khan et al., 2013). PAS is an abnormal placental development condition that encompasses placenta accreta, increta, and percreta and is a major cause of severe maternal morbidity and mortality (Bartels et al., 2018). PAS is particularly daunting for pregnant women and obstetricians due to the difficulty in early detection and the complexity of treatment even after diagnosis. The prevalence rate of PAS has increased in recent decades, from 1 in 1,250 births in the 1980s to as many as 1 in 272 births today (preventaccreta.org, 2024). From the cytological perspective, studies suggest that defects in the decidualization of endometrial stromal cells (ESCs) (Illsley et al., 2020; Gao et al., 2022), altered immune responses in maternal tissues (Adu-Gyamfi et al., 2021; Mirani et al., 2024), or a combination of both conditions (Velicky et al., 2016; Sharma et al., 2016; Moffett and Shreeve, 2023) are proposed as underlying factors contributing to excessive invasion of EVT. This can result in the pathologic adherence of the placenta and subsequent severe bleeding during delivery (Wang et al., 2021; Chang et al., 2020; Murata et al., 2022). However, due to the lack of appropriate animal models and even cellular models, studying the intricate mechanisms governing the aberrant placentation of PAS has presented challenges. Thus, the precise etiology of PAS remains incompletely understood, especially when investigating the early and mid-stages of human pregnancy, during which EVTs interact with decidual cells and dNK cells. Therefore, understanding the complex interactions among decidual cells, EVTs, and immune cells, particularly dNK cells within the uterus, is essential for developing diagnostic and therapeutic approaches to address PAS and its potentially life-threatening complications.
In our preliminary work, we isolated a unique cell population derived from the choriodecidual interface, where the decidua (developed from the endometrium) and the chorion (created from the trophoblast of the outer wall of the embryo) fuse. In order to clearly demonstrate the basic characteristics of MSCs, we adapted the results from previous studies (Su et al., 2017). These cells were identified from the precise decidua with the MSC markers (Supplementary Figure S1A) and differentiation potentials (Supplementary Figure S1B), known as human placenta maternal decidua-derived mesenchymal stem cells (MD-MSCs), replacing the previously confusing origin and nomenclature of human placenta choriodecidual membrane-derived mesenchymal stem cells (pcMSCs) (Su et al., 2017). They have shown significant potential for cell therapy due to their anti-inflammatory, immunomodulatory, and tissue repair capabilities (Chen et al., 2022). Beyond their roles in regenerative medicine, this study aims to explore the physiological functions of MD-MSCs in the endometrium to gain new insights into complex placental diseases. Consequently, we developed an MD-MSC-based decidualization and co-culture system. This advanced system facilitates the assessment of EVT invasion and dNK cell induction, thereby overcoming the limitations of traditional in vitro methods.
In this study, we established an MD-MSC-based co-culture system and utilized pathological MD-MSCs from patients with PAS (PA-MSCs) to investigate the underlying mechanism of PAS. Our findings suggest that MD-MSCs can potentially induce pNK cells to convert into dNK-like cells with lower cytolytic ability and enhanced expression of KIR2DL4, one of the polymorphic KIRs that interacts with HLA-G on EVTs (Rajagopalan and Long, 2012). Moreover, we observed that dNK-like cells proliferate significantly when co-cultured with PA-MSCs and exhibit a greater capacity to promote trophoblast invasion when co-cultured with MD-MSCs. This discovery highlights the potential contribution of aberrant dNK cell numbers and decidualization defects to PAS development. This study proposes a novel approach to studying the intricate interactions among decidual, dNK, and trophoblast cells in vitro and offers new insights into the mechanism of PAS.
MATERIALS AND METHODS
Isolation and culture of MD-MSCs and PA-MSCs
MD-MSCs and PA-MSCs cells were obtained from the term placenta undergoing cesarean sections at Taipei Medical University Hospital and Dr. Jin-Chung Shih from National Taiwan University Hospital, respectively. All procedures were approved by the Institutional Review Board (IRB: 202308101RINC). The diagnostic criteria for selecting pathological placentas as clinical specimens in this study are outlined in Supplementary Table S1. Additionally, histopathological confirmation of PAS was performed, with Supplementary Figure S4 illustrating interstitial cytotrophoblast (iCTB) invasion into the myometrium in the three selected specimens. For cell isolation, the decidual membrane was isolated, chopped, and digested with a mixture of protease (Sigma, 9001-92-7), collagenase B (Sigma, COLLB-RO), and DNase I (Bioshop, DRB003). After overnight digestion at 4°C, the filtrate was centrifuged, washed, and resuspended in MCDB201 medium (Merck, M230428) supplemented with 1% insulin-transferrin-selenium (ScienCell, 0803), 10 ng/mL epidermal growth factor (EGF, Peprotech, AF10015), and 1% penicillin/streptomycin. Cells were seeded onto collagen-type IV-coated Petri dishes, and non-adherent cells were removed after 24 h. Upon reaching 90% confluency, cells were dissociated with trypsin (Gibco, 25-200-072), terminated with fetal bovine serum (FBS) (Gibco, 10-082-147), and seeded for further amplification.
In vitro decidualization
For in vitro decidualization using (a) hormone and (b) second messenger induction, MD-MSCs or PA-MSCs were initially seeded in a 10-cm Petri dish and allowed to attach for 48 h. Subsequently, the cells were stimulated with the combination of (a) 10 nM estradiol (E2, Sigma-Aldrich, E2785) and 1 μM progesterone (P4, Sigma-Aldrich, P8783) or (b) 0.5 mM 8-Bromo-cAMP sodium salt (MedChemExpress, HY-12306) and 1 μM medroxyprogesterone 17-acetate (MPA, Sigma-Aldrich, M1629) for 5 days. The morphology and the expression of decidualization markers were assessed at 5 days following induction. Throughout the decidualization process, the morphological changes of the cells were monitored using a phase-contrast microscope on the fifth day after induction. Furthermore, for further analysis, total protein and RNA were extracted from decidualized cultures and non-stimulated control samples at specified time points.
Decidual cell morphology quantification
MD-MSCs were initially seeded in a sterilized 12-well plate and subjected to two different decidualization cocktails. Following a 5-day decidualization period, cells were washed with PBS (pH 7.4) and fixed with 4% paraformaldehyde solution (BioLegend, 420801) in PBS for 10 min at room temperature. After fixation, cells underwent three PBS washes. They were stained with Wheat Germ Agglutinin (WGA) (Invitrogen, W11261) at a concentration of 5 μg/mL to target the cell membrane, enhance the visibility of cell boundaries, and facilitate the cell morphology quantification. For nuclear visualization, DAPI (BioLegend, 422801) was applied at a concentration of 1 μg/mL for 5 min. Stained cells were then observed using fluorescence microscopy to capture images, and ImageJ software was employed to quantify cell morphology. The circularities and roundness of 15 cells from each image were measured separately to assess cell shape, ensuring reliable statistical analysis.
Real-time PCR (RT-PCR)
Total RNA was extracted from MD-MSCs and PA-MSCs using the NucleoSpin® RNA isolation kit (740955.50, Macherey-Nagel). The concentration of RNA was determined using the Nanodrop 1000 (Thermo) spectrophotometer. Subsequently, reverse transcription was performed using the SuperScript first-strand synthesis system (Invitrogen, 48190-011) according to the manufacturer’s instructions. The resulting cDNA samples were utilized for PCR amplification using the qPCRBIO SyGreen Blue Mix Lo-ROX (PB20.15). Quantitative PCR (qPCR) assays were conducted in triplicate on a Biometra Professional Basic 96 gradient detection system. To normalize the expression levels of target genes, the reference gene (18S rRNA) was used. The specific primers employed for each gene can be found in Supplementary Table S2. The average threshold cycle (Ct) was calculated from the Ct values obtained from three replicates of each sample. The normalized ΔCt value for each sample was computed as the mean Ct of the target gene minus the mean Ct of the reference gene. ΔΔCt was then calculated as the difference between the ΔCt values of the control and test samples. The fold change in gene expression for each sample relative to the control was determined using the 2(−ΔΔCt) mathematical model for relative quantification in qPCR. The mean fold induction and standard error of the mean (SEM) were determined from a minimum of three or more independent experiments.
Enzyme-linked immunosorbent assay (ELISA)
To measure the concentration of secreted proteins, such as prolactin (PRL) and Insulin-like growth factor binding protein 1 (IGFBP1), the cell culture medium was collected and centrifuged at 2,000 g for 10 min at 4°C to remove any cellular debris. The resulting supernatant was immediately supplemented with a protease inhibitor cocktail and stored at −80°C for subsequent analysis. For the determination of scavenger receptor class A type 5 (SCARA5) protein levels, the cells were first lysed using RIPA buffer supplemented with a 100-fold diluted protease inhibitor cocktail. The cell lysate was then collected and centrifuged at 16,500 g for 20 min. The resulting supernatant was transferred to a new Eppendorf tube and stored at −80°C until further use. To quantify the PRL and IGFBP1 secretion levels, specific ELISA kits were employed, such as the Human Prolactin DuoSet ELISA (R&D #DY682) and Human IGFBP1 DuoSet ELISA (R&D #DY871), in conjunction with the DuoSet ELISA Ancillary Reagent kit 2 (R&D #DY008B), following the manufacturer’s instructions. Similarly, the SCARA5 levels were determined using an appropriate ELISA kit (AVIVA SYSTEMS BIOLOGY, OKCD00526).
Immunohistochemistry (IHC) in tissue sections
The human decidual tissue sections from normal and PAS placenta were formalin-fixed, paraffin-embedded, cut, and mounted at the Laboratory Animal Center, College of Medicine, National Taiwan University. The dissected sections were placed in a 60°C oven to soften the paraffin for the following steps. After 30 min, the sections were dewaxed with Xylene-clear citrus oil (National Diagnostics, HS-200), cleared in 100% ethanol, and rehydrated through gradients of ethanol in PBS (with gradients of 100%, 95%, 80%). Antigen retrieval was then conducted in 100°C citrate acid buffer for 20 min. Sections were sequentially incubated with 1% blocking BSA for 5 min and subsequently incubated with primary antibodies at 4°C overnight. After washing with PBS to remove unbound antibodies, biotinylated secondary antibodies were applied. Following that, HRP polymer was applied for 30 min at room temperature. After 30 min, diaminobenzidine (DAB) substrate (Chromogen: Substrate = 1:20) was added for precipitation for 1–3 min. Hematoxylin was then used to stain cell nuclei. Sections were mounted with Malinol (MUTO PURE CHEMICALS, 2040-2). The information on the antibodies used is provided in Supplementary Table S3. IHC staining reagents were used following the manufacturer’s instructions (Novolink, RE7290-k).
Surface marker expression levels measured by flow cytometry
For the evaluation of ER, PR, and SCARA5 expression levels in MD-MSCs and PA-MSCs, live cells were trypsinized and fixed with a 4% paraformaldehyde solution (BioLegend, 420801) in PBS for 10 min at room temperature. Permeabilization was achieved using 0.1% Triton X-100 for 5 min at room temperature. Subsequently, fixed cells were incubated individually with ER, PR, and SCARA5 antibodies at manufacturer-specified concentrations for 15 min. For surface CD3, CD56, KIR2DL4, and HLA-G expression levels, the same protocols were followed without Triton X-100 permeabilization. Finally, cells were resuspended in FACS buffer (1X PBS supplemented with 1 mM EDTA, 25 mM HEPES, and 1% FBS) for subsequent analysis. Analytical flow cytometry was performed using an LSRFortessa, and FACS data were analyzed using FlowJo (version 10.8.01).
Trophoblast invasion assay
To perform the invasion assay, MD-MSCs and PA-MSCs were seeded and cultured in a 24-well plate. Subsequently, these cells underwent treatment with two distinct decidualization cocktails. Following a 5-day decidualization, trophoblast cell line 3A-sub-E (BCRC, 60302) was seeded onto transwell inserts with an 8 μm pore size to facilitate trophoblast invasion. Many mammalian cells can deform and squeeze through 8 μm pores, making this size appropriate for invasion studies. These inserts had been pre-coated with a Matrigel solution (Corning, #356231) diluted sixfold in serum-free MEM α (Minimum Essential Medium) (Gibco, 11900024). After a 3-day co-culture period, the transwell inserts were meticulously removed, and non-invaded cells present on the upper surface of the inserts were gently eliminated using a cotton swab. Subsequently, the invaded trophoblasts were lysed utilizing a CellTiter-Glo® 2.0 Cell Viability Assay (Promega #G9241) to facilitate the quantification of the relative trophoblast invasion rate.
Peripheral blood mononuclear cells (PBMCs) isolation and peripheral blood natural killer (pNK) cells purification
pNK cells were obtained from human peripheral blood following approved procedures by the IRB (202312090RINC). Mononuclear cells were isolated from human peripheral blood using the Mitenyl Biotec protocol for density gradient centrifugation. Peripheral blood was collected in a 10 mL vacutainer containing heparin and centrifuged at 550 g for 10 min to separate plasma from blood cells. The plasma was inactivated at 56°C for 30 min, followed by centrifugation at 3,000 g for 10 min to remove precipitate. For PBMC isolation, blood cells were diluted with four times the volume of commercial 1X PBS (Gibco, 00187) and layered over Ficoll-Paque (Cytiva, 17144002) in a 50 mL conical tube, then centrifuged at 400 g for 40 min. The PBMC layer was carefully transferred to a new tube, washed with 1X PBS, and centrifuged at 300 g for 10 min. Platelets were removed by resuspending the cell pellet in 1X PBS and centrifuging at 200 g for 15 min, repeating the step twice. The resulting cell pellet was resuspended, and a cell count was performed. A total of 107 cells were seeded in a T75 flask and cultured in a DSNK medium (BioMab, 020-A010-001) supplemented with inactivated plasma for pNK cell purification and expansion. After a 14-day selection period, the purity of pNK cells was assessed by flow cytometry by determining the expression of the pNK cell marker CD3−CD56+. Once purity reached 95%, pNK cells were considered suitable for subsequent experiments.
Cytotoxicity assay for pNK cell and dNK-like cells
The pNK cells and dNK-like cells induced by MD-MSCs were prepared according to the aforementioned protocols. In the cytotoxic assay, 3A-subE trophoblasts were initially seeded into a 96-well plate. Following a 6-h attachment period, the pNK cells and dNK-like cells were seeded to co-culture with the attached trophoblasts. The ratios of effector cells (NK cells) to target cells (trophoblasts) were set at five different proportions: 1:1, 2:1, 4:1, 1:2, and 1:4. After co-culturing for 12 h, the NK cells were removed with the cell culture medium, and the remaining attached trophoblasts were lysed using the CellTiter-Glo® 2.0 Cell Viability Assay and measured for luminescence. The cytolytic ability of NK cells was quantified using the formula:
LuminescenceendpointofTrophoblastonlygroup–NKwithtrophoblastgroupLuminescenceendpointoftrophoblastonlygroup×100%
.
dNK-like cell proliferation assay
MD-MSCs and PA-MSCs were seeded in 96-well plates at a density of 5 × 103 cells/well and cultured for 48 h. These cells were then treated with two different decidualization cocktails. Following a 5-day decidualization period, purified pNK cells were seeded at a density of 5 × 103 cells/well into the 96-well plates, establishing co-cultures with MD-MSCs, PA-MSCs, and the decidual cells. During the co-culture period, the suspended NK cells were collected at specific time points: 1, 4, 7, and 10 days. To quantify the proliferation of dNK-like cells, the CellTiter-Glo® 2.0 Cell Viability Assay (Promega #G9241) was employed. This assay allows measurement of cell viability based on ATP levels, providing insights into cell proliferation and overall cellular health.
RNA-sequencing and data analysis
MD-MSCs and PA-MSCs were cultured in 10 cm Petri dishes. Following treatment with various decidualization cocktails, the total RNA of these cells was extracted using the NucleoSpin® RNA isolation kit (740955.50, Macherey-Nagel) and subsequently utilized for RNA-seq analysis. The RNA-seq procedure was carried out by BIOTOOLS (Taiwan). The genetic data obtained was analyzed using the Biotools RNAseq version 1.6.6 platform. This analysis yielded fold changes, Log2 (fold changes), and p-values for each gene, allowing for the identification of differentially expressed genes (DEGs) based on Log2 (fold changes) > 1 and p-values <0.05. The values presented on the heatmap are expressed as z-scores, which have been normalized relative to the gene expression levels. Gene expression plots were generated using the website SRplot, while Venn diagrams were created using Venny2.0.
Statistical analysis
Statistical analysis was performed using GraphPad Prism version 9.1.1 (GraphPad Software, La Jolla, CA, United States). The data were presented as mean ± SEM (standard error of the mean). Statistical comparisons were conducted using one-way ANOVA with Dunnett’s post hoc correction or two-way ANOVA followed by Tukey’s or Bonferroni’s post hoc tests. A significance level of P < 0.05 was considered statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001, n.s.: no significance).
RESULTS
MD-MSCs represent a distinct cell type with the capability for in vitro decidualization
In this study, we have discovered a particular variety of MSCs known as MD-MSCs. These cells were meticulously extracted from the decidual membrane of the human placenta, a process accomplished through serum-free culture techniques. In addition, they displayed a remarkable capacity for amplification in vitro, with the ability to undergo approximately 20 passages (Su et al., 2017). Given their inherent expression of estrogen (ER) and progesterone receptors (PR), we hypothesized that they could respond to hormonal stimuli and undergo decidualization (Figure 1A).
[image: Scientific figure with six panels summarizing experimental workflow, data, and results: A schematic details isolation and hormonal treatment of MD-MSCs; fluorescence microscopy images and bar graph assess cell morphology; two Venn diagrams show gene set overlaps; a heatmap displays gene expression changes; multiple boxplots compare mRNA expression levels; bar graphs quantify protein concentrations for PRL, IGFBP1, and SCARA5.]FIGURE 1 | Characterization of MD-MSCs for decidualization potential through morphological changes and identification of decidual cell markers. (A) Schematic representation of the workflow for MD-MSCs isolation and culture for subsequent analysis. (B) (a) Representative images of normal MD-MSCs stained with WGA under E2/P4 and cAMP/MPA treatments. (b) Quantification of changes in circularity and roundness in normal MD-MSCs following decidualization treatment, assessed using ImageJ software. (C) (a) Venn diagrams display differentially upregulated genes’ overlap in both E2/P4 and cAMP/MPA treatment groups. (b) A selection of 6431 upregulated genes was subsequently overlaid with two published databases to identify 33 potential decidual cell markers. 9 annotated genes are selected from the upregulated genes in decidual cells within the curated database TISSUES (BTO:0002770). (D) Heatmap presenting the expression levels of the 33 annotated upregulated genes during decidualization in MD-MSCs and two reference databases. Values are expressed as z-scores, which have been normalized to the gene expression levels. The asterisk key “*” signifies the annotation of 9 genes for potential validation as decidual cell markers. (E) Validation of 9 selected genes through qPCR analysis. Prl, Igfbp1, and Scara5 are identified as potential marker genes for De-MD-MSCs. Values are normalized to (F) The protein expression levels of PRL, IGFBP1, and SCARA5 of MD-MSCs under E2/P4 and cAMP/MPA decidualization treatment. Values are expressed as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. Prl: Prolactin; Igfbp1: Insulin-like growth factor binding protein 1; Scara5: Scavenger receptor class A type 5.To thoroughly assess the efficacy of the transition from MD-MSCs to decidual cells, we employed two well-established metrics: alterations in cell morphology and the upregulation of specific genes. Following a 5-day induction period with hormonal (E2/P4) or chemical (cAMP/MPA) agents (Figure 1A), MD-MSCs underwent significant morphological transformations, transitioning from a spindle-like to a rounded shape, as illustrated in Figure 1B-a. To quantify these observed changes in shape, we applied circularity and roundness parameters (Figure 1B-b) (Pan-Castillo et al., 2018). Remarkably, upon exposure to the second messenger induction, three distinct batches of MD-MSCs exhibited a pronounced shift in morphology (Supplementary Figure S2A).
To further investigate the genetic changes associated with decidualization in MD-MSCs, we conducted an RNA-seq analysis to explore potential decidual cell markers. We compared our dataset with two previously published single-cell RNA-seq databases (Lucas et al., 2020; Rawlings et al., 2021), aiming to identify upregulated genes that could serve as reliable biomarkers for decidual cells. This analysis resulted in the identification of 33 annotated genes (Figure 1C), the expression patterns of which were then visualized in heatmap format, as depicted in Figure 1D; Supplementary Data 1. Furthermore, 9 annotated genes are further investigated as potential decidual cell markers through comparison with the TISSUES database (BTO:0002770) (Supplementary Data 1). To validate the results obtained from RNA-seq, we conducted qPCR analysis on these 9 annotated genes (Figure 1E). Notably, three genes including prolactin (Prl), insulin-like growth factor binding protein 1 (Igfbp1), and scavenger receptor class A type 5 (Scara5) emerged as potential biomarkers for decidual cells. While IGFBP1 showed clear upregulation at both the transcript level, as confirmed by qPCR, and the protein level by ELISA, its differential expression appeared less prominent in the heatmap (Figure 1D). This discrepancy is likely due to the normalization method used in the transcriptomic analysis. Global scaling across all conditions can mask relative fold changes, especially when gene expression is compared against highly expressed reference transcripts (Supplementary Figure S3). As a result, genes that are genuinely upregulated may appear less visually distinct in the heatmap representation. Furthermore, the potential decidual cell markers were selected based on a 10-fold change observed in both E2/P4 and cAMP/MPA treatments to avoid the induction of nonspecific upregulation through chemical stimulation. Previous studies have shown that MSCs from either bone marrow or adipose tissue could also undergo decidualization through cAMP/MPA treatment. However, it’s important to note that the cAMP signaling pathway can bypass the ER and PR, directly driving downstream processes and promoting nonspecific signal transduction (Yoshie et al., 2015). To address this concern, we also employed other types of MSCs to distinguish the decidualization potential of MD-MSCs. As anticipated, following E2/P4 treatment, the mRNA expression levels of Prl, Igfbp1, and Scara5 were dramatically upregulated in MD-MSCs, compared with bone marrow-derived MSCs (BMMSCs) and adipose tissue-derived MSCs (Supplementary Figure S2B). Furthermore, the protein expression levels of these three decidual cell markers measured by ELISA were consistent (Figure 1F).
Decidualization defects in PA-MSCs have been observed in the MD-MSC-based decidualization system
Building upon previous research providing solid evidence for the decidualization potential of MD-MSCs, we aimed to delve deeper into the mechanisms underlying PAS, a condition associated with decidualization defects (Hecht et al., 2020). By utilizing PA-MSCs, we sought to unravel the detailed mechanisms of this disease through the decidualization system. We hypothesized that PA-MSCs might exhibit an inadequate degree of decidualization, rendering them unable to effectively resist trophoblast over-invasion (Aplin et al., 2020). First, as the representative images showed, we observed that PA-MSCs displayed fewer morphological changes compared to MD-MSCs (Figure 2A-a). Quantitative analysis revealed that PA-MSCs retained their spindle shape rather than adopting a round shape, as indicated by their low roundness and circularity values (Figure 2A-b). Additionally, we assessed the mRNA (Figure 2B) and protein (Figures 2C,D) expression levels of three annotated decidual cell marker genes in PA-MSCs. As shown in the figures, the mRNA expression levels of Prl and Igfbp1 were significantly reduced in decidualized PA-MSCs (De-PA-MSCs) compared to De-MD-MSCs. Although there were no significant differences in protein levels between De-PA-MSCs and De-MD-MSCs by ELISA, immunohistochemistry staining of placental tissues revealed significantly reduced expression of PRL and IGFBP1 proteins in PAS samples compared to normal placenta. These findings indicate that the downregulation of Prl and Igfbp1 at the mRNA level is reflected at the protein level in placental tissues, supporting a consistent trend across molecular and histological analyses. Conversely, the gene expression levels of Scara5 were higher in De-PA-MSCs but reduced in protein levels. The inconsistency between SCARA5 mRNA and protein expression levels is likely attributable to post-transcriptional and translational regulation, which can modulate protein abundance independently of transcript levels. Nevertheless, these observations indicate a clear distinction in gene expression between PA-MSCs and MD-MSCs, suggesting a defective decidualization process in PA-MSCs. Notably, several annotated genes typically upregulated during decidualization were downregulated in E2/P4-treated PA-MSCs, as shown in Supplementary Figure S5A. To explore the potential upstream regulators of this impairment, we examined the expression levels of ER and PR. Therefore, we revisited the expression levels of ER and PR. Surprisingly, we discovered that ER was more expressed in PA-MSCs than in normal MD-MSCs, as evidenced by flow cytometry analysis (Supplementary Figure S5B). This finding was further corroborated by immunohistochemical (IHC) staining performed on PAS and normal placenta biopsy samples (Supplementary Figure S5C). The severe FIGO grade 3 PAS (placenta percreta) is characterized by extensive disruption of the decidual membrane. Therefore, we selectively obtained biopsies exhibiting FIGO grade 2 PAS (placenta increta), which is distinguished by the presence of residual decidua, as observed in IHC staining (Figure 2D; Supplementary Figure S5C).
[image: Panel A shows representative fluorescent microscopy images of PA-MSCs after different treatments and corresponding shape indices. Panel B presents boxplots for relative mRNA expression of Prl, Igfbp1, and Scara5 in MD-MSCs and PA-MSCs. Panel C displays bar graphs of PRL, IGFBP1, and SCARA5 protein concentrations, with statistical significance indicated. Panel D contains immunohistochemistry images for PRL, IGFBP1, and SCARA5 proteins comparing normal and PAS samples, with magnified insets for higher detail. Scale bars and significance levels are shown for reference.]FIGURE 2 | PA-MSCs demonstrate decidualization defects with reduced morphological changes and decidual cell marker expression levels. (A) (a) Representative images and quantification of (b) circularity and roundness changes in PA-MSCs stained with WGA under E2/P4 and cAMP/MPA treatments compared with MD-MSCs. (B) The mRNA expression levels of three potential decidual cell markers, Prl, Igfbp1, and Scara5, in PA-MSCs compared with MD-MSCs. (C) The protein expression levels of three potential decidual cell markers, PRL, IGFBP1, and SCARA5, in PA-MSCs compared with MD-MSCs. (D) Immunohistochemistry images showing the differential expression levels of (a) PRL, (b) IGFBP1, and (c) SCARA5 in decidual cells between normal and PAS patients. Values are expressed as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. PRL: Prolactin; IGFBP1: Insulin-like growth factor binding protein 1; SCARA5: Scavenger receptor class A type 5.Decidualization defects may not constitute the primary cause of dysregulation in trophoblast invasion, thereby leading to PAS
Considering the association between PAS and dysregulated decidual cells impacting trophoblast invasion, we established a co-culture system to evaluate the interaction between PA-MSCs and trophoblasts. The trophoblast invasion timeline is depicted in Figure 3A. In this system, we made a surprising discovery, as illustrated in Figure 3B. We found that MD-MSCs treated with cAMP/MPA inhibited trophoblast invasion, while normal and E2/P4-treated MD-MSCs enhanced trophoblast invasion. This implies that MD-MSCs and De-MD-MSCs can dynamically regulate trophoblast invasion, aligning with the concept proposed in clinical research that “decidual cells act as a natural stop signal to inhibit excessive trophoblast invasion.” This phenomenon highlights the intricate interactions between decidual cells and trophoblasts and provides valuable insights into the regulation of trophoblast invasion during pregnancy.
[image: Panel A presents a schematic timeline summarizing experimental steps involving MD-MSCs or PA-MSCs, decidualization with E2/P4 or cAMP/MPA, and a subsequent trophoblast invasion assay culminating in luminescence measurement. Panel B displays a bar graph comparing relative trophoblast invasion rates under various treatment conditions for MD-MSCs and PA-MSCs with statistical significance annotated. Panel C-a shows a heatmap of gene expression (Z-score) for matrix metalloproteinases and related factors across treatments in MD-MSCs and PA-MSCs, with highlighted Timp genes. Panel C-b features a network map of protein-protein interactions among relevant molecules, with legend specifying types of interactions. ]FIGURE 3 | PA-MSCs and MD-MSCs have similar effects on trophoblast invasion through an MD-MSC-based co-culture system. (A) Schematic diagram of the co-culture system and timeline for the assessment of trophoblast invasion. (B) The effects of MD-MSCs and PA-MSCs under different decidualization treatments were compared to assess their impact on trophoblast invasion. Values are expressed as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001, n.s.: not significant. (C) (a) The heatmap shows the potential molecules that are involved in the dynamic regulation of trophoblast invasion, annotated through the GEO database. Genes that negatively regulate trophoblast invasion were marked in red. Values are expressed as z-scores, which have been normalized to the gene expression levels. (b) Predicted networks of protein-protein interaction among annotated proteins through STRING analysis. The line between two nodes typically denotes the interaction between those two proteins, with the line’s colors reflecting the available resources of interactions.E2/P4-treated De-PA-MSCs showed a statistically significant increase in the regulation of trophoblast invasion compared to the untreated group, as expected. In contrast, normal MD-MSCs did not show a significant difference in trophoblast invasion between E2/P4-treated and untreated conditions (Figure 3B). These results suggest that PA-MSCs may abnormally regulate trophoblast invasion under hormone decidualization. However, there was no significant difference in the regulation of trophoblast invasion between De-PA-MSCs and MD-MSCs under E2/P4 treatment. This finding challenges the assumption that impaired decidualization is one of the primary causes of PAS. Nevertheless, we investigated potential regulators and signaling pathways involved in trophoblast invasion regulation. The expression levels of 22 annotated genes associated with the regulation of trophoblast invasion are revealed through our RNA-seq database analysis. Notably, the genes negatively regulating trophoblast invasion, highlighted in red, were highly expressed in MD-MSCs under cAMP/MPA treatment (Figure 3C; Supplementary Data 2). Additionally, when comparing E2/P4-treated De-PA-MSCs to E2/P4-treated De-MD-MSCs, we observed lower expression levels of Timp1, Timp3, and Timp4, whereas Timp2 was upregulated. Timp2 inhibits active MMP-2 and helps activate pro-MMP-2 by forming a complex with MMP-2 and MMP-14 at the cell surface. Reduced TIMP-2 disrupts this balance, hindering trophoblast invasion (Bernardo and Fridman, 2003). In contrast, Il33, Mmp12, and Mmp28 were significantly upregulated in the De-PA-MSCs under E2/P4 treatment (Figure 3C-a). The protein-protein interactions were analyzed by STRING for these proteins, encoded by these genes, and exhibited a high density of interactions involved in regulating trophoblast invasion. Particularly, tissue inhibitors of metalloproteinases (TIMPs) and matrix metalloproteinases (MMPs) exhibit a high level of evidence of known interactions (Figure 3C-b). These analyses suggest that the innate regulatory mechanisms governing trophoblast invasion through E2/P4 decidualization in PA-MSCs differ from those observed in normal MD-MSCs. However, the differential expressions of these genes were not sufficient to account for the abnormal trophoblast invasion. Further research is necessary to fully understand the underlying mechanisms contributing to PAS. Particular attention should be given to dNK cells due to their pivotal role in pregnancy through their intrinsic interactions with decidual cells and trophoblasts within the physiological microenvironment.
The induction of dNK-like cells from pNK cells is potentially achievable through an MD-MSC-based co-culture system
It is well-established that, apart from decidual cells, dNK cells also play a crucial role in blastocyst implantation and placental formation. Due to limitations in acquiring dNK cells, we attempt to facilitate the in vitro conversion of dNK cells from pNK cells through co-culturing with MD-MSCs or De-MD-MSCs. The primary indicator of the successful conversion of dNK cells is the reduced cytotoxicity characteristic of dNK cells. The timeline of the dNK-like cell conversion and the assessments are depicted in Figure 4A. As the results showed, after co-culturing with MD-MSCs or De-MD-MSCs, the cytotoxicity of NK cells on trophoblasts decreased at each ratio of effector cells and target cells compared with pNK cells (Figure 4B). Particularly in the dNK cell batches, dNK2 and dNK3 cells, the cytolytic ability was dramatically reduced by about 20%–30% compared with pNK cells at the cell number ratio of 4:1 (Figure 4B).
[image: Diagram summarizes an experimental workflow for differentiating mesenchymal stem cells into decidual natural killer-like cells, assessing their cytotoxicity on trophoblasts with luminescence-based measurement, and analyzing immune cell characteristics. Data visualizations include scatter plots comparing cytotoxicity percentages among cell types and effector-to-target ratios, histograms and line graphs showing KIR2DL4 expression levels in various cell populations and over time, a heatmap depicting gene expression changes due to different treatments, and a protein interaction network for selected immune-related genes.]FIGURE 4 | MD-MSCs can potentially convert dNK-like cells from pNK cells. (A) A schematic diagram and timeline depict the assessment of immune suppression in dNK-like cells using a co-culture system. (B) Evaluation of cytotoxicity involves three different MD-MSC-induced dNK-like cells interacting with trophoblasts. (C) (a) Flow cytometry analysis and (b) quantitative statistics represent surface KIR2DL4 expression levels on different subtypes of NK cells after co-culture with trophoblasts for 12 h. HEK293T serves as the positive control for KIR2DL4. Values are normalized to the IgG control and expressed as mean ± SEM. Significance levels are denoted as *p < 0.05, **p < 0.01, and ***p < 0.001, with all comparisons made against the pNK cell group. (D) (a) The heatmap illustrates three potential secreted proteins encoding genes that regulate the conversion of pNK cells into dNK-like cells. Values are expressed as z-scores, which have been normalized to the gene expression levels. (b) Predicted networks of protein-protein interaction among annotated proteins through STRING analysis. The line between two nodes typically represents the interaction between those two proteins, with the colors of the line reflecting the available resources for interactions. pNK cell: peripheral NK cells; dNK1 cells: MD-MSC-induced dNK-like cells; dNK2 cells: E2/P4-treated De-MD-MSC-induced dNK-like cells; dNK3 cells: cAMP/MPA-treated De-MD-MSC-induced dNK-like cells.To exclude the possibility that the decline in NK cell cytotoxicity is not attributable to functional loss post-co-culture MD-MSCs, we further investigated the upregulated expression levels of KIR2DL4, specifically expressed on dNK cell surfaces, to bind with HLA-G on trophoblast surfaces and activate the inhibitory signal contributing to immunotolerance to prevent trophoblasts from being cytolyzed. Firstly, we measured the levels of HLA-G on trophoblasts to confirm its presence (Supplementary Figure S7A). As anticipated, KIR2DL4 expression was notably higher, particularly on dNK cell batches, dNK2 and dNK3 cells, with percentages reaching 36.4% and 44.3% positive compared to the IgG control (Figure 4C-a). The quantified statistics, normalized with pNK cells, demonstrated a dramatic increase in the expression levels of KIR2DL4 after co-culturing with trophoblasts (Figure 4C-b; Supplementary Figure S7B). The upregulated expression level of KIR2DL4 was consistent with the reduced cytotoxic ability. Apart from the inhibitory receptor expression, the cytokines and chemokines associated with immunotolerance secreted by decidual cells are found in the RNA-seq database, including Csf3, Il1β, and Tgfb1 (Figure 4D-a; Supplementary Data 3). The protein-protein interactions analyzed by STRING for these six secreted proteins exhibit interactions in regulating immune tolerance for dNK cells. Of noteworthy significance is the interaction between IL1β and CSF3, which is strongly supported by evidence from curated databases (Figure 4D-b). These results suggest that MD-MSCs can potentially convert pNK cells into dNK-like cells and potentially mimic the immunotolerance on trophoblasts in vitro. Moreover, we characterized dNK2 cells and compared them to pNK cells using CD56 and CD9 markers (Albini and Noonan, 2021; Zhang et al., 2024). As shown in Supplementary Figure S8, dNK2 cells exhibit a slight differentiation tendency, marked by CD56brightCD9high expression, in contrast to pNK cells.
Identification of highly proliferated dNK-like cells in PA-MSCs
Following the successful induction of dNK-like cells in vitro, we conducted a further investigation to examine the differential effects of MD-MSCs and PA-MSCs on dNK-like cells in an attempt to find the potential causes of PAS. Initially, we assessed NK cell proliferation under co-culture conditions with MD-MSCs or PA-MSCs following various decidualization inductions (Figure 5A). The experimental timeline spanned 10 days, with day 7 corresponding to the dNK-like cell conversion period. In the NK cell proliferation assay, we made an intriguing observation: PA-MSCs demonstrated a greater capacity to enhance NK cell proliferation compared to normal MD-MSCs, particularly in the E2/P4-treated groups (Figure 5B-a). The quantified analysis clearly showed a three-fold increase in NK cell proliferation after co-culture with E2/P4-treated PA-MSCs compared to E2/P4-treated MD-MSCs on day 10 (Figure 5B-b). This observation prompted us to explore the relationship between NK cell proliferation and trophoblast invasion further. Additionally, our RNA-seq analysis identified cytokines, known as key regulators of NK cell proliferation, which were predominantly upregulated in the PA-MSCs groups. Significantly, five genes potentially enhancing NK cell proliferation in E2/P4-treated De-PA-MSCs were annotated, including Cxcl12, Il33, Vegfa, Vegfc, and Tgfb1 (Figure 5C-a; Supplementary Data 4), with the predicted interactions of these secreted proteins shown in Figure 5C-b. VEGFA was not displayed in the interaction panel due to the absence of information in the STRING database. These findings suggested a potential association between abnormal NK cell proliferation and the development of PAS. Moreover, the increased proliferation of dNK cells in the placenta of PAS patients is also evident through immunofluorescence staining for CD56 and CD9 markers (Figure 5D). Consequently, we propose the hypothesis that Abnormal dNK cell proliferation may represent a significant contributing factor to the pathogenesis of PAS.
[image: Scientific figure showing multiple panels. Panel A is a diagram illustrating the experimental workflow for measuring NK cell proliferation in co-culture with MD-MSCs or PA-MSCs, including decasualization, luminescence assay, and sampling timeline. Panel B includes two charts: line graphs (a) displaying relative NK cell proliferation across different co-culture conditions and time points, and a bar chart (b) comparing proliferation among groups, indicating statistical significance. Panel C presents a heatmap (a) showing gene expression of Il33, Cxcl12, Vegfc, Tgfb1, and Vegfa under different treatments, and a network diagram (b) visualizing predicted and known interactions among these genes. Panel D contains immunofluorescence micrographs comparing CD56 and CD9 (red and green) staining in normal (a) versus PAS (b) tissue, with nuclei stained blue and scale bars at two hundred micrometers.]FIGURE 5 | PA-MSCs demonstrate a greater capacity to enhance dNK-like cell proliferation than normal MD-MSCs. (A) A schematic diagram of the co-culture system for the dNK-like cell proliferation assay using MD-MSCs and PA-MSCs. (B) (a) The proliferation of dNK-like cells was measured at specific time points: 1, 4, 7, and 10 days under various conditions, including co-culture with MD-MSCs, PA-MSCs, and their corresponding decidual counterparts. (b) The effects of MD-MSCs, PA-MSCs, and their decidual counterparts on dNK-like cell proliferation were quantified at day 10. Values are expressed as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. (C) (a) The heat map illustrates the expression patterns of annotated secreted proteins responsible for stimulating dNK-like cell proliferation. Values are expressed as z-scores, which have been normalized to the gene expression levels. (b) Predicted networks of protein-protein interaction among annotated proteins through STRING analysis. The line between two nodes typically denotes the interaction between those two proteins, with the colors of the line reflecting the available resources of interactions. The thickness of the line is about the strength of the interactions. (D) Immunofluorescence staining of dNK cells in (a) a normal placenta and (b) a PAS placenta. The white-lined sections represent the decidual membrane. dNK cells are stained with CD56 (red) and CD9 (green). pNK cell: peripheral NK cells; dNK1 cells: MD-MSC-induced dNK-like cells; dNK2 cells: E2/P4-treated De-MD-MSC-induced dNK-like cells; dNK3 cells: cAMP/MPA-treated De-MD-MSC-induced dNK-like cells.Increased dNK cell numbers may represent one of the key factors contributing to PAS
To assess the earlier presumption that PAS could be attributed to dysregulated trophoblast invasion, we modified the previously established co-culture system to investigate the distinct impact of increasing the dNK cell batch dNK2 cell numbers on trophoblast invasion. The experimental timeline for this study is depicted in Figure 6A. Given the complex interplay among the cells involved, we simplified the co-culture system by utilizing a dNK2 cell-conditioned medium. We anticipated that dNK2 cells would exhibit an enhanced capacity to promote trophoblast invasion with a dose-dependent correlation (Figure 6B). Furthermore, dNK2 cells induced by PA-MSCs demonstrated a greater capacity to enhance trophoblast invasion compared to those induced by MD-MSCs (Figure 6B). Statistical analysis was performed by normalizing the results with the control trophoblast alone group. This outcome indirectly suggests that increased dNK cell proliferation may be a pivotal factor in abnormal trophoblast invasion, potentially contributing to PAS as depicted in Figure 7. The novel finding sheds light on the mechanisms underlying PAS and lays the groundwork for the development of treatments for this condition.
[image: Schematic illustration labeled panel A depicts experimental steps for assessing MSC-driven differentiation into dNK-like cells and their effect on trophoblast invasion using a luminescent assay. Panel B displays a set of four grouped scatter plots comparing relative trophoblast invasion rates at increasing NK cell densities for pNK cells, MD-MSCs-dNK2 cells, and PA-MSCs-dNK2 cells; significance is indicated with asterisks and error bars represent standard error of the mean.]FIGURE 6 | Enhanced trophoblast invasion was observed under E2/P4 treated PA-induced dNK-like cells with a dose-dependent correlation. (A) A schematic diagram and timeline depict the assessment of trophoblast invasion under MD-MSC or PA-induced dNK2 cell-derived conditioned medium. (B) Dose-dependent correlation in three subtypes of NK cells. Values are expressed as mean ± SEM. Significance levels are denoted as *p < 0.05, **p < 0.01, and ***p < 0.001, with all comparisons made against the pNK cell group. pNK cell: peripheral NK cells; dNK2 cells: E2/P4-treated De-MD-MSC-induced dNK-like cells.[image: Illustration showing the regulation of trophoblast invasion and decidual natural killer (dNK) cell proliferation during early pregnancy. Various cell types, hormones, and molecular regulators are depicted interacting at the uterine-placental interface, highlighting the roles of hormones, signaling pathways, and cellular markers in normal and defective implantation processes.]FIGURE 7 | Schematic representation of the underlying mechanisms of PAS. The high proliferation of dNK cells induced by defective decidual cells may dysregulate trophoblast invasion, leading to PAS. CTB: cytotrophoblast; SCT: syncytiotrophoblast; ESC: endometrial stromal cell; DC: decidual cell; EVT: extravillous trophoblast; dNK: decidual natural killer cell.DISCUSSION
Previous studies have revealed the critical role that moderate trophoblast invasion plays in a successful pregnancy. Dysregulation of trophoblast invasion can lead to maternal lethal diseases, like the most severe pattern, PAS. PAS is associated with complicated interactions among decidual cells, trophoblasts, and dNK cells. The potential mechanisms of the PAS have not been clarified due to the limitations of the cell derivation.
In the published studies, primary ESCs and even decidual cells were predominantly obtained from menstrual blood (Sanche et al., 2021; Bozorgmehr et al., 2020) or endometrial biopsies, including curettage (Wu et al., 2017; Pei et al., 2019) and elective termination of pregnancy samples (Menkhorst et al., 2023; Lindau et al., 2021). However, these sources of ESCs have limitations regarding cell number and purity and involve invasive surgical procedures that may cause discomfort to the subjects. Furthermore, obtaining specimens from normal women has proven particularly challenging due to ethical concerns. In this study, we have identified a distinct cell type among ESCs from normal placenta characterized by its potential for decidualization and high capacity for in vitro amplification. Biomarker investigations validated the decidualization process of MD-MSCs, with particular attention to recognized decidual cell markers such as Prl and Igfbp1 (Telgmann and Gellersen, 1998; Diniz-da-Costa et al., 2021). Our study observed a unique upregulation of Scara5 (Lucas et al., 2020) in De-MD-MSCs, which has been suggested to play a pivotal role in crucial cellular functions during decidualization. Studies indicate that SCARA5 is downregulated in senescent decidual cells, suggesting its potential therapeutic implications in reproductive disorders (Rawlings et al., 2021; Hou et al., 2023; Szwarc et al., 2018). Further research is warranted to fully elucidate the mechanisms underlying the involvement of SCARA5 in decidualization and its implications for reproductive health. Given their unique in vitro decidualization potential and their ability to circumvent ethical issues, MD-MSCs stand out as a potentially valuable model for advancing the study of placental development and associated diseases.
In the trophoblast invasion assay, the validated EVT cell line 3A-subE was used in this study. We found that MD-MSCs treated with cAMP/MPA negatively regulate trophoblast invasion, in contrast to E2/P4-treated MD-MSCs, which enhance trophoblast invasion. The regulation of trophoblast invasion involves intricate cell-cell interactions and activation of multiple signaling pathways. Proteins secreted from decidual cells can either promote or inhibit trophoblast invasion, thus modulating trophoblast invasion levels. Gene expression analysis suggests that genes associated with trophoblast invasion enhancement (Mmps) are reduced, while genes associated with inhibiting trophoblast invasion (Timps) are upregulated in cAMP/MPA-treated MD-MSCs, consistent with their inhibitory effect on trophoblasts (Sharma et al., 2016; Zhu et al., 2012; Hamutoğlu et al., 2020; Li et al., 2021; Haider et al., 2022). In contrast, E2/P4 treatment sustains or increases Mmp expression relative to Timps, creating an environment that promotes trophoblast invasion. Of particular interest is the upregulation of Timp2, which uniquely contributes to both the inhibition and activation of MMP2, reflecting a finely balanced regulatory mechanism controlling matrix remodeling. These findings underscore how distinct hormonal signals differentially modulate the MMP/TIMP axis to influence trophoblast function and decidual remodeling.
Given that we observed that the decidual membrane was not absent in PAS patients, this finding contradicts the hallmark characteristic of PAS: the absence of the decidual membrane. Beyond the loss of the decidual membrane, poor decidualization and dysfunctional decidual cells may also play critical roles in the development of PAS (Afshar et al., 2024; Morlando and Collins, 2020; Arak et al., 2023). Consequently, we sought to further investigate the underlying mechanisms by utilizing pathological MD-MSCs, focusing on the remnants of the residual decidual membrane. We observed diminished morphological changes and decreased expression levels of PRL and IGFBP1, both at mRNA and protein levels, in vitro and in vivo. Additionally, besides these two decidual markers, other annotated upregulated genes under decidualization were found to be downregulated under E2/P4 treatment. This observation may be due to abnormally high ER expression, which has been associated with decidualization defects and endometriosis (Chantalat et al., 2020; Han et al., 2019). Elevated ERβ expression and activity in endometriosis promote lesion growth by inhibiting apoptosis, activating inflammatory pathways, defective decidualization, and enhancing invasion through epithelial–mesenchymal transition (Han et al., 2015). Regarding trophoblast invasion, no discernible effects on trophoblast invasion were observed between De-MD-MSCs and De-PA-MSCs. However, RNA-seq data revealed differential expression of molecules involved in trophoblast invasion regulation in E2/P4 treated De-PA-MSCs, notably downregulated Timp1, Timp3 and Timp4 (Szwarc et al., 2018), (Afshar et al., 2024; Morlando and Collins, 2020), (Tapia-Pizarro et al., 2013; Ma et al., 2014) and upregulated Il33 (Chen et al., 2018; Valero-Pacheco et al., 2022), Mmp1, Mmp12 and Mmp28 (Deng et al., 2015; Li et al., 2003; Arora et al., 2023), which may promote trophoblast invasion. Based on these results, we propose two possible explanations. Firstly, it is conceivable that the drug potency of cAMP/MPA is too high to reveal the decidualization defect in PA-MSCs. Secondly, abnormal trophoblast invasion may not be directly attributed to the inherent properties of defective decidual cells.
To investigate the indirect effects on trophoblast invasion, dNK cells were included in the co-culture system to explore their interactions with decidual cells and trophoblasts. At the maternal-fetal interface, dNK cells play a crucial role in promoting immune tolerance through specific interactions between KIRs on dNK cells and HLA expressed on trophoblasts (Bhattacharya et al., 2015). Notably, KIR2DL4 on maternal dNK cells can interact with soluble HLA-G (sHLA-G) from fetal trophoblast cells, potentially modulating immune responses and promoting tolerance to the semi-allogeneic fetus during pregnancy (Hanna et al., 2006; Velicky et al., 2016). This interaction is pivotal in regulating maternal immune responses and maintaining the integrity of the maternal-fetal interface. However, due to the challenge in deriving dNK cells, we opted for in vitro induction methods to address this issue. Instead of chemical induction using TGFβ and demethylation agents (Cerdeira et al., 2013), we employed decidual cell induction methods to closely mimic the physiological microenvironment (Vacca et al., 2011). Interestingly, De-MD-MSCs demonstrated the ability to induce dNK-like cells from pNK cells. Although these dNK-like cells did not exhibit markedly high expression of dNK cell surface markers, characterized by CD56brightCD16−CD9brightCD49abright, their induction could potentially be enhanced under hypoxic conditions (Du et al., 2022). Despite the limited expression of surface markers, KIR2DL4 expression was significantly upregulated in dNK-like cells when co-cultured with De-MD-MSCs treated with either E2/P4 or cAMP/MPA. The observed reduction in immune response may be attributed to cytokines secreted by decidual cells, including Csf3, Il-1β, and Tgfb1 (Dwyer et al., 2022; Wen et al., 2023), as suggested by RNA-seq data. Furthermore, we made a novel observation regarding the abnormal interaction between PA-MSCs and dNK-like cells. PA-MSCs exhibited a significant capacity to enhance dNK-like cell proliferation, as evidenced by the increased dNK cells in PAS placenta from immunofluorescence images. However, the underlying mechanisms driving this abnormal proliferation of dNK cells in PAS have yet to be fully elucidated. Only a few published studies proposed that the reduced proliferation of dNK cells may be one of the contributing factors to PAS (Khairy et al., 2017). Thus, further evidence is required to clarify the correlation between dNK cell proliferation and PAS.
Based on the observed decidualization defect and the highly proliferated dNK-like cells induced by PA-MSCs, several secreted proteins implicated in promoting dNK cell proliferation and correlating with trophoblast invasion are found to be upregulated and annotated in RNA-seq data from PA-MSCs compared to MD-MSCs. CXCL12 secreted by decidual cells can bind to CXCR4 receptors on dNK cells or trophoblasts, indirectly or directly inducing trophoblast differentiation, invasion, and spiral artery remodeling, which may be through activating downstream PI3K-Akt and MAPK-ERK signaling pathways (Supplementary Figure S6; Supplementary Data 5) (Zhu et al., 2012; Arck and Hecher, 2013; Wang et al., 2015; Li et al., 2024). In addition, IL33 has been found to activate the NF-κB and MAPK pathways and is essential for regulating trophoblast invasion and placental development by modulating the immune environment (Supplementary Figure S6) (Chen et al., 2018; Valero-Pacheco et al., 2022). Notably, TGFβ1, which has been suggested in evidence to suppress NK cell proliferation via SMAD-dependent signaling (Yang et al., 2021; Lamb et al., 2021), is downregulated in E2/P4-treated De-PA-MSCs, suggesting a reduction in immunoregulatory control that may permit excessive trophoblast activity. Interestingly, the TGF-β signaling pathway is enriched at the transcriptomic level, likely driven by upregulation of other pathway components, which may reflect compensatory or context-specific activation rather than direct TGFβ1-mediated signaling (Supplementary Figure S6). Furthermore, VEGFA and VEGFC, secreted by both decidual cells and dNK cells, not only enhance trophoblast invasion but also promote angiogenesis and spiral artery remodeling, potentially leading to significant bleeding in PAS (El-Badawy et al., 2023; Rekowska et al., 2023). In our study, the upregulated and downregulated genes suggest a positive correlation among dNK cell proliferation, trophoblast invasion, and spiral artery remodeling. Functional validation reveals that conditioned medium derived from dNK-cells induced by E2/P4-treated De-PA-MSCs has a greater capacity to enhance trophoblast invasion in a dose-dependent manner compared to dNK-like cells induced by De-MD-MSCs.
These findings provide new insights into the underlying mechanisms of PAS through the decidualization defect and subsequent abnormal interactions among decidual, dNK, and trophoblast cells. MD-MSCs have the potential to break the limitations of in vitro studies related to complex placental diseases and may significantly contribute to advancements in human health. However, the MD-MSCs-based co-culture model for studying placental disorders still presents challenges that require further efforts to overcome. The physiological identity of MD-MSCs in the endometrium requires more evidence to substantiate their correlation with decidualization and their role in placental formation, thereby highlighting the importance of this cell type. Due to a small clinical sample size, our results need further validation to ensure consistent findings through both in vitro cell assays and in vivo mouse models. The MD-MSC-based co-culture system needs to be augmented by co-culturing with various cell types to better mimic the complex microenvironment. Additionally, single-cell RNA-seq and cytokine array analyses should be conducted to validate the aforementioned results. Regarding trophoblast behavior, while this study focused on invasion capacity, the expression of differentiation markers also plays a critical role in regulating trophoblast function and warrants further investigation. We anticipate identifying specific molecular pathways to comprehensively elucidate the mechanisms underlying complex PAS in future research endeavors.
CONCLUSION
This study highlights the development of an MD-MSC-based system for in vitro investigation of the intricate interactions among decidual, dNK, and trophoblast cell induction and their implications for PAS. Utilizing the MD-MSC-based co-culture system, decidualization defects characterized by decreased morphological changes and expression of decidual markers were observed in the residual decidual membrane of PA-MSCs. Additionally, MD-MSCs demonstrated the capacity to induce the differentiation of pNK cells into dNK-like cells, as evidenced by reduced cytotoxicity on trophoblasts and increased expression of KIR2DL4. Furthermore, PA-MSCs exhibited a high capacity to induce dNK-like cell proliferation, indirectly enhancing trophoblast invasion and spiral artery remodeling, possibly through CXCL12, TGFβ1, VEGFA, and VEGFC secretion. These findings provide new insights and lay the groundwork for further elucidating the complex pathophysiology of PAS through the novel MD-MSC cell type.
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Menstrual blood (MB), a biofluid rich in diverse cell types and biomolecules, has emerged as a vital resource for investigating female reproductive health and diseases because of its unique composition and noninvasive accessibility. This review explores the potential of MB in medical research and clinical applications, focusing on its diagnostic and therapeutic prospects. For disease diagnosis, MB offers a noninvasive sampling method for identifying biomarkers in endometriosis, cervical cancer, and other gynecological conditions. Therapeutically, stem cells derived from MB (menstrual blood-derived stem cells, MenSCs) exhibit pluripotency, high proliferative capacity, and low immunogenicity, positioning them as promising candidates in regenerative medicine. Preclinical and clinical studies have demonstrated the efficacy of MenSCs in treating infertility, premature ovarian insufficiency, intrauterine adhesions, hepatic disorders, cutaneous injuries, and neurological diseases. MenSCs also exert therapeutic effects through paracrine mechanisms by releasing cytokines and exosomes that modulate immunity, attenuate inflammation, and promote tissue repair. Despite existing challenges, MenSCs hold substantial promise for developing novel therapeutic strategies across multiple disease domains.
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1 BACKGROUND
Menstruation is a central physiological phenomenon of the female reproductive system characterized by cyclic shedding and bleeding of the endometrium triggered by ovarian cyclical changes. Throughout the reproductive lifespan, women typically undergo over 400 cycles of endometrial regeneration, differentiation, and shedding (Lv et al., 2018). These cyclic processes are regulated primarily by the hypothalamus‒pituitary‒ovary axis.
Menstrual blood (MB) is a complex biofluid containing blood from endometrial spiral arteries, vaginal secretions, and endometrial cells (van der Molen et al., 2014; Yang et al., 2012). Notably, MB results in significant differences in the concentrations of specific biomolecules and cellular compositions compared with those of peripheral blood (PB) (Iribarne-Durán et al., 2020; Hosseini et al., 2019). The shed endometrial cells encompass diverse types, including stromal cells, epithelial cells, vascular cells, and immune cells. These components not only reflect endometrial homeostasis but also provide critical insights for investigating reproductive health and disease mechanisms.
Given the heterogeneous and multifaceted composition of MB, research interest in this field has expanded substantially in recent years. This review systematically examines the applications of MB over the past decade in disease diagnostics, therapeutic development, pathogenesis elucidation, and genetic research. Furthermore, it evaluates the current challenges in clinical translation and outlines future directions to advance MB-based biomedical innovations.
2 DISEASE DIAGNOSIS
As a diagnostic specimen, MB offers multiple advantages, including ease of sampling, noninvasiveness, self-collection capability, periodic availability, and fewer ethical concerns (Hosoya et al., 2023). In terms of population acceptability, Wong et al. evaluated the willingness of 5,000 women to use MB as a diagnostic sample, with the results indicating that 87% of participants supported its utilization for testing (Wong et al., 2018). Another study by Budukh further validated the feasibility of MB as a screening specimen for cervical cancer (Budukh et al., 2018). This noninvasive collection method not only eliminates the discomfort associated with traditional sampling procedures but also empowers women to flexibly manage their daily activities. Consequently, MB has significant advantages as a diagnostic specimen applicable to all menstruating women.
2.1 Cervical cancer
Cervical cancer remains a leading cause of cancer-related mortality among women globally, accounting for approximately 25% of all female malignancies (Harro et al., 2001). With a mortality rate second only to that of breast cancer, it is a critical public health concern (Jin et al., 1999). Human papillomavirus (HPV) is the primary etiological agent, driving lesion progression from low-grade cervical intraepithelial neoplasia (CIN1) to high-grade neoplasia (CIN2/3) and microinvasive lesions, ultimately leading to invasive cervical cancer (Holowaty et al., 1999). Understanding this pathophysiological trajectory is essential for developing diagnostic, therapeutic, and preventive strategies. Early detection and intervention during the precancerous phase are pivotal to halting disease progression (Spitzer, 1998).
Current screening and diagnostic methods for cervical cancer rely primarily on cytology and histology. From the conventional Papanicolaou smear to improved liquid-based cytology and automated processes, these approaches have significantly reduced cervical cancer mortality in developed countries. However, owing to the high false-positive rates of cytology, colposcopy with directed biopsy is often required for further evaluation. While colposcopy can detect low- and high-grade dysplasia, its sensitivity for identifying microinvasive lesions remains limited. In cases with inconclusive findings or incomplete visualization of the squamocolumnar junction, cone biopsy is necessary to confirm diagnoses through histopathological identification of HPV-associated features. Additionally, molecular detection of high-risk HPV DNA sequences has been introduced in recent years, enhancing diagnostic sensitivity and specificity. Emerging HPV testing technologies, such as next-generation sequencing (NGS), enable hypothesis-free comprehensive genetic analysis, offering novel strategies for cervical cancer screening.
Currently, cervical cancer screening relies on cytology and histology. These methods, ranging from conventional Pap smears to advanced liquid-based cytology and automated systems, have significantly reduced mortality in developed nations (Hu and Ma, 2018). However, the high false-positive rates of cytology necessitate confirmatory colposcopy with directed biopsy. While colposcopy identifies dysplasia, its sensitivity for detecting microinvasive lesions is limited, particularly in cases with incomplete visualization of the squamocolumnar junction, which requires cone biopsy for histopathological confirmation (Burd, 2003). Molecular HPV DNA testing has emerged as a complementary tool, enhancing diagnostic accuracy (Burd, 2003). Next-generation sequencing (NGS) represents a novel frontier, enabling comprehensive genetic analysis without prior hypotheses (Tsang et al., 2022; Pei et al., 2023).
Despite these advancements, all current methods require invasive sampling, which can cause patient discomfort and psychological stress. Emerging studies on HPV detection in MB propose a noninvasive alternative. Zhang et al. (2021) collected MB via sanitary pads from premenopausal women with high-risk HPV positivity, extracted DNA, and performed next-generation sequencing (NGS)-based HPV genotyping. Compared with conventional cervical smears, MB-based testing achieved 97.7% sensitivity, identifying additional HPV genotypes, multiple infections, and true-negative cases. It also accurately detected high-risk HPV in routine false-negative test results.
Similarly, Tsang et al. (2024) used NGS to analyze MB samples from CIN/HPV-positive patients and reported a 66.7% sensitivity for high-risk HPV detection. Wong et al. (2018) further explored HPV DNA and genetic polymorphisms in MB from CIN/HPV patients and healthy controls. They reported that 83% of the participants tested HPV-positive and successfully genotyped, whereas 4% of the controls tested HPV-positive. Notably, TAP1 gene polymorphisms (I333V and D637G) in MB were linked to a reduced risk of high-grade intraepithelial neoplasia, offering actionable insights for clinical management and resource allocation.
2.2 Endometriosis
Endometriosis is a chronic disease characterized by the ectopic growth of endometrial-like tissue outside the uterine cavity, resulting in inflammatory, hormone dependent, immunological, systemic, and heterogeneous pathophysiological features, predominantly affecting reproductive-aged women (Sinaii et al., 2008). Its primary symptoms include pelvic pain, which may manifest as dysmenorrhea, dyspareunia, or chronic pelvic pain, often accompanied by overlapping symptoms (e.g., urinary or gastrointestinal manifestations), complicating clinical diagnosis (Parasar et al., 2017). Owing to symptom overlap with other gynecological conditions (e.g., ovarian cysts, uterine fibroids, or pelvic inflammatory disease sequelae) or chronic pain syndromes, a definitive diagnosis requires the integration of patient history, clinical examination, and imaging (Sinaii et al., 2008; Ballweg, 2004). However, the gold-standard diagnostic method—laparoscopy—is limited by its invasiveness (Parasar et al., 2017). Current research on noninvasive biomarker-based diagnostic approaches remains underdeveloped (Falcone and Flyckt, 2018).
The discovery of aromatase has opened new avenues for noninvasive endometriosis diagnosis. Noble et al. (1996) demonstrated aromatase expression in both the eutopic endometria and ectopic lesions of endometriosis patients, whereas normal endometrial and nondiseased peritoneal tissues lacked detectable aromatase. Malik et al. (2018) performed immunohistochemical analysis of menstrual blood samples from endometriosis patients and nonendometriosis patients. They reported significantly increased P450 aromatase (CYP19A1) expression in endometriosis patients: 32.4% of the endometriosis patients presented moderate expression, and 67.6% presented strong expression, with no cases of negative or weak expression observed. These findings suggest that elevated aromatase levels in menstrual blood may serve as a potential noninvasive biomarker for endometriosis, offering insights for early diagnosis and disease management.
Ji et al. (2023) utilized data-independent acquisition coupled with mass spectrometry and bioinformatics to quantify differentially expressed proteins in menstrual blood. They reported significantly upregulated expression of Chemokine Ligand 5 and Interleukin-1 Receptor Antagonist in endometriosis patients. These findings highlight Chemokine Ligand 5 and Interleukin-1 Receptor Antagonist as promising candidates for endometriosis diagnosis, advancing biomarker research in this field.
2.3 Genital tuberculosis
Genital tuberculosis typically arises as a complication of pulmonary or extrapulmonary tuberculosis and spreads via blood or lymphatic pathways (Aliyu et al., 2004). Female genital tuberculosis (FGTB) is a clinically silent chronic disease that primarily involves the fallopian tubes in nearly all cases, leading to infertility, dyspareunia, menstrual irregularities, and chronic pelvic inflammation (Namavar et al., 2001). Owing to its atypical presentation, such as infertility or mild pelvic pain, which often overlaps with symptoms of other gynecological conditions, such as pelvic inflammatory disease or endometriosis, diagnosis requires the integration of patient history, imaging (e.g., ultrasound or MRI), and mycobacterial testing (Bose, 2011). Currently, no single diagnostic test is sufficient for FGTB confirmation, necessitating a multidisciplinary approach.
Paine et al. (2018) demonstrated that MB analysis via multiplex polymerase chain reaction offers a noninvasive alternative for FGTB diagnosis. The method achieved 90.2% sensitivity and 86.1% specificity, significantly outperforming traditional endometrial-based approaches. By analyzing MB samples without requiring invasive procedures such as dilation and curettage (D&C) or laparoscopy and delivering results within hours, this approach addresses the critical limitations of conventional diagnostics. Clinically, rapid, noninvasive MB testing enables early FGTB detection, allowing timely antitubercular therapy initiation to improve fertility outcomes and quality of life. In resource-limited settings, it circumvents costly and painful procedures such as D&C, reducing healthcare costs and patient discomfort. Additionally, the high sensitivity and specificity of multiplex polymerase chain reaction provide a reliable screening tool for asymptomatic or early-stage FGTB, particularly in reproductive-aged women, minimizing diagnostic delays and misdiagnosis risks while advancing clinical practice.
3 DISEASE TREATMENT
MenSCs hold significant promise in the field of regenerative medicine (Figure 1). Clinically, MenSCs exhibit low immunogenicity and can be expanded for more than 20 passages in vitro. This immune privilege is attributed to their low expression of major histocompatibility complex class II molecules (MHC-II, specifically HLA-DR) and the absence of co-stimulatory molecules (CD80/CD86), supporting their capacity for immune evasion (Khoury et al., 2014). Both preclinical and clinical studies have demonstrated that MenSC transplantation does not elicit immune rejection or severe adverse effects (Khanjani et al., 2014; Zhong et al., 2009; Bockeria et al., 2013).
[image: Infographic showing a human silhouette with three labeled sections: cell differentiation for gynecological disorders, musculoskeletal and soft tissue injury, and chronic liver disease; paracrine for inflammation regulation, angiogenesis, tissue repair, and cell protection; immunomodulation for tissue repair and regulation of immune cells and signaling pathways.]FIGURE 1 | Mechanisms of menstrual blood-derived stem cells in disease treatment.In addition to MenSCs, other cell types derived from menstrual blood—such as endometrial regenerative cells (ERCs) and endometrial stromal cells (ESCs)—can also be easily obtained and have been widely applied in the research and treatment of various diseases. Overall, menstrual blood-derived cells represent a valuable source for stem cell-based therapies, with broad therapeutic potential across a range of medical conditions.
3.1 Therapeutic potential of cell differentiation
MenSCs harness their pluripotency and self-renewal capacity to differentiate into various functional cell types under specific in vitro induction conditions, thereby restoring or replacing damaged tissues and achieving tissue regeneration. Their differentiation potential spans multiple tissue and cell types, demonstrating notable therapeutic potential in the treatment of a variety of diseases.
3.1.1 Treatment of gynecological disorders
3.1.1.1 Infertility
For women with unexplained infertility, endometrial functional abnormalities may contribute to the underlying pathology. Cell-based therapies, particularly those that leverage the capacity of stem cells for decidualization or epithelial differentiation, offer a potential solution to improve endometrial function. Such therapies promote endometrial tissue remodeling, creating optimal conditions for embryo implantation. Piersma et al. (2015) successfully induced decidualization in MenSCs, observing the upregulation of characteristic decidualization markers such as prolactin, progesterone receptor, estrogen receptor, and insulin-like growth factor-binding protein. Additionally, key genes involved in decidualization including FOXO1, NOTCH1, NANOG, WNT4, KLF4, OCT4, SOX2, and LIN28A, as well as angiogenesis-related genes such as HIF1A, VEGFR-2, and VEGFR-3, were significantly upregulated. This coordinated gene expression enhances endometrial functionality, providing a novel direction for cellular replacement therapies in the treatment of infertility.
3.1.1.2 Ovarian disorders
Premature ovarian insufficiency (POI) is characterized by menstrual irregularities (amenorrhea, oligomenorrhea, or polymenorrhea) in women under 40 years of age and is accompanied by elevated follicle-stimulating hormone (FSH) levels (>25 U/L) and fluctuating estrogen decline (Feng et al., 2019). Studies have demonstrated that the transplantation of MenSCs improves ovarian function in POI models through multiple mechanisms. When transplanted via the tail vein into cyclophosphamide-induced POI model mice, MenSCs regulate follicular development, restore estrous cyclicity, reduce ovarian apoptosis, and maintain microenvironmental homeostasis via ECM-dependent FAK/AKT signaling activation (Feng et al., 2019). MenSCs also significantly improve physiological parameters in mice with ovarian damage, including serum hormone levels (e.g., FSH and estradiol (E2)), body weight, estrous cyclicity, ovarian reserve markers (e.g., anti-Müllerian hormone and FSH receptor (FSHR)), and follicle counts (Lai et al., 2015; Liu et al., 2014). Gene expression analysis revealed that posttransplantation ovarian gene expression profiles in mice closely resemble those of human ovarian tissue, suggesting that the POI microenvironment may induce MenSCss differentiation into ovarian-like cells (Liu et al., 2014).
Furthermore, the ability of MenSCs to promote germ cell differentiation has increased their therapeutic utility in treating ovarian disorders. Lai et al. (2016) demonstrated that MenSCs exposed to follicular fluid in vitro differentiate into oocyte-like cells and theca-like cells expressing FSHR and luteinizing hormone receptor, with steroidogenic capacity. Under coculture conditions, MenSCs further generate multinucleated embryoid structures, indicating their potential for oocyte development.
3.1.1.3 Intrauterine adhesions
Intrauterine adhesion (IUA), an acquired disorder following endometrial injury, is characterized by inadequate endometrial thickness, resulting in infertility and pregnancy loss even after assisted reproduction. Malik et al. (2018) demonstrated that MenSCs differentiated toward the endometrial lineage via PDGF, TGF-β, EGF, and 17β-estradiol expressed endometrial markers (cytokeratin (CK), vimentin, estrogen receptor, and progesterone receptor (PR)) in NOD-SCID mice posttransplantation, suggesting their capacity to reconstruct the endometrial architecture and restore fertility.
Fibrosis in IUA involves TGF-β-induced myofibroblast differentiation of endometrial stromal cells and the upregulation of α-smooth muscle actin (αSMA), type I collagen, CTGF, and fibronectin while impairing ESC migration (Deans and Abbott, 2010; Piersma et al., 2015; Zhu et al., 2019). Zhu et al. (Deans and Abbott, 2010) revealed that MenSCs-endometrial stromal cells coculture suppressed TGF-β-driven fibrosis by activating Hippo signaling (via TAZ phosphorylation), restoring ESC migratory capacity and promoting endometrial repair.
Clinical research has further verified the therapeutic potential of MenSCs. MenSCs isolated from the menstrual effluent of seven severe IUA patients were injected into the uterine cavity with hormone therapy, resulting in increased endometrial thickness in all patients (Malik et al., 2018). Among these, three achieved pregnancy with one live birth, demonstrating the efficacy of MenSCs in improving endometrial function and fertility outcomes (Malik et al., 2018; Chen et al., 2016).
3.1.2 Treatment of musculoskeletal and soft tissue injury
MenSCs exhibit remarkable potential in the treatment of musculoskeletal disorders and the repair of soft tissue injuries. Through directed differentiation, these cells can be induced to transform into osteoblasts, chondrocytes, and adipocytes, offering new therapeutic avenues for the repair of bone injuries, degenerative diseases, and congenital defects.
In the context of bone and cartilage regeneration, MenSCs cultured in osteogenic induction medium for 21 days presented marked morphological changes, along with significantly upregulated expression of key osteogenic markers such as alkaline phosphatase (ALP), secreted phosphoprotein 1 (SPP1), and bone gamma-carboxyglutamic acid-containing protein (BGLAP) (Skliutė et al., 2021). During chondrogenic differentiation, increased expression of the collagen type II alpha 1 (COL2A1) gene further supports its regenerative potential in skeletal and cartilage tissues.
With respect to muscle regeneration and pelvic organ prolapse (POP), the ability of MenSCs to differentiate into smooth muscle cells provides new insights for POP repair. The pathological basis of POP involves degeneration of vaginal smooth muscle, leading to loss of pelvic floor support (Chen et al., 2016). In a study by Chen et al. (2016), MenSCs were successfully induced to differentiate into smooth muscle cells under TGF-β1 stimulation via the TGFBR2/ALK5/Smad2/3 signaling pathway, laying the groundwork for cell-based therapies. Furthermore, in a clinical study of Duchenne muscular dystrophy (DMD), a patient who received an intramuscular injection of 116 million MenSCs presented significantly improved muscle strength and restored dystrophin expression (Ichim et al., 2010), highlighting the therapeutic potential of MenSCs in muscle repair.
In the context of soft tissue regeneration, the adipogenic potential of MenSCs is critical. Under rosiglitazone induction, the mRNA expression of adipogenic markers—including leptin receptor (LEPR), peroxisome proliferator-activated receptor gamma (PPAR-γ), and lipoprotein lipase (LPL)—was significantly upregulated (Khanmohammadi et al., 2014). Compared with BM-MSCs, MenSCs offer advantages in terms of accessibility and ethical acceptability, making them ideal candidates for repairing soft tissue defects resulting from burns or tumor resection.
The application of MenSCs also extends to cutaneous wound healing. These cells can differentiate into mature keratinocytes and express epidermal-specific markers in vitro, including keratin 14 (K14), p63, and involucrin (IVL) (Fard et al., 2018; Akhavan-Tavakoli et al., 2017). This epithelial differentiation capacity positions MenSCs as promising cell sources for the treatment of skin injuries such as burns and ulcers.
3.1.3 Treatment of chronic liver disease
MenSCs demonstrate significant potential for hepatocyte differentiation in the treatment of chronic liver diseases, suggesting a novel direction for regenerative medicine. Studies indicate that under the induction of factors such as hepatocyte growth factor (HGF) and Oncostatin M (OSM), MenSCs differentiate into hepatocyte-like cells, with the degree of differentiation showing a positive correlation with the concentrations of these factors (Malik et al., 2018). Differentiated cells express key hepatocyte markers—including albumin, tyrosine aminotransferase (TAT), and cytokeratin-18 (CK18)—at both the mRNA and protein levels and exhibit essential hepatocyte functions, such as albumin secretion, glycogen storage, and cytochrome P450 7A1 expression, thereby effectively mimicking the metabolic and detoxification functions of mature hepatocytes (Malik et al., 2018). Additionally, induced ERCs have been shown to differentiate into functional hepatocyte-like cells (Khademi et al., 2014). These findings suggest that menstrual blood-derived cells offer promising new avenues for cell-based therapies in chronic liver diseases, particularly in the regenerative treatment of hepatic fibrosis and cirrhosis.
3.1.4 Expanded therapeutic potential of MenSCs through multilineage differentiation
Multilineage-differentiating stress-enduring (Muse) cells, derived from mesenchymal stem cells (MSCs), are pluripotent cells with the capacity to differentiate into all three germ layers and exhibit enhanced resistance to environmental stress (Heneidi et al., 2013). Muse cells can evade immunological barriers, such as the pulmonary capillary network (Li et al., 2013a), and preferentially home to sites of tissue injury (Kushida et al., 2018), thereby overcoming the limitations associated with conventional MSCs in clinical applications. Li et al. (2024) successfully isolated Muse cells from MenSCs via prolonged trypsin digestion and demonstrated their significant therapeutic efficacy in animal models of acute liver injury and intracerebral hemorrhage, with superior homing ability and treatment outcomes compared with those of conventional MSCs.
Induced pluripotent stem cells (iPSCs) are pluripotent cells reprogrammed from somatic cells without relying on embryonic sources (Li et al., 2013b). iPSCs exhibit gene expression, pluripotency, and epigenetic profiles highly similar to those of embryonic stem cells (Park et al., 2008a; Ratajczak et al., 2008; Ye et al., 2009; Lengerke and Daley, 2010), providing an ethically acceptable cell resource for disease modeling, drug development, and regenerative medicine. Although iPSCs can be generated from various somatic cell sources (Takahashi et al., 2007; Yu et al., 2007; Hockemeyer et al., 2008; Huangfu et al., 2008; Lowry et al., 2008; Park et al., 2008b; Aasen et al., 2008; Kim et al., 2009; Sun et al., 2009; Li et al., 2010; Zhao et al., 2010; Zhou et al., 2011), traditional sources such as human dermal fibroblasts (HDFs) require invasive skin biopsies and prolonged in vitro expansion, limiting their practical utility. In contrast, MenSCs, owing to their noninvasive sourcing, ease of acquisition, robust proliferation, and stem cell-like phenotype (Malik et al., 2018; Patel et al., 2008), represent ideal candidates for iPSC generation.
3.2 Therapeutic potential via paracrine mechanisms
The therapeutic effects of MSCs are primarily mediated through their paracrine activity, which involves the secretion of bioactive factors—such as growth factors, chemokines, cytokines, and EVs—to modulate the local microenvironment (Pittenger et al., 2019; Fan et al., 2020; Wang et al., 2015; Seo et al., 2021; Liang et al., 2014; Chang et al., 2021; Razavi et al., 2020). With increasing research on MenSCs, the therapeutic potential of their paracrine mechanisms has been validated in various diseases. Factors secreted by MenSCs can modulate immune responses, promote tissue regeneration, inhibit inflammation and fibrosis, and enhance angiogenesis, thereby offering novel therapeutic strategies for chronic disease management and regenerative medicine.
3.2.1 Treatment of gynecological diseases
In the treatment of gynecological diseases, the paracrine activity of MenSCs has multiple therapeutic potential. The low success rate of in vitro fertilization (IVF) in older women is closely associated with abnormal reactive oxygen species (ROS) metabolism in oocytes (Mihalas et al., 2017). Studies have shown that EVs secreted by MenSCs can function as exogenous ROS scavengers, thereby reducing the dependence of embryos from aged female mice on endogenous antioxidant proteins such as superoxide dismutase 1 (SOD1) and glutathione peroxidase 1 (GPX1), ultimately improving IVF outcomes (Marinaro et al., 2018). Proteomic analyses further suggest that gene expression changes related to oxidative stress (GPX1, superoxide dismutase 1), metabolism (ACACA, GAPDH), placentation (PGF, VEGF-A), and stem cell differentiation (POU5F1, SOX2) may underlie the observed improvement in embryo quality (Marinaro et al., 2018; Marinaro et al., 2019).
In intrauterine adhesion (IUA) repair, MenSCs transplantation has been shown to accelerate endometrial regeneration. Zhang et al. (2016) reported that after being transplanted into a mouse model of endometrial injury, MenSCs activated the AKT and MAPK signaling pathways and upregulated angiogenesis-related proteins such as eNOS, VEGFA, VEGFR1, VEGFR2, and Tie2. These effects significantly shortened the repair time (complete regeneration within 7 days) and improved pregnancy rates and fetal counts (Huang et al., 2015; Lv et al., 2016). Additionally, fibroblast growth factor 2 secreted by MenSCs further promotes angiogenesis and cellular proliferation, thereby attenuating ovarian fibrosis and restoring sex hormone levels (Seo et al., 2013).
In the treatment of poor ovarian response (POR), paracrine factors from MenSCs modulate the local microenvironment to promote follicular development, as well as the differentiation of embryonic-like and ovarian stem cells. This leads to significant improvements in oocyte yield and quality, fertilization rates, embryo development rates, pregnancy rates, and live birth rates (Zafardoust et al., 2020; Rajabi et al., 2018; Bhartiya, 2018).
Moreover, the paracrine effects of MenSCs have shown their ability to inhibit epithelial ovarian cancer (EOC). Bu et al. (2016) demonstrated that MenSCs increased the proapoptotic Bax/Bcl-2 and Bad/Bcl-xL ratios, reduced the mitochondrial membrane potential, and activated the intrinsic apoptotic pathway to suppress EOC cell proliferation. Furthermore, they inhibited EOC cell cycle progression by blocking AKT phosphorylation. These findings suggest a promising strategy for the use of MenSCs in EOC therapy.
3.2.2 Treatment of liver diseases
The paracrine effects of MenSCs have significant potential in the treatment of liver diseases. In nonalcoholic fatty liver disease, the progression of which is closely associated with metabolic dysregulation—such as insulin resistance and lipid accumulation (Zhao et al., 2017)—MenSCs have been shown to modulate the expression of the key gene Rnf186 by secreting HGF. Rnf186 interferes with insulin signaling and lipid synthesis, and its abnormal expression is suppressed by the paracrine action of MenSCs, thereby alleviating metabolic disturbances (Du et al., 2023).
In models of cholestatic liver injury, MenSCs repair tissue damage via paracrine mechanisms. Yang et al. (2022) demonstrated that MenSCs significantly enhanced survival in mice while reducing the serum levels of liver injury markers (AST, ALT, ALP, DBIL). This effect is attributed to the upregulation of hepatic β-catenin, which helps to restore the integrity of tight junctions and normalize the expression of bile transport proteins (OATP2, BSEP, and NTCP1), ultimately inhibiting intrahepatic bile duct dilation, cholestasis, and the progression of fibrosis.
With respect to liver fibrosis, MenSCs secrete an array of factors that collectively form a synergistic paracrine network. For example, monocyte chemoattractant protein-1 recruits immune cells to the injured area for targeted inflammation regulation (Chen et al., 2017a), whereas Interleukin (IL)-6 and IL-8 stimulate proliferative pathways in hepatic cells and promote the recruitment of neutrophils and macrophages, thereby enhancing tissue repair (Qiu et al., 2012; Cai et al., 2008). Moreover, HGF secreted by MenSCs inhibits the activation of hepatic stellate cells (e.g., the LX-2 cell line), directly impeding fibrogenesis (Chen et al., 2017a). In addition, angiopoietin stimulates cell proliferation and survival (Li and Hu, 2012) and, together with Axl, coregulates apoptotic and proliferative signaling (D’Ar et al., 2002). IGFBP-6 prevents fibroblast apoptosis (Qiu et al., 2012; Micutkova et al., 2011), further mitigating the chronic inflammation that drives fibrosis. Collectively, these paracrine factors contribute to a therapeutic network that counteracts the progression of liver fibrosis.
For hepatocellular carcinoma (HCC) treatment, MenSCs exert their therapeutic effects through epigenetic modulation. In a time-dependent manner, their paracrine secretions can restore the levels of 5-hydroxymethylcytosine (5-hmC) and TET1 in HCC cells (Wu et al., 2019). TET1 and TET2 regulate DNA demethylation to suppress aberrant demethylation in HCC cells (Chen Q. et al., 2017; Ko et al., 2010). Upon activation by MenSCs, increased enrichment of 5-hmC and 5-mC in key enhancer regions leads to downregulation of the PI3K/AKT and RAF/ERK pathways, thereby inhibiting HCC cell proliferation and promoting apoptosis. Moreover, MenSCs modulate the DNA modification of chemoresistance-related genes, such as ID4 and HMGA1, enhancing their therapeutic efficacy against HCC(96). These findings suggest that the paracrine mechanisms of MenSCs, which involve the targeting of oncogenic gene expression through epigenetic regulation, constitute a novel therapeutic strategy for HCC.
3.2.3 Treatment of pulmonary diseases
Idiopathic pulmonary fibrosis is a chronic and progressive interstitial lung disease characterized by excessive fibrosis of the lung tissue and is associated with high morbidity and mortality rates (Blackwell et al., 2014). Although lung transplantation remains the most effective treatment, its clinical application is limited by donor scarcity, and existing pharmacological interventions provide only modest antifibrotic efficacy. Chen et al. (2020a) demonstrated that MenSCs transplantation alleviated fibrosis in bleomycin-induced Idiopathic pulmonary fibrosis models by homing to injured sites, suppressing epithelial cell apoptosis and proinflammatory cytokine (e.g., IL-1β and TNF-α) secretion, and inhibiting myofibroblast activation and collagen deposition.
ERCs also exhibit multipotent therapeutic potential in Idiopathic pulmonary fibrosis treatment (Zhao et al., 2018a). On the one hand, ERCs suppress TGF-β signaling and downregulate the proinflammatory cytokines IL-1β and TNF-α by upregulating IL-10 (Sziksz et al., 2015). They also restore total superoxide dismutase (T-SOD) activity to reduce oxidative stress and modulate apoptotic signaling via downregulation of the Bax/Bcl-2 ratio, contributing to alveolar epithelial cell protection. On the other hand, ERCs upregulate antifibrotic genes such as HGF and matrix metalloproteinase-9 (MMP-9), further inhibiting fibrosis progression.
In acute lung injury animal models, MenSCs also exhibit therapeutic efficacy (Ren et al., 2018; Xiang et al., 2017). Through paracrine signaling, MenSCs increase proliferating cell nuclear antigen (PCNA) expression to promote cell proliferation, inhibit caspase-3-mediated apoptosis to reduce cell death, increase the secretion of anti-inflammatory factors such as IL-10 and keratinocyte growth factor (KGF), and simultaneously suppress proinflammatory cytokines such as IL-1β, neutrophil infiltration, and myeloperoxidase (MPO) activity, thereby attenuating pulmonary inflammation and restoring lung function.
3.2.4 Treatment of diabetic skin wounds
Under diabetic conditions, wound healing is disrupted through multiple mechanisms, including persistent inflammation, hypoxia, cellular dysfunction, impaired angiogenesis, and neuropathy (Guo and Dipietro, 2010). The chronic nature of diabetic wounds is closely associated with dysregulated inflammatory phase transitions. While inflammation is essential for initiating tissue repair (Aller et al., 2004), excessive activation of proinflammatory macrophages (M1) and the resulting prolonged inflammatory state significantly impede healing (Landén et al., 2016). The phenotypic switch from M1 to reparative macrophages (M2) is critical for tissue regeneration (Finley et al., 2016; Zhang et al., 2010; Emin et al., 2007; Murray et al., 2014); however, in the diabetic microenvironment, downregulation of M2-associated genes (e.g., Arg-1) leads to impaired polarization (Finley et al., 2016; Schwab et al., 2007). MenSC-Exos promote M2 polarization by modulating inducible nitric oxide synthase activity and the ARG: inducible nitric oxide synthase ratio, with a sustained increase in the M2/M1 ratio observed between days 7–14 posttreatment (Dalirfardouei et al., 2019; Mirzadegan et al., 2022).
Macrophage function is also closely linked to neural regeneration. As the primary source of neuroprotectin D1 (NPD1), M2 macrophages may facilitate axonal regeneration and contribute to wound repair (C et al., 2013; Hong et al., 2014). Mirzadegan et al. (Mirzadegan et al., 2022) demonstrated that MenSC intervention significantly increased the density of protein-gene product 9.5 (PGP9.5)-positive nerve fibers in diabetic wounds, suggesting the potential for reversing cutaneous neuropathy. At the molecular level, MenSC-Exos activate the NF-κB signaling pathway to increase keratinocyte proliferation and differentiation (Dalirfardouei et al., 2019; Brantley et al., 2001). Additionally, through interactions with the Notch pathway (Na et al., 2017; Shi et al., 2015) and Jumonji domain-containing protein D3, they may regulate epigenetic remodeling in keratinocytes (Na et al., 2016), thereby promoting migration and re-epithelialization.
The balance of collagen metabolism is crucial for optimal wound healing. MenSC-Exos induce the expression of type I collagen and type III collagen mRNAs, initially promoting type III collagen synthesis to support granulation tissue formation (Volk et al., 2011). At later stages, they reduce the type I collagen/type III collagen ratio to suppress scar hyperplasia (Yates et al., 2012; Cuttle et al., 2005; Larson et al., 2010; Zhang et al., 2015).
In terms of angiogenesis, MenSC-Exos dose-dependently upregulated key angiogenic markers, including vascular endothelial growth factor A (VEGFA), CD31, and von Willebrand factor (vWF), with 10 μg of MenSC-Exos demonstrating tenfold greater efficacy than exosomes from other stem cell sources (Dalirfardouei et al., 2019; Mirzadegan et al., 2022; Hu et al., 2016; Liang et al., 2016).
Importantly, although MenSCs exhibit strong migratory capacity due to high CXCR4 expression (Luz-Crawford et al., 2016), dysfunctional fibroblasts in diabetic wounds often fail to produce stromal cell-derived factor-1, thereby compromising MenSC homing efficiency (Mirzadegan et al., 2022; Brem et al., 2007). This paradox underscores the critical role of the local microenvironment in modulating stem cell-based therapies.
3.2.5 Treatment of central nervous system disorders
Spinal cord injury (SCI), characterized by sensory and motor dysfunction, continues to pose major clinical challenges because of the limited therapeutic efficacy of current treatment paradigms (Kunte et al., 2015). Recent studies have demonstrated that MenSCs transplantation promotes neural repair via multiple mechanisms. Wu et al. (2018) confirmed that MenSCs increase the expression of brain-derived neurotrophic factor, thereby supporting neuronal survival and axonal regeneration (Uchida et al., 2016). Additionally, MenSCs upregulate mature neuronal markers such as neurofilament-200 (NF-200) and microtubule-associated protein-2 (MAP-2), facilitating structural reconstruction of neural tissue (Li et al., 2013a). MenSCs also contribute to neural repair by attenuating glial scar formation, as evidenced by the reduced expression of inhibitory molecules such as chondroitin sulfate proteoglycans (CSPGs) (Anderson et al., 2016; Fan et al., 2017). Concurrently, MenSCs suppress the production of proinflammatory cytokines, including TNF-α and IL-1β, thereby alleviating neuroinflammation. In animal models, local injection of MenSCs significantly improved hindlimb motor function in rats with SCI(131).
Hjazi and colleagues (Hjazi et al., 2024) further advanced this therapeutic approach by combining MenSC-Exos with hyperbaric oxygen therapy (HBOT) in a model of traumatic SCI (TSCI). While MenSC-Exos exert anti-inflammatory and antiapoptotic effects (Dalirfardouei et al., 2019), HBOT reduces neuronal apoptosis by downregulating the expression of proinflammatory cytokines (e.g., IL-1β and TNF-α) (Ghaemi et al., 2023; Zhao et al., 2021). The combined therapy synergistically regulated apoptosis, oxidative stress, and inflammation, resulting in improved histopathological outcomes and functional recovery.
Alzheimer’s disease, the most common type of dementia, is pathologically defined by amyloid-beta (Aβ) plaques and neurofibrillary tangles (NFTs). Aβ originates from proteolytic cleavage of the transmembrane amyloid precursor protein (APP), whereas NFTs consist of hyperphosphorylated and misfolded tau proteins (Ballard et al., 2011). Zhao et al. (2018b) reported that MenSCs transplantation reduced Aβ deposition in the hippocampus and cortex, potentially by regulating aberrant APP processing, enhancing Aβ clearance by microglia, and suppressing tau hyperphosphorylation. Moreover, MenSCs promoted the transformation of microglia into a neuroprotective phenotype, facilitating anti-inflammatory cytokine secretion and markedly improving cognitive deficits in APP/PS1 transgenic mice.
Notably, Lopez-Verrilli et al. (2016) reported a biphasic effect of MenSCs on neurite outgrowth. While direct contact between MenSCs and neurons inhibited neurite elongation, their secreted factors—including VEGF, HGF, and brain-derived neurotrophic factor—promoted axonal extension. Further investigation revealed that the exosomal fractions of MenSC-EVs promoted neurite outgrowth, whereas the microvesicle fractions had inhibitory effects. This functional heterogeneity provides new insights into the application of MenSCs in treating neurodegenerative diseases.
3.2.6 Treatment of other systemic diseases
Myocardial infarction (MI), an acute cardiovascular emergency, is primarily treated by curtailing the progression of myocardial necrosis and promoting functional recovery (Lu et al., 2015). Wang et al. (2017) reported that extracellular vesicles derived from MenSC-EVs regulate the PTEN/Akt pathway through high expression of miR-21. This mechanism both inhibits cardiomyocyte apoptosis and promotes angiogenesis, thereby significantly improving cardiac function in infarcted rat models. This discovery provides a novel strategy for myocardial regeneration therapy.
In the field of prostate cancer (PC) treatment, Alcayaga-Miranda et al. (2016) revealed that MenSC-Exos reduce tumor cell ROS levels and downregulate the expression of vascular endothelial growth factor (VEGF) and hypoxia-inducible factor-1α (HIF-1α). This disrupts the tumor’s hypoxic adaptation, thereby inhibiting tumor hemoglobin biosynthesis and neovascularization, which contributes to an antitumor effect. Such microenvironmental modulation offers a new avenue for targeted therapy in solid tumors.
With respect to ulcerative colitis (UC), (Malik et al., 2018) demonstrated that ERCs exert anti-inflammatory effects by rebalancing cytokine profiles—reducing IL-2 and TNF-α while increasing IL-4 and IL-10 levels. Further research has shown that preconditioning with stromal cell-derived factor-1 enhances CXCR4 expression in ERCs, promoting M2 macrophage polarization and Treg cell generation (Li et al., 2019); prestimulation with IL-1β inhibits the DKK1 protein and activates the Wnt/β-catenin pathway, thereby strengthening their immunomodulatory function (Yu et al., 2021); and melatonin preconditioning enhances ERC efficacy via antioxidant protection, significantly lowering both the disease activity index and tissue damage scores (Hao et al., 2024).
In the treatment of type 1 diabetes mellitus (T1DM), (Malik et al., 2018) confirmed that intravenous infusion of MenSCs results in targeted migration to the injured pancreas. This migration activates Ngn3-positive endocrine progenitor cells, facilitating β-cell regeneration, effectively reversing hyperglycemia, increasing insulin secretion, and restoring islet architecture. This finding provides a potential solution to the shortage of islet donors.
In sepsis treatment research, (Alcayaga-Miranda et al., 2015a) reported that MenSCs enhance host defense by increasing the expression of antimicrobial peptides and hepcidin. When combined with antibiotics, this approach significantly improves bacterial clearance and survival. Notably, MenSC-Exos exert a protective effect against LPS-induced liver injury by modulating abnormal natural killer (NK) cell activation (Chen et al., 2017c), thereby reducing inflammatory organ damage and demonstrating multitarget therapeutic potential.
3.2.7 Molecular mediators and signal transduction cascades
MenSCs exert reparative effects via the paracrine release of small extracellular vesicles (sEVs), which mediate multiple signaling pathways. miRNA profiling of exosomes has identified the enrichment of key microRNAs (miRNAs), such as miR-21 and miR-lethal-7 (let-7), in MenSC-derived sEVs. miR-21 enhances cell survival and improves cardiac function by targeting PTEN and activating the AKT/PKB signaling cascade (Wang et al., 2017). Let-7 modulates the NLRP3 pathway, enhancing the inhibition of ROS production and mitochondrial DNA damage via suppression of lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1), thereby facilitating the repair of alveolar epithelial cells (Sun et al., 2019). In pancreatic regeneration, sEVs activate the PDX-1 signaling axis to promote β-cell regeneration and insulin secretion (Mahdipour et al., 2019).
In terms of immune regulation, MenSC-Exo induce phosphorylation of STAT3/STAT6, driving M2 macrophage polarization (Liu et al., 2017). Similarly, CD73 present in exosomes from endometrial regenerative cells promotes M2 polarization through a MAPK-dependent hydrolysis of ATP, thereby contributing to renal protection (Shao et al., 2025).
Regarding metabolic regulation, hepatocyte growth factor (HGF) secreted by MenSCs downregulates hepatic Rnf186 expression and modulates the AMPK-mTOR signaling pathway, improving glucose and lipid metabolism. In addition, HGF upregulates β-catenin, contributing to the repair of tight junctions and the expression of bile transporters (OATP2, BSEP, NTCP1), thereby attenuating the progression of hepatic fibrosis (Du et al., 2023; Yang et al., 2022).
At the epigenetic level, MenSCs restore the expression of TET1/2 and 5-hmC levels in hepatocellular carcinoma cells in a time-dependent manner. By modulating the 5-hmC/5-methylcytosine enrichment at enhancer regions of PI3K/AKT and RAF/ERK pathway target genes, MenSCs relieve repression of FOXO3, subsequently promoting downstream apoptotic processes (Wu et al., 2019).
3.3 Therapeutic effects mediated by immunomodulation
MenSCs exhibit unique advantages in the field of immunotherapy. Like BM-MSCs, MenSCs express low levels of HLA-B and HLA-C and lack HLA-DR expression, indicating potential immune privilege properties (Luz-Crawford et al., 2016). However, further investigations revealed distinct immunoregulatory features compared with those of BM-MSCs. Notably, MenSCs express lower levels of the Toll-like receptors TLR3 and TLR4 and exhibit weaker suppression of T cell subsets under low-concentration conditions (Luz-Crawford et al., 2016). In specific microenvironments, they may even stimulate lymphocyte proliferation (Nikoo et al., 2012). These distinctive immunomodulatory properties offer an important theoretical basis for the development of novel immunotherapeutic strategies.
3.3.1 Effects on tissue repair
ERCs demonstrate multifaceted immunomodulatory capabilities during tissue repair. Studies have shown that ERCs can induce the polarization of M2 macrophages, tolerogenic dendritic cells, and regulatory T and B cells both in vivo and in vitro. They also significantly suppress IgG and IgM antibody deposition and infiltration of CD4+ and CD8+ T cells. These immunoregulatory effects are closely associated with stromal cell-derived factor-1–mediated immunosuppressive mechanisms (Xu et al., 2017).
3.3.2 Regulation of immune cell function
MenSCs exert notable regulatory effects on various immune cell populations. In reproductive immunology, uterine NK cells play essential roles in early pregnancy tolerance through killer cell immunoglobulin-like receptors (Male and Moffett, 2023). Shokri et al. reported that IFN-γ- and IL-1β-pretreated MenSCs inhibited NK cell cytotoxicity via the IL-6 and TGF-β pathways, thereby reducing perforin and granzyme production and promoting an immune-tolerant microenvironment conducive to pregnancy (de Pedro et al., 2021). Additionally, Hosseini et al. reported a significant decrease in TCRγδ cell proportions in the menstrual blood of patients with recurrent spontaneous abortion, suggesting a possible link to pregnancy-related immune dysregulation (Hosseini et al., 2016). With respect to dendritic cells, Bozorgmehr and colleagues demonstrated that MenSCs dose-dependently suppress monocyte differentiation into immature dendritic cells, possibly through high secretion levels of IL-6 and IL-10 (Bozorgmehr et al., 2014). In antitumor immunity, menstrual blood-derived immune cells also show substantial potential. Qin et al. isolated DC-CIK cells from the menstrual blood of ovarian cancer patients and reported that these cells inhibited ovarian cancer stem cells by activating the TNFR1–ASK1–AIP1–JNK signaling pathway (Qin et al., 2018).
3.3.3 Involvement of cytokines and signaling pathways
Although MenSCs lack HLA-DR expression, limiting their antigen-presenting capacity, they exert immunoregulatory effects through the secretion of various paracrine molecules, including IL-6, TGF-β, COX-2, PGE2, indoleamine 2,3-dioxygenase, and programmed death ligand-1 (Malik et al., 2018; Luz-Crawford et al., 2016; Cuenca et al., 2018). Proteomic analysis revealed high expression levels of adhesion molecules such as activated leukocyte cell adhesion molecule and intercellular adhesion molecule-1 in MenSCs (Liu et al., 2018). These molecules interact with receptors such as LFA-1, directly participating in immune cell activation and regulation, and play critical roles in the immunomodulatory functions of MenSCs. Notably, MenSCs also secrete multiple angiogenic factors, including VEGF, HGF, angiogenin, and MMP-1, which contribute to both tissue regeneration and immune regulation.
4 INVESTIGATION OF DISEASE PATHOGENESIS AND THERAPEUTIC MECHANISMS
The pathogenesis of endometriosis remains incompletely understood; however, analysis of MenSCs from affected individuals has provided novel insights into its underlying mechanisms. Transcriptomic studies have shown significantly elevated levels of miR-200b-3p in MenSCs from patients with endometriosis (de Oliveira et al., 2022). This microRNA, which is commonly associated with tumor progression, regulates key cellular processes such as motility, proliferation, migration, and differentiation (Humphries and Yang, 2015). By suppressing the transcription factor ZEB1, miR-200b-3p reverses epithelial–mesenchymal transition, induces mesenchymal–epithelial transition, and modulates angiogenesis by targeting VEGF and epidermal growth factor receptor 2 (Wellner et al., 2009; Yang et al., 2016). These mechanisms may contribute to the proliferation, maintenance of stemness, and mesenchymal–epithelial transition of endometrial cells transported by retrograde menstruation, thereby promoting lesion formation and persistence.
The application of high-throughput technologies has further advanced our understanding of the molecular pathophysiology of endometriosis (Meola et al., 2010). However, these approaches require stable reference genes for accurate data interpretation. Zucherato et al. (2021) identified EIF2B1 and POP4 as the most stable reference genes in MenSCs derived from menstrual blood, whereas GAPDH and ACTB were found to be less reliable, providing an essential foundation for future experimental designs. Moreover, MenSCs from patients presented higher expression levels of the surface markers CD9, CD10, and CD29 than those from healthy individuals did, along with increased proliferative and invasive capacities (Nikoo et al., 2014). When cocultured with PB mononuclear cells, these MenSCs presented increased expression of indoleamine 2,3-dioxygenase-1 and COX-2, as well as elevated secretion of proinflammatory cytokines such as IFN-γ, IL-10, and monocyte chemoattractant protein-1, suggesting that MenSCs may contribute to disease progression through immunomodulation and altered cellular behavior (Nikoo et al., 2014).
High mobility group box-1 (HMGB1) also plays a critical role in endometriosis. HMGB1, a nonhistone nuclear protein abundant in mammalian chromatin, is involved in DNA transcription, repair, replication, and remodeling (Liu et al., 2010). Elevated HMGB1 levels have been detected in the blood of patients, where it interacts with receptors such as RAGE and TLR4, forming complexes with IL-1β or LPS to activate proinflammatory signaling pathways (Shimizu et al., 2017). Additionally, HMGB1 promotes endothelial cell proliferation and the release of angiogenic factors such as VEGF, thereby facilitating the implantation and survival of ectopic endometrial cells (Shimizu et al., 2017). Integrative omics analyses by Penariol et al. (2022) identified key genes (e.g., ATF3, ID1, ID3, and FOSB) and proteins (e.g., MT2A and COL1A1) involved in disease development. The chronic inflammatory microenvironment may disrupt MenSCs function, leading to dysregulation of gene and protein expression and contributing to the progression of endometriosis (Penariol et al., 2022).
In therapeutic investigations, the natural flavonoid components of Citrus latifolia have been utilized for their anti-inflammatory properties to alleviate dysmenorrhea and menorrhagia. Robeldo et al. (2020) demonstrated that Citrus latifolia increases the production of prostaglandin F2α, which acts on prostaglandin receptors to reduce the menstrual volume and inhibits the release of proinflammatory cytokines such as TNF-α (Ekström et al., 1991). This mechanism effectively blocks inflammatory signaling and nociceptive sensitization. Compared with nonsteroidal anti-inflammatory drugs, this approach is particularly effective in patients with menstrual disorders associated with insufficient prostaglandin F2α secretion (Robeldo et al., 2020).
5 COMPARISON WITH OTHER MESENCHYMAL STEM CELLS
Phenotypically, MenSCs share similar surface markers with other mesenchymal stem cells (MSCs), such as CD10, CD29, CD44, CD73, CD90, and CD105 (Cordeiro et al., 2022; Margiana et al., 2022), and possess multilineage differentiation potential. However, MenSCs display a significantly faster proliferation rate, with a population doubling time of approximately 19.4 hours—roughly twice as fast as that of bone marrow-derived MSCs (BM-MSCs) (Skliutė et al., 2021). Functionally, their colony-forming unit-fibroblast frequency is 2–4 times higher than that of BM-MSCs, and their in vitro migratory ability is also superior.
In terms of paracrine activity, MenSCs secrete higher levels of VEGF and basic fibroblast growth factor, leading to enhanced angiogenesis. Notably, MenSCs induce hemoglobin production at levels 8-fold greater than BM-MSCs. They also exhibit superior feeder layer characteristics, supporting the expansion and maintenance of CD34+CD133+ hepatic stellate cells. MenSCs promote a 3-fold increase in cell expansion and generate more CFU-GEMM colonies (Alcayaga-Miranda et al., 2015b). By secreting growth factors and extracellular matrix proteins, MenSCs contribute to reconstructing the bone marrow microenvironment and support the ex vivo expansion of hematopoietic stem cells (Khoury et al., 2011).
Comparative studies in therapeutic applications also highlight MenSCs’ advantages (Wang et al., 2017). evaluated the effects of intramyocardial injection of BM-MSCs, adipose-derived MSCs, and MenSCs in a murine MI model. MenSCs exhibited superior cardioprotective effects and increased microvascular density, attributed to high miR-21 levels in their exosomes that activate the PTEN/Akt signaling pathway (Lopez-Verrilli et al., 2016). compared the effects of MenSCs, BM-MSCs, umbilical cord, and chorionic MSCs on cortical neurite outgrowth. MenSC-derived exosomes showed the strongest neurite-promoting effect, whereas their microvesicles inhibited neurite extension, suggesting functional specificity among extracellular vesicle subtypes. In liver regeneration, Fathi-Kazerooni et al. (Malik et al., 2018) demonstrated that MenSC-derived hepatocyte progenitor-like cells more effectively improved liver injury markers compared to BM-MSCs, with greater reductions in inflammation, necrosis, and collagen deposition. Mechanistically, this was linked to stronger anti-inflammatory effects exerted by MenSCs.
6 COMPARISON OF MENSTRUAL BLOOD AND PERIPHERAL BLOOD
In studies directly comparing MB and PB, (Iribarne-Durán et al., 2020) reported that MB samples contain substantial levels of endocrine-disrupting chemicals, notably parabens and benzophenones. These endocrine-disrupting chemicals concentrations are correlated with specific sociodemographic and lifestyle factors, such as the use of cosmetics, skin oils/creams, and hair dyes (Jiménez-Díaz et al., 2016). Importantly, MB levels of parabens and benzophenones were found to be lower than those measured in PB serum (Matsumoto et al., 2007), providing evidence for a blood–uterine barrier: a physical and/or metabolic partition that may restrict certain compounds from reaching the endometrium, potentially via glucuronidation-mediated metabolism and increased excretion of endocrine-disrupting chemicals. Further research revealed marked differences in immune cell composition between MB and PB. Hosseini et al. (2019) demonstrated that the frequencies of NKT cell subsets and their associated cytokine profiles differ significantly between MB and PB in fertile women, infertile women, and those with unexplained recurrent spontaneous abortion. This finding underscores the profound influence of the endometrial immune microenvironment on the cellular makeup of MB. Together, these studies not only validate MB as a promising biomarker for assessing endocrine-disrupting chemicals exposure and its link to gynecological conditions but also highlight its unique utility in probing local uterine immune mechanisms.
7 CURRENT STATUS OF CLINICAL TRIAL RESEARCH
Although preclinical studies in cellular and animal models have confirmed the safety and efficacy of MenSC transplantation, the clinical application of MenSCs remains limited compared to other stem cell sources. This is primarily due to the restricted availability of menstrual blood donors and the lack of standardized in vitro culture protocols. To date, clinical trials involving MenSCs have primarily evaluated their therapeutic effects in diseases such as multiple sclerosis, H7N9 influenza virus infection, severe COVID-19, Asherman’s syndrome, and ovarian insufficiency (Zhong et al., 2009; Zafardoust et al., 2020; Tan et al., 2016; Chen J. et al., 2020; Fathi-Kazerooni et al., 2022; Xu et al., 2021; Zafardoust et al., 2025; Zafardoust et al., 2023a; Zafardoust et al., 2023b). The results indicate that MenSC transplantation leads to marked clinical improvement in these conditions, with no serious adverse events or complications observed, underscoring the potential value of MenSCs in clinical applications.
In the context of ovarian insufficiency, the team led by Zafardoust has conducted long-term follow-up studies to assess the efficacy and potential complications of autologous MenSC therapy. Their clinical trial demonstrated that autologous MenSC transplantation can increase the rate of natural conception, improve ovarian function, and restore regular menstrual cycles. Importantly, no serious complications—such as endometriosis, ovarian malignancies, or autoimmune diseases—were reported, suggesting that autologous MenSC transplantation represents a safe and promising approach for improving reproductive outcomes in women with ovarian insufficiency (Table 1).
TABLE 1 | Menscs-related clinical trials.	Subject condition	Subject number	Subject gender	Donor information	Follow-up time	Follow-up outcome	References
	Multiple Sclerosis	4	Female	healthy, non-smoking, female volunteers between 18 and 30 years of age	2–12 months	no abnormalities	Zhong et al. (2009)
	Asherman’s syndrome	7	Female	Autologous transplantation	3–6 months	recovery of endometrial morphology to a normal status	Tan et al. (2016)
	Epidemic Influenza A (H7N9) Infection	17	Female	Healthy female donors (20–45 years old)	5 years	most clinical symptoms were ameliorative from 1 to 12 months	Chen et al. (2020b)
	Severe COVID-19	14	Male and female	Master Cell Bank (derived from menses of at least five healthy women)	28 days	Reversal of hypoxia, immune reconstitution, and cytokine storm downregulation	Fathi-Kazerooni et al. (2022)
	Severe and critically ill COVID-19	28	Male and female (no statistical difference at the gender level)	3 healthy female donors (20–45 years old)	1 months	Significantly improved dyspnea	Xu et al. (2021)
	Poor ovarian response	105	Female	Autologous MenSCs	3 years	Spontaneous pregnancy rate was significantly higher without complications	Zafardoust et al. (2025)
	Poor ovarian response	15	Female	Autologous MenSCs	1 years	Spontaneous pregnancy rate was higher	Zafardoust et al. (2020)
	Poor ovarian response	180	Female	Autologous MenSCs	2 months	Spontaneous pregnancy rate, anti-Mullerian hormone levels, and antral follicle count were significantly increased	Zafardoust et al. (2023a)
	Premature ovarian failure	15	Female	Autologous MenSCs	1 years	Ovarian function improved and menses resumed	Zafardoust et al. (2023b)


However, current clinical research on MenSCs still faces limitations. Most studies involve small sample sizes and short follow-up durations, which weakens the statistical power for evaluating long-term safety despite supporting evidence from basic research. Therefore, large-scale, multicenter clinical trials are necessary to comprehensively assess the efficacy and safety of MenSC-based therapies. In addition, the majority of enrolled participants have been female, and only the study by Xu et al. (2021) has conducted sex-stratified analyses. Given the female-specific origin of MenSCs, sex-based stratification should be considered an essential component of future clinical investigations.
8 CONCLUSION
This review provides a comprehensive overview of the potential of MB in both basic research and clinical applications, with a particular emphasis on its innovative roles in disease diagnosis and therapy. As a biologically rich fluid containing diverse cellular and molecular constituents, MB offers a non-invasive, highly acceptable platform for investigating women’s reproductive health and pathology. In the therapeutic arena, MenSCs have emerged as a key resource in regenerative medicine owing to their pluripotency, low immunogenicity, and ease of procurement. Through mechanisms of direct differentiation, paracrine signaling, and immune modulation, MenSCs have demonstrated promising efficacy in preclinical models and early clinical studies.
9 LIMITATIONS
Nonetheless, the clinical translation of MenSC-based therapies faces several critical challenges—including in vivo cell tracking post transplantation, donor-related variability in therapeutic outcomes, the establishment of robust quality control and standardization protocols, and the need for long-term safety data. In addition, unresolved ethical and sociocultural considerations remain. Although the use of menstrual blood (MB) as a research sample raises fewer ethical concerns compared to embryonic or fetal tissues, ethical guidelines for MB collection are still evolving.
Moreover, cultural norms, religious beliefs, and disparities in education continue to pose barriers to MB donation, especially in low- and middle-income countries. In Islamic jurisprudence, menstruation is considered a state of ritual impurity, which may discourage donation. Similarly, in Hindu traditions, menstrual blood is sometimes perceived as carrying “negative energy,” potentially reducing donor willingness. In patriarchal societies, it is not uncommon for women to require spousal consent to donate biological materials, thereby limiting female autonomy. Trust may also be compromised when research teams are male-dominated, as some women may feel uncomfortable discussing menstrual health issues with male investigators.
10 FUTURE DIRECTIONS
Despite these hurdles, ongoing technological and scientific advances are steadily unveiling the unique bioactive components and mechanisms of action of MB. To better preserve the three-dimensional architecture of the native extracellular matrix (ECM) and replicate the microenvironment required for cell proliferation and differentiation, scaffold-based technologies have been employed to facilitate the directed differentiation of MenSCs. Polylactic acid and multi-walled carbon nanotubes, as promising biomaterials, have been incorporated into scaffold designs due to their favorable mechanical properties and biocompatibility, enhancing MenSC differentiation toward germ cell lineages (Eyni et al., 2017).
A bilayer scaffold composed of amniotic membrane and silk fibroin has shown therapeutic potential in wound healing and skin regeneration. This scaffold mimics the skin ECM by providing optimized mechanical strength and 3D structure, significantly improving the regenerative capacity of MenSCs. On an immunomodulatory level, anti-inflammatory factors secreted by the amniotic membrane (e.g., SLPI/elafin) synergize with MenSC-derived paracrine cytokines such as IDO, PGE2, and TGF-β, promoting the polarization of macrophages from the pro-inflammatory M1 phenotype to the regenerative M2 phenotype. This scaffold system has also been shown to induce MenSC differentiation into keratinocyte-like cells (Mirzadegan et al., 2022), while upregulating VEGFA to activate CD34+ endothelial cells and stimulate angiogenesis. Concurrently, restoration of the SDF-1/CXCR4 signaling axis improves endothelial progenitor cell homing (Mirzadegan et al., 2020). In vivo studies in diabetic mouse models have demonstrated enhanced epidermal thickness and type I collagen synthesis following treatment, resulting in effective wound regeneration and healing (Araste et al., 2020).
Further translational progress has been made through large animal studies. For instance, (Emmerson et al., 2019) investigated the integration of endometrial MSCs with synthetic meshes in a sheep model of POP. Their findings showed that autologous eMSCs improved mesh biocompatibility and restored vaginal tissue strength, while exhibiting long-term survival in vivo and contributing to immune modulation, ECM remodeling, and fibrosis regulation.In parallel, organoid technologies are emerging as essential tools to study the menstrual cycle and endometrial diseases. Wiwatpanit et al. (2020) developed a scaffold-free endometrial organoid model consisting of epithelial and stromal components that closely mimics the physiology of native endometrium. This model provides a versatile 3D system to investigate hormone-induced pathological changes in the endometrium. Such insights are poised to drive the broader application of MB in regenerative and immune-based therapies, offering novel strategies to address persistent clinical needs.
Overall, MB represents a novel and promising tool for both disease diagnosis and therapeutic intervention. Its emerging applications in regenerative medicine and immunotherapy hold significant potential to address unresolved clinical challenges and advance the development of precision medicine.
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Thalassemia, a prevalent single-gene inherited disorder, relies on hematopoietic stem cell or bone marrow transplantation as its definitive treatment. However, the scarcity of suitable donors and the severe complications from anemia and iron overload pose significant challenges. An immediate need exists for a therapeutic method that addresses both the illness and its associated complications. Advancements in stem cell technology and gene-editing methods, such as clustered regularly interspaced short palindromic repeats along with its associated protein (CRISPR/Cas), offer encouraging prospects for a therapy that could liberate patients from the need for ongoing blood transfusions and iron chelation treatments. The potential of genetic reprogramming using induced pluripotent stem cells (iPSCs) to address thalassemia is highly promising. Furthermore, mesenchymal stem cells (MSCs), recognized for their capacity to self-renew and differentiate into multiple lineages that include bone, cartilage, adipose tissue, and liver, demonstrate potential in alleviating several complications faced by thalassemia patients, including osteoporosis, cirrhosis, heart conditions, respiratory issues, and immune-related disorders. In this review, we synthesize and summarize relevant studies to assess the therapeutic potential and predict the curative effects of these cellular approaches.
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1 INTRODUCTION
Initially identified along the Mediterranean coast, thalassemia is considered one of the most common autosomal recessive disorders stemming from single-gene inheritance (Zakaria et al., 2022). Annually, approximately 300,000 to 500,000 infants are born with serious types of homozygous thalassemia, and it is estimated that approximately 7% of the worldwide population holds the thalassemia gene (Liu et al., 2024; Tran et al., 2023; Saleemi, 2014). There are regional differences in China; thalassemia patients or carriers mainly live in the south of the Yangtze River, such as Guangxi Province, where the proportion of carriers reaches 20%–25% (Chen et al., 2022). Major thalassemia patients require blood diffusion and iron chelation therapy to survive, which has no cure other than allogeneic hematopoietic stem cell transplantation (HSCT); however, the challenge of identifying a suitably matched donor significantly restricts the accessibility of this therapeutic approach (Zakaria et al., 2022).
Stem cell therapy utilizes the natural abilities of stem cells, such as their inherent capacity for proliferation, differentiation, and self-renewal, to repair damaged cells and promote the healing of organs, providing therapeutic advantages and improving physical development (Mousaei G et al., 2022). Currently, allogeneic HSCT is the primary stem cell treatment for thalassemia and the only recognized potentially curative method for individuals with transfusion-dependent major thalassemia (Farmakis et al., 2022). Furthermore, various research efforts are investigating the combination of gene therapy and mesenchymal stem cells (MSCs) with induced pluripotent stem cells for treating thalassemia (Li et al., 2022a). Clustered regularly interspaced short palindromic repeats along with its associated protein 9 (CRISPR/Cas9) gene-edited induced pluripotent stem cells (iPSCs) from patients can have normal genes and are hopefully capable of differentiating into normal hematopoietic cells and red blood cells (Zakaria et al., 2022). MSCs, which derive from the mesoderm, exhibit significant differentiation capabilities and low levels of immunogenicity (Rudnitsky et al., 2025). MSCs are valuable for therapeutic applications due to their potential to evolve into various adult stem cells, address complications like liver cirrhosis and osteoporosis, facilitate bone healing and liver function improvement in animal studies, and exhibit minimal immunogenicity, reducing the risk of immune rejection (Chen et al., 2023; Huang et al., 2025; Yang et al., 2020). Nevertheless, the relevant research on treating thalassemia with iPSCs and MSCs remains limited. Therefore, in this review, we aim to summarize studies on the application of these stem cells in thalassemia treatment.
2 THALASSEMIA AND ITS COMPLICATION
2.1 Thalassemia pathogenesis
Thalassemia is considered one of the most common genetic disorders inherited in an autosomal recessive manner, distinguished by a defect in the production (resulting from mutations or deletions) of one or several globin peptide chains (α, β, γ, and δ). This alteration creates an imbalance in the hemoglobin structure, which eventually results in the transformation or destruction of red blood cells (Kattamis et al., 2022). Due to decreased normal hemoglobin levels, red blood cells have a shorter lifespan and reduced oxygen transport capacity, and may rupture when passing through the marrow or spleen, leading to hemolytic anemia (Thiagarajan et al., 2021). Thus, the patients exhibit anemic symptoms, for instance, pallor, developmental retardation, and hepatosplenomegaly, due to chronic hypoxia. These symptoms can have a remission through blood transfusion (Musallam et al., 2024).
2.2 Clinical manifestation of thalassemia
Thalassemia can result from mutations or deletions in chromosome 16 or chromosome 11, referred to as α-thalassemia and β-thalassemia, respectively; if both chromosomes are mutated, the condition is known as αβ-thalassemia. In clinical practice, γ-thalassemia, δ-thalassemia, and δβ-thalassemia (or εγδβ-thalassemia) also exist; however, they are less prevalent than α-thalassemia and β-thalassemia (Table 1) (Taher et al., 2021).
TABLE 1 | Thalassemia types and their genetic defects, clinical manifestations, severity, and complications.	Type and genetic deficiency	Clinical manifestation	Severity	Complication	Reference
	α-Thalassemia (α-globin gene deletion or deficiency)	a. Silent type: asymptomatic
b. Mild type: mild anemia
c. Intermediate type (hemoglobin H disease): moderate anemia (may present with jaundice and hepatomegaly)
d. Severe type (hydrops fetalis syndrome): severe fetal anemia, generalized edema, and hepatomegaly, often leading to fetal death	Silent and mild types are mild; intermediate type is moderate; severe type is severe	Jaundice, hepatomegaly, hydrops fetalis syndrome, cardiac enlargement, skeletal deformities, delayed growth and development, and iron overload	Musallam et al. (2024),Li et al. (2024),Winger et al. (2025),Farashi and Harteveld (2018), and Tamary et al. (1993)
	β-Thalassemia (β-globin gene deletion or deficiency)	a. Mild type: mild anemia; b. Intermediate type: may present with jaundice, hepatomegaly, and delayed growth and development; c. Severe type: severe anemia, pale complexion, hepatomegaly, jaundice, and poor development, with typical facial features, require long-term blood transfusions	Mild type is mild; intermediate and severe types are more severe	Jaundice, hepatomegaly, delayed growth and development, skeletal deformities, heart enlargement, and iron overload	Bajwa and Basit (2025),Makis et al., 2021; Origa (2017),Cao and Galanello (2010),Dordevic et al. (2025),Langer et al. (1993), and Cappellini et al. (2014)
	δβ-Thalassemia (δ- and β-globin gene deletion or deficiency)	Mild anemia	Relatively mild	Slight jaundice and hepatomegaly	De Simone et al. (2022)
	γ-Thalassemia (γ -globin chain deletion or deficiency)	Usually presents with mild anemia	Relatively mild	Slight jaundice and hepatomegaly	De Simone et al. (2022)
	δ-Thalassemia (δ gene mutation)	Mild anemia	Relatively mild	Slight jaundice and hepatomegaly	De Simone et al. (2022)


α-Thalassemia is caused by insufficient production of α-globin peptides, which arises from genes found on chromosome 16. This chromosome typically harbors four α-globin alleles, and the condition’s severity correlates with the number of affected alleles (Harewood and Azevedo, 2024). A single mutation or deletion, known as silent carrier status, is asymptomatic. When two alleles are compromised, the condition is classified as α-thalassemia minor, which is generally mild or without clinical signs. The intermedia form, known as hemoglobin H disease, occurs when three alleles are defective; it can lead to severe symptoms, with some patients requiring blood transfusions (Musallam et al., 2024). Major α-thalassemia, also known as Hb Bart’s hydrops fetalis, often results in miscarriage in the early stages of pregnancy (Tesio and Bauer, 2023). Pregnant women affected by fetal hydrops may experience a condition known as mirror syndrome, which can lead to maternal edema, proteinuria, and hypertension. Additionally, there is an increased risk of dystocia (difficult labor) and postpartum hemorrhage due to the enlarged placenta (Biswas et al., 2023). Unfortunately, because many couples are unaware of their α-thalassemia carrier status and lack access to prenatal screening, most fetuses with α-thalassemia major (ATM) are diagnosed with hydrops or other abnormalities detected through routine prenatal ultrasound examinations (Winger et al., 2025; Tamary et al., 1993). Another kind of thalassemia in hospital is β-thalassemia, and the global morbidity rate of β-thalassemia is approximately 1.5% (Cri et al., 2019). According to available statistics, approximately 4 million infants are born with β-thalassemia (Kattamis et al., 2020), which is mainly distributed in the Mediterranean and Southeast Asia, and a few β-thalassemia infants die before they are diagnosed in some areas with poor medical resources (Taher et al., 2021; Angastiniotis and Lobitz, 2019). β-Thalassemia is difficult to be detected in utero, and most patients begin to present clinical symptoms after 6 months of age. Unlike α-thalassemia, β-thalassemia is divided into three types (Zakaria et al., 2022) based on mutation in two alleles on human chromosome 11 (Origa, 2017). Minor thalassemia, known as β-thalassemia carriers, presents with either mild anemia or no clinical symptoms. In contrast, β-thalassemia intermedia involves individuals who are double heterozygotes and exhibit clinical features ranging from mild to severe, potentially resulting in moderate anemia and hepatosplenomegaly (Origa, 2017). Severe β-thalassemia, also known as Cooley’s anemia (Khan and Shaikh, 2023), is associated with the possibility of severe anemia, jaundice, hepatosplenomegaly, growth retardation, and facial skeletal deformity; these patients require regular lifelong blood transfusions, iron chelation therapy, or hematopoietic stem cell transplantation (Needs et al., 2024). Certain patients with severe β-thalassemia may not survive into their twenties due to complications like arrhythmia and heart failure, which can lead to critical deterioration from iron overload within a span of 6 months (Coates, 2014).
2.3 Current treatments of thalassemia
Various therapeutic strategies are available for the management of thalassemia, encompassing blood transfusions, iron chelation therapy, splenectomy, bone marrow transplantation, HSCT, gene editing methods, and the induced synthesis of fetal hemoglobin (Wang et al., 2023; Khan and Shaikh, 2024), and medications such as hydroxyurea (Ali et al., 2021), which prolong the life of the patient at the different way. However, some of the treatments pose some challenges that urgently need to be addressed. For example, blood transfusion and iron removal are two symptomatic treatments for major thalassemia (Hodroj et al., 2023); however, frequent or excessive transfusions can lead to iron overload as iron released from the breakdown of red blood cells may deposit in various tissues and organs, resulting in serious complication.
2.4 Complications of thalassemia
Although patients with major thalassemia receive the treatments mentioned above, they may still experience numerous complications, including thromboembolic events, organ dysfunction, endocrinopathies, cardiovascular disease, and osteoporosis (Kattamis et al., 2022; Wood, 2023; Gaudio et al., 2019). A cohort study showed that 480 of 709 patients (67.7%) with β-thalassemia have developed at least one complication and 93 β-thalassemia patients died due to heart diseases (57.0%), complications from bone marrow transplantation (10.8%), infections (8.6%), liver diseases (4.3%), cancers (3.2%), thrombus embolism (2.2%), and severe anemia (1.1%) (Forni et al., 2023). These complications are mostly caused by anemia and the occurrence of iron overload resulting from long-term and massive blood transfusions (Yousuf et al., 2022). The accumulation of iron in various organs could result in several types of organ dysfunction, potentially leading to considerable damage and failure of those organs (Wang et al., 2025a). Complications that may arise from this include arrhythmias, dysfunction of the left ventricle (Fu and Yang, 2025), fibrosis or cirrhosis (Langer et al., 1993), osteoporosis (Bhardwaj et al., 2023), kidney disorders (Demosthen et al., 2019), and abnormalities in respiratory function (Bou-Fakhredin et al., 2023). Additionally, endocrine disorders are largely related to iron accumulation in crucial glands such as the pituitary, thyroid, and adrenal glands, significantly impacting the growth and development of patients with thalassemia (Tenuta et al., 2024; Venou et al., 2024; Evangelidis et al., 2023). In addition to other complications, patients may face infections and Graft-versus-Host Disease (GVHD) (Vento et al., 2006; Akbayram et al., 2022), as well as cancer and alloimmunization, which can further threaten the life of the patient.
3 THE OVERVIEW OF STEM CELL THERAPIES FOR THALASSEMIA
Stem cell treatments encompass allogeneic stem cell therapy, which involves the transplantation of the bone marrow, peripheral blood, and umbilical cord blood sourced from relatives of the patient or from a human leukocyte antigen (HLA)-matched donor (Karponi and Zogas, 2019), as well as autologous stem cell therapy, wherein the patient’s own stem cells are grafted following gene reprogramming (Srivastava and Shaji, 2017); these approaches mainly include hematopoietic stem cell transplantation, mesenchymal stem cell transplantation, and gene-edited stem cell transplantation (Figure 1; Table 2). It is meaningful to develop autologous stem cell transplantation that can correct the genetic defect.
[image: Diagram depicting a process where patient somatic cells are reprogrammed into induced pluripotent stem cells, gene-corrected via CRISPR, and differentiated into normal hematopoietic and mesenchymal stem cells, resulting in specialized blood cells.]FIGURE 1 | Overview of three cell therapy approaches for thalassemia treatment: a. allogeneic hematopoietic stem cell (HSC) transplantation, where healthy HSCs are transplanted into the patient to replace the defective cells; b. allogeneic mesenchymal stem cell (MSC) transplantation, which utilizes healthy MSCs to enhance the function of HSCs and may help in remedying the condition; c. by using CRISPR/Cas9 technology to modify the mutated HBA/HBB gene in the induced pluripotent stem cells (iPSCs) of the patient, differentiating these corrected iPSCs into healthy hematopoietic stem cells (HSCs), and subsequently transplanting the normal HSCs back into the patient’s body to substitute the defective cells, a targeted gene therapy approach is achieved.TABLE 2 | Comparison of the therapies of HSCs, MSCs, and iPSCs.	Stem cell type	Advantage	Disadvantage	Reference
	HSCs	a. Currently the only method capable of curing transfusion-dependent thalassemia (TDT)
b. Relatively mature technology	a. Donor limitations
b. Transplant risks of GVHD.
c. Toxicity of conditioning regimens	Wood, (2023), Aljagthmi and Abdel-Aziz (2025), and Hoang et al. (2025)
	MSCs	a. Immunomodulation, which can reduce the risk of GVHD.
b. Hematopoiesis promotion
c. Diverse sources: comprise bone marrow, umbilical cord blood, and adipose tissue, among others	a. Efficacy uncertainty
b. Technical challenge
c. Long-term safety	Wiewiórska-Krata et al. (2025),Terai et al. (2025),Mousavi et al. (2023), and Levy et al. (2020)
	iPSCs	a. Personalized therapy
b. Genetic modification: integrating CRISPR/Cas9 with alternative gene editing methods
c. Research potential	a. Technical complexity
b. Ethical issues: involves ethical debates about embryonic stem cells
c. Safety issues: gene editing may introduce off-target effects	Hardouin et al. (2025) and Yamanaka (2020)


3.1 The source of stem cells: stem cell bank
Stem cells have the ability to renew themselves and can be classified into two categories depending on their source (Brignier and Gewirtz, 2010), namely, embryonic and adult stem cells. Additionally, stem cells are classified into totipotent, pluripotent, multipotent, and unipotent cells, according to their differentiation potential (Wen and Wang, 2025). A zygote, which is an example of a totipotent stem cell, has the capacity to develop into a fully formed organism. In contrast, a pluripotent stem cell can differentiate into several types of tissues, but it cannot generate an entire individual (Malik and Wang, 2022). Two categories of human pluripotent stem cells exist: human embryonic stem cells (hESCs), originating from the inner cell mass of embryos, and human induced pluripotent stem cells (hiPSCs), obtained through the reprogramming of somatic cells (Tian et al., 2023). In 2006, Takahashi and Yamanaka found that fibroblasts obtained from mice could be converted into specialized cells, reflecting the three germ layers by applying four specific transcription factors: Oct4, Sox-2, Klf4, and c-Myc (Takahashi and Yamanaka, 2006); this technology involving induced pluripotent stem cells has slowly been utilized in the therapy for certain human ailments (Huang et al., 2020). A multipotent stem cell has the ability to develop into one or more specific tissues (Aprile et al., 2024). For instance, hematopoietic stem cells are capable of transforming into erythrocytes, leukocytes, and platelets, whereas mesenchymal stem cells primarily reside in connective tissue and interstitial spaces of organs (Zhang et al., 2018). Unipotent stem cell like myoblast can only differentiate into muscle cells.
Typically, stem cells used to treat thalassemia come from matched donors or the patients themselves, but technological advancements now enable the cultivation of stem cells from biological materials like umbilical cord blood under strict safety and quality regulations (Sharma et al., 2021). Stem cells can be stored in cell banks for future applications (Table 3) and are also used in research and treatment of various diseases (Stacey and Healy, 2021). At present, Zunyi Medical University has cooperated with enterprises to establish the first placental stem cell bank and seven autologous stem cell banks in China, and set up two public stem cell banks in Guizhou Province to provide perinatal stem cell storage services and store important stem cell medicine treatment needs. Ossium Health has established a cryopreserved bone marrow cell repository recovered from deceased organ vertebrae, referred to as hematopoietic progenitor cell bone marrow (Johnstone et al., 2021).
TABLE 3 | Founding time, source, and reason for establishment of Stem Cell Banks.	Stem cell bank	Founding time	Source	Reason for establishment	Reference
	UK Stem Cell Bank(UKSCB)	2003	Approximately 100 research-grade hESC lines and several human pluripotent stem cell lines	Foster the advancement of scientific research and the clinical application of stem cell treatments	O’Shea and Abranches (2020)
	Korea National Stem Cell Bank (KSCB)	2005	17 tissue-derived adult stem cells and 228 primary genetic disease cells	Supply stem cell resources, regenerative medicine information, and hESC registry	Kim et al. (2021)
	Karolinska Institute Human Embryonic Stem Cell Bank (KISCB)	2002	60 hESC lines	Set up hESC lines for clinical use: remove xeno, chemical conditions, and ensure GMP.	Main et al. (2020)
	Spanish National Stem Cell Bank (BNLC)	2006	40 hESC lines and 171 hiPSC lines, including cord blood and adipose-derived MSCs	Advance stem cell and regenerative medicine; establish hiPSC bank from homozygous cord blood	Aran et al. (2020)


3.2 Allogeneic stem cell transplantation for thalassemia
Currently, the only curative treatment for severe thalassemia is allogeneic hematopoietic stem cell transplantation (Srivastava and Shaji, 2017). This process involves utilizing hematopoietic stem cells obtained from external sources, such as the bone marrow, peripheral blood, or umbilical cord blood of relatives (Wei et al., 2024). The aim is to restore the blood and immune systems of the patient, with the success of the treatment being affected by variables including the recipient’s age, compatibility with the donor, and medical care provided prior to the transplant.
3.2.1 Bone marrow transplantation
Clinically, the initiation of bone marrow transplantation for disease treatment occurred in 1957 (Simpson and Dazzi, 2019). Bone marrow serves as a primary source of hematopoietic stem cells (Agarwal et al., 2023), and this procedure stands as the definitive treatment for thalassemia, particularly among individuals suffering from severe β-thalassemia (Ali et al., 2021). Bone marrow transplantation can help patients with thalassemia restore normal red blood cell production by providing healthy hematopoietic stem cells, thereby improving anemia symptoms and potentially achieving a cure, but it also involves inherent challenges and risks (Oikonomopoulou and Goussetis, 2021). Post-transplantation, patients might experience complications, including GVHD and hepatobiliary disorders (Dezan et al., 2023).
3.2.2 Umbilical cord blood transplantation
Umbilical cord blood contains a large number of hematopoietic stem cells, and it can be used in patients with no compatible donor (Hordyjewska et al., 2015). For more than 30 years, the transplantation of umbilical cord blood has been used in medical practices (Gupta and Wagner, 2020). Although it was initially regarded as medical waste, a thorough investigation into its biological characteristics and immunogenicity has revealed that umbilical cord blood is abundant in hematopoietic stem cells, which tend to proliferate and survive more effectively than other types of stem cells (Zhu et al., 2021a). Furthermore, it exhibits low immunogenicity, does not require strict HLA matching, causes no harm to donors, and is associated with a lower incidence of GVHD in transplant recipients (Zhu et al., 2021b). Compared to bone marrow, the matching process for cord blood demands a lesser degree of site matching, thereby making it easier to find a compatible donor (Sanchez-Petitto et al., 2023). Although umbilical cord blood transplantation has distinct benefits, it is utilized less often in clinical settings than bone marrow and peripheral blood hematopoietic stem cell transplants. This is attributable to factors such as the possibility of delayed engraftment, the risk of graft failure, elevated non-relapse mortality rates, a heightened susceptibility to infections, and the considerable expenses involved in procuring umbilical cord blood (Sirinoglu Demiriz et al., 2012; Kindwall-Keller and Ballen, 2020).
3.2.3 Peripheral blood stem cell transplantation
The use of peripheral blood stem cell transplantation (PBSCT) from a matched sibling donor has been suggested as an alternative to bone marrow transplantation to reduce the risk of transplant failure in patients with major thalassemia (Körbling et al., 2011). PBSCT is a vital treatment method for thalassemia, which involves collecting hematopoietic stem cells from a donor, who can be the patient themselves or a matched donor, and then transfusing them intravenously into the patient’s body (Angelucci et al., 2014). These stem cells migrate to the bone marrow, replacing the patient’s abnormal hematopoietic cells and restoring normal red blood cell production (Körblin et al., 2011). This method holds promise for treating thalassemia; however, it requires finding an appropriate donor and addressing complications associated with transplantation (Angelucci et al., 2014). A successful transplant can greatly enhance the patient’s quality of life, potentially decreasing or even removing the requirement for blood transfusions and iron chelation therapy. However, not all of the transplant patients can be saved; some of them die from complications after transplantation like GVHD, osteonecrosis, and infection (Kuci et al., 2020). However, the failure rate of allograft is approximately 25% (Marziali et al., 2017). Transplants of hematopoietic stem cells sourced from siblings who share identical HLA profiles show notably improved success rates when contrasted with those obtained from unrelated donors. However, it is important to note that merely 35%-40% of patients with thalassemia are able to find a sibling donor with matching HLA (O’Reilly, 1983). In addition, Jagasia demonstrated that approximately 40% HSCT of identical siblings will get GVHD, whereas 59% will get GVHD in the transplantation of the unrelated donor hematopoietic stem cells (Jagasia et al., 2012). A research indicates that approximately 15%-16% of patients experience grades II-IV acute GVHD and 4%-12% experience chronic GVHD after transplantation for thalassemia (Mahmoud et al., 2015).
3.3 Autologous stem cell transplantation and gene-editing therapy for thalassemia
Transplantation of autologous hematopoietic stem cells or therapy involving gene editing represents a novel approach that functions by modifying a patient’s own blood stem cells to correct the genetic mutation responsible for thalassemia (Zeng et al., 2023). This approach avoids donor-matching problems in allogeneic transplantation and may reduce the occurrence rate of GVHD and infectious diseases (Li and Yang, 2023). Autologous hematopoietic stem cell transplantation typically involves collecting hematopoietic stem cells from a person, using gene-editing techniques such as CRISPR-Cas9 to amend the genetic mutation, and then reinfusing the altered stem cells into the same individual (Wilkinson et al., 2021).
4 CRISPR/CAS-EDITED INDUCED PLURIPOTENT STEM CELLS
So far, gene-editing technology to treat thalassemia has been widely used in research and is considered one of the most promising therapies for diseases resulting from single-gene inheritance (Khiabani et al., 2023). Gene editing represents an advanced therapeutic approach that focuses on cultivating patients’ hematopoietic stem cells. Following this, the edited stem cells containing the corrected gene are injected back into the patients’ bodies to achieve complete healing (Ali et al., 2021). At present, gene therapy is in the experimental stage and has made some progress. Some research works have pointed out that gene-editing technologies like CRISPR/Cas 9 (Zeng et al., 2023) can accurately modify or replace defective genes and ultimately restore the function of red blood cells (Traeger-Synodinos et al., 2024). Although gene therapy offers certain advantages over other therapies, it is not suitable for all thalassemia patients, and its high cost makes it inaccessible to many patients; moreover, the therapy becomes ineffective if the corrected gene is inserted off-target (Christakopoulos et al., 2023).
4.1 CRISPR/Cas9 gene-editing technology
The CRISPR/Cas9 system was initially used by bacteria and archaea for adaptive immune responses against foreign DNA sources like plasmids and viruses. It has now become a potent instrument for gene editing (Deltcheva et al., 2011). With the introduction of CRISPR/Cas9 technology in 2012 (Jinek et al., 2012), this method has shown considerable promise in addressing genetic disorders, including thalassemia. Although CRISPR/Cas9 has limitations in off-target effects and editing efficiency, its flexibility and programmability have spurred next-generation, more precise tools like Base Editing, offering broader strategies for treating monogenic diseases such as thalassemia (Table 4) (Greco et al., 2024). The CRISPR/Cas9 system, guided by RNA, is notable for being easy to use, economical, and versatile (Anurogo et al., 2021). However, despite its broad application prospects, gene therapy raises concerns about its safety and ethical implications, particularly the risk of off-target effects, which require rigorous ethical review and regulatory oversight (Hryhorowicz et al., 2023).
TABLE 4 | Comparison of gene therapy strategies for thalassemia.	Therapeutic approach	Principle	Advantage	Disadvantage	Correction of known pathogenic mutations	Safety	Reference
	CRISPR/Cas9
gene editing	Utilizes the CRISPR/Cas system to directly repair or insert target genes, correcting mutations	a. Precise correction of mutations
b. Low risk of immune reactions
c. Applicable to various cell types	a. Unintended effects
b. The efficiency of delivery and specificity for cells need additional refinement	Suitable for cases requiring long-term stable expression of normal genes	a. Off-target effects and long-term safety
b. Delivery system safety requires optimization	Paolini Sguazzi et al. (2021),Wang et al. (2025b),Butterfield et al. (2025),Gao et al. (2025),John and Czechowicz (2025), and Ali et al. (2025)
	Lentiviral vectors	Introduces normal genes into cells via viral vectors to replace defective genes	a. Efficient gene insertion
b. Long-term stable expression
c. Extensive clinical experience	a. Potential for immune reactions
b. Risk of insertional mutagenesis	Correction of single-base mutations	a. Long-term monitoring required
b. Safety relatively mature but still with risks	Williams et al. (2025),Ottaviano and Qasim (2025), and Hackett and Crystal (2025)
	Base editing	Chemically alters one base to another, which can be divided into two primary categories: those that target DNA and those that focus on RNA.	a. No double-strand breaks
b. High efficiency for single-base conversions	a. Lower technological maturity
b. Limited scope of application	a. Still in preclinical research stages
b. Not yet widely applied clinically	a. Long-term stability and potential side effects
b. Off-target effects	Porto et al. (2020),Komor et al. (2016),Gaudelli et al. (2017), and Rees and Liu (2018)


4.2 Human induced pluripotent stem cell
In 2006, Shinya Yamanaka et al. found that it was possible to reprogram adult skin fibroblasts into hiPSCs by incorporating four transcription factors: Oct4, Sox2, Klf4, and c-Myc (Takahashi and Yamanaka, 2006). iPSCs closely resemble embryonic stem cells regarding their morphological characteristics, patterns of gene expression, and capabilities for differentiation, which have been validated in various 3D cardiac tissue models (Campostrini et al., 2021). These cells exhibit remarkable self-renewal capabilities and have the potential for multipotent differentiation, rendering them a valuable resource for various applications, including regenerative medicine, drug development, and disease modeling (Poetsch et al., 2022). iPSCs derived from an individual’s own cells provide considerable medical benefits by reducing the likelihood of immune rejection. Their capacity for self-renewal and differentiation into diverse cell types positions them as essential tools in regenerative medicine, drug discovery, and disease modeling (Cerneckis et al., 2024). iPSCs possess the ability to replicate and grow indefinitely in a laboratory setting, thus offering a substantial source of cells for applications in tissue engineering and cellular therapies (Mattis and Svendsen, 2011). This property is essential for producing the required cell populations for regenerative medicine (Rowe and Daley, 2019). However, iPSCs encounter challenges including potential genetic mutations and chromosomal abnormalities arising from reprogramming, which can compromise cell quality and safety (Kavyasudha et al., 2018). Additionally, effective differentiation into specific cell types and achieving targeted differentiation with functional integration in vivo present ongoing research challenges (Lee and Son, 2021).
4.2.1 Gene-editing strategies
Technologies for gene editing offer considerable promise for utilizing iPSCs (McTague et al., 2021). For instance, CRISPR/Cas9 tools can be utilized to modify iPSCs by either knocking out genes that hinder nerve regeneration (like Nogo-A) or inserting genes that encourage nerve repair (such as the neurotrophic factor BDNF) (Hsu et al., 2019). Additionally, for allogeneic iPSCs, HLA genes can be edited to match those of the patient or to create universal donor cells, thereby reducing the risk of immune rejection (Xu et al., 2019; Song et al., 2022). It is necessary to conduct sequencing, flow cytometry and other analyses on the verified edited iPS cells to verify the accuracy of the modification and the normal differentiation ability of the cells (Maurissen and Woltjen, 2020).
4.2.2 Strategy for differentiating hiPSCs into HSCs
A fundamental approach to differentiating iPSCs into hematopoietic stem cells (HSCs) involves the creation of embryoid bodies (EBs), induction of mesoderm, formation of hematopoietic endothelium, and the process of endothelial-to-hematopoietic transition (EHT) (Ng et al., 2024). This process also encompasses the utilization of various elements, such as cytokines [interleukin (IL)-3, IL-6], dexamethasone, stem cell factor (SCF), recombinant human erythropoietin (EPO), vascular endothelial growth factor (VEGF), insulin-like growth factor I (IGF-I), Fms-like tyrosine kinase 3 (FLT3), bone morphogenetic protein 4 (BMP4), albumin, and transferrin (Lapillonne et al., 2010; Bernecker et al., 2019; Rowe et al., 2016; Oguro, 2019). In addition, retinoic acid and its precursors (such as retinol) play important roles in the mesoderm patterning stage, significantly enhancing the efficiency of iPSC differentiation into hematopoietic cells (Grace et al., 2018). However, the differentiation of iPSCs into functional HSCs still faces challenges such as cell functional stability and immunogenicity (Wattanapanitch et al., 2019).
4.3 CRISPR/Cas-edited induced pluripotent stem cell for thalassemia
iPSCs utilizing CRISPR/Cas gene-editing techniques present an innovative strategy for treating thalassemia (Wattanapanitch et al., 2018). In the context of thalassemia management, the CRISPR/Cas technology is capable of correcting genetic mutations within iPSCs, which restores their erythropoietic function and allows for the production of healthy red blood cells through in vitro cultivation and differentiation into erythroid lineages (Xie et al., 2014). These differentiated red blood cells can subsequently be reintroduced into the patient, acting as a form of cellular therapy that either supplements or replaces the malfunctioning cells, thereby alleviating the symptoms related to the genetic mutation (Ou et al., 2016). This approach is particularly advantageous as it utilizes the patient’s own cells, reducing the risk of immune rejection. Moreover, this technique could be applied to the treatment of various other genetic conditions (Li et al., 2023). The CRISPR/Cas9 technique for editing genes related to thalassemia poses numerous challenges, especially regarding safety considerations and the potential long-term consequences of this new technology, which have not yet been completely determined (Frangoul et al., 2021). Overall, using CRISPR/Cas gene-editing techniques on induced pluripotent stem cells exhibits potential as a therapy for thalassemia; nonetheless, further studies and confirmations are necessary prior to its widespread adoption in clinical applications (Zeng et al., 2023).
4.3.1 Delivery methods
The methods of delivering the CRISPR/Cas system play a vital role in the effectiveness of gene editing (Du et al., 2023). Typical methods of delivery encompass viral vectors such as adeno-associated virus (AAV) (Naso et al., 2017), adenovirus (AdV), lentivirus, Sendai virus, and retrovirus (Tong et al., 2019; Park et al., 2016), along with nonviral systems including lipid nanoparticles (Li et al., 2018; Sinclair et al., 2023). Although viral vectors offer high delivery efficiency, they are associated with risks of immune responses and insertional mutagenesis. In contrast, nonviral delivery systems are safer but less efficient (Seijas et al., 2025).
4.3.2 Editing efficiency
Editing efficiency directly impacts the therapeutic outcome. Improvements in the efficiency of the CRISPR/Cas9 system can be achieved through the optimization of sgRNA design, expression levels of Cas9 protein, and the selection of cell types (Agrawal et al., 2021). Utilizing high-precision variants of Cas9, such as eSpCas9 or SpCas9-HF1, can reduce off-target effects while also enhancing the safety of the editing procedure (Kleinstiver et al., 2021; Yin et al., 2016). In iPSCs, increased editing efficiency ensures more successful cell repair, fewer residual mutant cells, and better therapeutic efficacy, as shown by Singh et al. (2024), using p53 inhibition and pro-survival molecules to achieve over 90% CRISPR/Cas9 efficiency.
4.3.3 Differentiation into functional hematopoietic stem cells
The process of transforming corrected iPSCs into functional hematopoietic stem cells represents a crucial aspect of cellular therapy (Table 5). At present, by replicating the in vivo microenvironment that supports hematopoietic development and integrating specific cytokines (like BMP4, SCF, and TPO) with small molecular compounds (Bello et al., 2024; Jeong et al., 2020a; Kayama et al., 2024), iPSCs can be effectively guided to develop into the hematopoietic lineage. Further optimization of differentiation protocols, such as adjusting culture conditions, adding functional small molecules, and utilizing three-dimensional culture systems, holds promise for improving differentiation efficiency and cell quality (Rahman et al., 2025; Meng et al., 2014). Additionally, verifying the functionality of the differentiated cells through flow cytometry and in vivo transplantation experiments is an essential step to ensure therapeutic efficacy (Bhattacharya et al., 2014).
TABLE 5 | The treatment and therapeutic effect of using iPSC to treat the thalassemia patients.	Disease	iPSC source	Treatment	Therapeutic effect	Reference
	β-Thalassemia (homozygous 41/42 deletion)	β-Thal patient	CRISPR/Cas9+ iPSCs	Effectively fixes β-thal mutations in patient iPSCs	Ou et al. (2016)
	β-Thalassemia [β17/17 (A→T) in HBB]	β-Thal patient	CRISPR/Cas9	Edited cells show normal karyotypes, pluripotency, and no off-target.	Song et al. (2015)
	β-Thalassemia [IVS2-654(C>T)]	β-Thal patient	CRISPR/Cas9 + piggyBac	CRISPR/Cas9 detected off-target.	Xu et al. (2015)
	HbE mutation	β-Thal patient	CRISPR/Cas9 plasmid + ssODN	Achieves one-step HbE correction in iPSCs	Wattanapanitch (2021)
	β-Thalassemia (a homozygous β41-42 del and heterozygous Westmead mut in HBA2)	Fetal amnion	CRISPR/Cas9+ iPSCs	Mutations fixed; hiPSCs kept normal pluripotency and could become hematopoietic progenitors	Li et al. (2022a)
	β-Thalassemia [β17/17 (A→T) in HBB]	β-Thal patient	CRISPR/Cas9 + iPSCs	Normal karyotype, maintained pluripotency, and no off-target effects	Song et al. (2015)
	β-Thalassemia [−28 (A>G) and the 4-bp (TCTT) del at CD41-42 in exon 2]	β-Thal patient	CRISPR/Cas9 + iPSCs + piggyBac	Seamless HBB mutation correction via HDR; no off-target effects	Xie et al. (2014)
	β-Thalassemia [4-bp del (–TCTT) and (–CTTT) at CD41-42 mut]	β-Thal patients	CRISPR/Cas9 + ssODNs	Repaired cells had normal β-globin transcripts, low mutation load, and no off-target mutagenesis	Niu et al. (2016)
	β-Thalassemia (CD26 G>A mut in in HBB)	HbE/β-thalassemia patient’s dermal fibroblasts with CD41/42 and CD26 mut	Cas9 + ssODNs via HDR	HBB protein restored; single CD26 allele fix normalizes β-globin in HbE/β-thalassemia	Wattanapanitch et al. (2018)


4.4 Barriers to translating research into clinical applications
4.4.1 Technical challenges and strategies for mitigation
One of the primary challenges in applying gene-editing technologies such as CRISPR/Cas9 to clinical treatments is the technical barriers associated with off-target effects (Concordet and Haeussler, 2018). Unplanned alterations to genes that are not the intended targets may heighten the risks linked to therapeutic treatments. To reduce these unintended effects, various strategies have been formulated.
High-fidelity Cas9 variants: the use of high-fidelity Cas9 variants (Zuo et al., 2022), such as eSpCas9, SpCas9-HF1, dCas9-FokI and evoCas9 (Allemailem et al., 2023; Wyvekens et al., 2015), has been extensively acknowledged in academic writings as an approach to enhance the accuracy of CRISPR/Cas9-editing systems (Naeem et al., 2020). The highly accurate version of Cas9, referred to as Hypa-Cas9, has demonstrated enhanced on-target effectiveness in human cells while minimizing off-target impacts (Chen et al., 2017).
Optimized sgRNA design: the careful design of single-guide RNA (sgRNA) improves the accuracy of gene editing and reduces off-target consequences (Doench et al., 2016). Using bioinformatic tools to predict and select sgRNA sequences with low off-target risks is an effective method to improve specificity (Concordet and Haeussler, 2018; Doench et al., 2016). Recent developments in the methods of delivering CRISPR/Cas9 for therapeutic gene editing in stem cells have been examined, emphasizing the significance of well-designed sgRNA in improving the efficiency of genome editing while minimizing off-target impacts (Lotfi et al., 2023).
Delivery approaches for CRISPR/Cas9 systems: enhancing the delivery mechanisms for the CRISPR/Cas9 system, using nonviral strategies like lipid nanoparticles (Kazemian et al., 2022) or electroporation (Hussen et al., 2024) as nonviral delivery systems, can lead to improved editing efficiency and a decrease in off-target effects.
Precise control of editing windows: introducing mutations into the deaminase allows for the narrowing of the editing window while still preserving significant editing activity (Jeong et al., 2020b). A study used adenine base editors (ABEs) to accurately correct the IVSI-110(G>A) mutation associated with beta-thalassemia, attaining a 90% efficiency in editing (Naiisseh et al., 2024). By precisely controlling the editing window, that is, performing edits during specific cell cycle stages, off-target effects can be minimized, as certain cell cycle stages are more precise in DNA damage repair mechanisms (Fichter et al., 2023).
Using these approaches allows us to more precisely modify mutations that lead to diseases, like thalassemia, while minimizing the potential for off-target effects.
4.4.2 Ethical and regulatory considerations
The translation of gene-editing technologies into clinical applications faces significant technical, ethical, and regulatory challenges (Ledford, 2020). The swift advancement of these technologies raises ethical concerns regarding safety, equity, privacy, and societal impact (Greely, 2019). The establishment of a unified global regulatory system faces challenges, as more countries become open to gene-editing technology (Sprink et al., 2022). Ethical reviews are crucial for ensuring research integrity and participant rights, and research workers must comply with laws including clinical trial regulations and data protection (Joseph et al., 2022). Public engagement and transparency are key factors to fostering understanding and discourse on these issues (Parikh et al., 2025). Overcoming these challenges is vital for advancing gene-editing technology in clinical settings (Wiley et al., 2025), potentially offering novel treatments for diseases like thalassemia.
5 BIOLOGICAL CHARACTERISTICS AND FUNCTION OF MSCS
5.1 Biological properties
MSCs are a type of multipotent stem cell that was first discovered in the bone marrow by Friedenstein and are derived from the dental pulp, umbilical cord blood, amniotic membrane, placenta, mobilised peripheral blood, synovium and synovial fluid, endometrium, skin and muscle (Berebichez-Fridman and Montero-Olvera, 2018), which possess the ability to self-renew and differentiate into various cell types (Kolf et al., 2007). MSCs, mainly found in connective tissue and apparatus mesenchyme, are an important cell repository involved in tissue regeneration; MSCs are also a significant type of seed cell used in tissue engineering (Adil et al., 2022). MSCs proliferate rapidly and are easily isolated and cultured. These cells may be sourced from multiple origins, including bone marrow, periosteum, adipose tissue (Deo et al., 2022), umbilical cord tissue (Wu et al., 2023), dental tissue (Gan et al., 2020), and amniotic fluid (Gholami Farashah et al., 2023). Additionally, MSCs contribute to immune modulation by interacting with T cells (Kuca-Warnawin et al., 2021), B cells, NK cells (Abbasi et al., 2022), and other types of immune cells. Importantly, MSCs have little or no immunogenicity (Chen et al., 2024b) and the tolerance of immunity, which can reduce the risk of graft rejective reaction. Recently, a study found that higher-level TNF-α-induced protein 6 (TSG6) enhanced the anti-inflammatory function of CD317(+) MSCs, suggesting that CD317(+) MSCs may be a promising candidate for treating the immune-related diseases (Song et al., 2024). MSCs can repair tissues and differentiate into osteoblast, chondroblast, nerve cells, myoblast, and adipose tissues (Kim et al., 2023). Given the capabilities of MSCs, extensive research has been conducted on them, leading to their increasing implementation in clinical settings.
5.2 The possibility of MSC transplantation to treat thalassemia
A study has indicated that MSCs can enhance the homing of hematopoietic stem cells and boost their hematopoietic capacity (Aqmasheh et al., 2017). Given their role in immunological regulation, MSCs can inhibit NK cell activity and reduce T-cell proliferation by releasing specific cytokines and facilitating cell interactions, which is beneficial for minimizing rejection responses and enhancing survival rates (Johnstone et al., 2021). In patients with β-thalassemia, the MSCs in the bone marrow are functionally impaired due to iron overload and oxidative stress, leading to a decrease in their proliferation, differentiation capacity, and hematopoietic supportive function (Cri et al., 2019). The alteration of the bone marrow microenvironment in patients with thalassemia leads to a significant increase in the lipid, protein, glycogen and nucleic acid content of bone marrow mesenchymal stem cells (BM-MSCs), which is related to enhanced cell proliferation and bone marrow activity (Aksoy et al., 2012). Moreover, studies have shown that the vertebral body - adherent mesenchymal stromal cells (vBA - MSCs) extracted from donor vertebral fragments have similar characteristics to traditional bone marrow - derived mesenchymal stromal cells (BM - MSCs), but with a significantly higher abundance (Johnstone et al., 2020). Additionally, they are matched with hematopoietic progenitor cells (HPCs), which helps promote the formation of mixed chimerism, enhance peripheral immune regulatory functions, and improve the safety of transplantation (Johnstone et al., 2021).
5.3 Research on using MSCs to treat the complication of thalassemia
MSCs have shown potential therapeutic values in treating multiple complications of thalassemia, including heart disease (Szaraz et al., 2017), liver disease (Banas et al., 2007; Ortuño-Costela et al., 2025), bone destruction (Afflerbach et al., 2020), lung disease (Mansouri et al., 2019), endocrine abnormalities (Sarvari et al., 2021), and other diseases (Hoang et al., 2022) (Figure 2). First, thalassemia patients face a long-term anemic state and need regular blood transfusion, which may lead to increased heart burden, causing heart enlargement, cardiac hypertrophy, and other heart diseases (Berdoukas et al., 2015), and MSCs play a role in protecting and repairing the heart. They facilitate the regeneration and repair of injured myocardial tissue, enhancing cardiac function by differentiating into both cardiomyocytes and vascular smooth muscle cells (Ala, 2023; An et al., 2025). Second, chronic anemia and increased red blood cell destruction in individuals with thalassemia can place a greater strain on the liver, potentially leading to liver diseases such as hepatic fibrosis (Papastamataki et al., 2010). MSCs have the ability to release various growth factors and cytokines, aiding in the regeneration and repair of liver cells, minimizing liver inflammation, and enhancing liver function (Rostami et al., 2021; Wen et al., 2025). Third, patients with thalassemia may have bone destruction and osteoporosis due to chronic anemia and myelodysplasia (Bhardwaj et al., 2023), and MSCs have the ability of osteogenic differentiation, can promote the regeneration and repair of bone tissue, can increase bone density and bone strength, and can improve bone condition (Jiang et al., 2021). Fourth, thalassemia patients receiving chronic transfusions are at risk of iron overload and pulmonary fibrosis (Carnelli et al., 2003). MSCs have the potential to address these respiratory concerns by transforming into alveolar and lung epithelial cells, facilitating the repair of lung tissue, minimizing fibrosis, and enhancing overall lung performance (Doherty et al., 2024; Antoniou et al., 2010), offering a new therapeutic strategy for lung diseases associated with thalassemia. Additionally, thalassemia patients may experience endocrine system dysfunction due to long-term anemia, malnutrition, and other factors (Carsote et al., 2022). Endocrine abnormalities and MSCs can regulate the balance between the immune and endocrine systems, promote the functional recovery of endocrine glands, and improve the symptoms associated with endocrine abnormalities (Hoang et al., 2022). In addition to these challenges, individuals with thalassemia who have undergone blood transfusions, iron chelation therapy, or bone marrow transplantation might experience adverse effects resulting from these treatments (Yousuf et al., 2022). Current research on using MSCs to treat thalassemia-related complications is still in the early stages, with further exploration needed in areas such as specific treatment mechanisms, optimal administration methods, and efficacy evaluation (Li et al., 2024). Moreover, addressing the challenges related to the sourcing, preparation, and quality assurance of MSCs is essential to ensure the safety and effectiveness of these treatments (Guadix et al., 2019). In summary, MSCs demonstrate considerable potential as a therapy for various complications linked to thalassemia, and it is expected that they will provide enhanced treatment alternatives for these individuals moving forward.
[image: Circular infographic showing mesenchymal stem cells (MSCs) at the center with arrows pointing toward illustrations representing their therapeutic effects on pulmonary fibrosis, myocardial infarction, liver cirrhosis, bone rarefaction, and immune system modulation.]FIGURE 2 | Therapeutic potential of MSCs in addressing thalassemia-related complications. The potential of MSCs to treat the complications of thalassemia including myocardial infarction, liver cirrhosis, rarefaction of bone, pulmonary fibrosis, and immune system damage.5.4 Challenges in translational application: technical, ethical, and regulatory aspects
During the process of transplanting allogeneic MSCs into patients, challenges in technology, ethics, and regulations must be addressed (Velikova et al., 2024). Technically, it is crucial to guarantee the viability, homing ability, and long-term stability of the cells, which includes optimizing cell isolation, expansion, and cryopreservation techniques (Wang and Li, 2024). Additionally, utilizing the patient’s own MSCs after genetic modification and subsequent autologous transplantation offers a promising approach to potentially reduce the risk of immune rejection and GVHD (Večerić-Haler et al., 2022; Li et al., 2022b). Ethical considerations involve obtaining fully informed consent from patients, safeguarding patient privacy, and ensuring equitable access to treatment (Lo et al., 2009). Regulatory compliance requires adherence to international and local regulatory standards, navigating the approval process, and conducting long-term surveillance to evaluate the safety and efficacy of the therapy (Farmakis et al., 2022). Overcoming these challenges necessitates interdisciplinary collaboration, technological advancement, ethical review, and strict regulatory compliance to enhance the feasibility and acceptance of the treatment, ultimately aiming to improve therapeutic outcomes for patients with thalassemia.
6 CONCLUSION
6.1 The current status and challenges of stem cell therapy
Currently, in the area of stem cell therapy, the management of thalassemia mainly relies on hematopoietic stem cells, whereas MSCs and iPSCs demonstrate considerable promise for a range of uses (Muthu et al., 2022). Nonetheless, there are variations in both therapeutic effectiveness and safety among stem cells derived from different origins. For example, MSCs obtained from umbilical cord blood present advantages like reduced immunogenicity (Um et al., 2020); however, they may not exhibit the same level of cell activity and functionality as MSCs obtained from bone marrow (Shang et al., 2021). Despite their low immunogenicity, MSCs can still trigger immune responses under certain conditions, and the performance and longevity of stem cells in vivo can be affected by factors such as inflammation and hypoxia (Chen et al., 2023). Furthermore, the attributes and size of the patient cohort (including factors like age, severity of the disease, and genetic background) might also influence the comparability of the research findings (Česnik et al., 2024). The constraints of existing technologies, such as the accuracy of gene-editing instruments and inconsistencies in cell culture conditions, can also contribute to varying results (Česnik and Švajger, 2024; Mushahary et al., 2018). Although advancements have been achieved, obstacles continue to exist: iPSCs encounter problems related to epigenetic instability and the potential for tumor formation, whereas adult stem cells struggle to accomplish successful differentiation (Su et al., 2025). Ongoing assessment of long-term safety and effectiveness is essential for further verification.
6.2 The capabilities and constraints of gene-editing technology
Regarding gene-editing technology, CRISPR/Cas9 has demonstrated remarkable promise in correcting gene mutations related to thalassemia, but there are still significant differences in off-target effects and editing efficiency across different studies. Some report high editing efficiency but note potential off-target effects, whereas others manage to minimize off-target effects but still face challenges in enhancing editing efficiency (Zeng et al., 2023). These inconsistent outcomes may result from differences in experimental design, cell sources, gene-editing methods, or animal models, given that viral vectors have high delivery efficiency but are associated with risks such as immune reactions and insertional mutations, whereas nonviral delivery systems, although safer, tend to have lower efficiency (Taghdiri and Mussolino, 2024). The potential impact of the limitations of current technologies on research outcomes cannot be ignored. Despite advancements in CRISPR/Cas9 technology aimed at minimizing off-target effects, including the development of high-fidelity Cas9 variants and enhanced sgRNA designs, the total eradication of off-target effects remains a significant challenge (Guo et al., 2023).
6.3 Future directions for the development of thalassemia treatment technologies
To address these challenges, future studies should implement more standardized experimental frameworks and methods to minimize variability in outcomes while simultaneously promoting the advancement of safer and more effective gene-editing technologies and delivery systems (Lino et al., 2018). Furthermore, the significance of collaboration across multiple disciplines should not be underestimated, as integrating knowledge from gene editing, cell biology, clinical practice, and other areas can collaboratively enhance the progression of thalassemia treatment technologies (Christakopoulos et al., 2023).
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Background
Despite the rapid development of immunosuppressive drugs, acute rejection (AR) remains a cause of allograft dysfunction and allograft failure. Although endometrial regenerative cell-derived exosomes (ERC-Exos) effectively alleviate AR, more research is required to fully understand the underlying mechanisms. Thus, this study aimed to determine whether sirtuin 6 (SIRT6) mediates the therapeutic effect of ERC-Exos on AR and elucidate the underlying mechanisms.
Methods
The expression of SIRT6 was verified in ERC-Exos by Western blot. ERC-Exos with extremely low expression of SIRT6 (SIRT6-KD-ERC-Exos) were obtained by transducing shRNA-SIRT6 in ERCs. C57BL/6 recipient mice were transplanted with heart grafts from BALB/c donor mice and divided into three groups: untreated, ERC-Exo-treated, and SIRT6-KD-ERC-Exo-treated groups. Recipient mice were sacrificed on post-operative day 8 for the determination of graft pathological changes, intra-graft immunocyte infiltration, splenic CD4+ T cell populations, and serum cytokine levels in vivo. The proportion of CD4+ T cells and their secreting cytokine levels were determined in vitro. Besides, the underlying mechanisms were also investigated in vitro.
Results
ERC-Exos expressed SIRT6, and cardiac graft survival was increased by SIRT6-expressing ERC-Exos. Graft pathological damage, intra-graft CD4+ T cell infiltration, and intra-graft inflammatory (Th1 and Th17) cell infiltration decreased, and intra-graft and serum inflammatory cytokine (interferon (IFN)-γ and interleukin (IL)-17) levels decreased in the SIRT6-expressing ERC-Exo-treated mice. Furthermore, in the recipient mice, ERC-Exo treatment markedly increased the differentiation of regulatory T cells (Tregs) while significantly decreasing that of Th1 and Th17 cells. In a similar vein, ERC-Exo therapy raised the levels of the anti-inflammatory cytokine IL-10 in vitro while decreasing those of IFN-γ and IL-17. By suppressing the expression of important proteins linked to glutaminolysis and further deactivating the mammalian target of rapamycin complex 1 (mTORC1) pathway, ERC-Exos reduced the uptake and use of glutamine in naïve CD4+ T cells, according to mechanism exploration. In contrast, SIRT6-KD-ERC-Exos considerably reversed these trends and changes both in vivo and in vitro.
Conclusion
SIRT6 is crucial in mediating ERC-Exos to remodel CD4+ T cell differentiation by weakening c-Myc-dependent glutaminolysis, thereby alleviating AR.

Keywords: endometrial regenerative cells, exosomes, SIRT6, CD4 + T cell differentiation, glutaminolysis, acute rejection
INTRODUCTION
Despite the availability of alternative treatments, organ transplantation remains the most reliable means to treat end-stage organ failure (Shah et al., 2022; Kittleson and Kobashigawa, 2017). Acute rejection (AR) usually occurs from a few days to 2 weeks after transplantation, which is the most common rejection in organ transplantation and affects transplanted organs’ early survival (Stewart et al., 2007). AR is mainly caused by the HLA complex incompatibility between donor and recipient, and more involved in T cells (Stewart et al., 2007). Besides, long-term use of immunosuppressive drugs will lead to many negative effects, including tumorigenesis and lethal infections (Söderlund and Rådegran, 2015). Hence, safer and more effective immunotherapeutic methods should be explored to alleviate AR.
Due to their extremely low expression of major histocompatibility complex (MHC) class II and absence of MHC class I as well as co-stimulatory molecules, mesenchymal stem cells (MSCs) are classified as “immune privileged cells” (Quaranta et al., 2016). MSCs are immune-privileged, so they cannot induce rejection and can perform their original functions, such as tissue repair and immune regulation. As a result, MSC injection is thought to be a viable therapy option for a variety of disorders. For instance, the preliminary findings of a multicenter randomized controlled trial revealed that injecting umbilical cord-derived MSCs following kidney transplantation is safe and effective in reducing AR incidence (Sun et al., 2018). However, the invasive harvesting procedure, restricted availability, and potential risk of allogeneic use limit the method’s widespread clinical adoption.
Endometrial regenerative cells (ERCs) are a new type of MSCs collected from menstrual blood with the advantages of non-invasive acquisition and autologous stem cell reinfusion therapy (Darzi et al., 2016). We previously reported that ERC therapy can ameliorate a variety of immune-related disorders in vivo, including transplant rejection, ulcerative colitis, and autoimmune hepatitis, via modulating CD4+ T cells (Hu et al., 2021; Li et al., 2019; Wang et al., 2021). In heart transplantation model mice, ERC therapy can alleviate transplantation rejection by decreasing the helper T cell 1 (Th1) and 17 (Th17) proportion, while increasing the percentage of regulatory T cells (Tregs) (Hu et al., 2021). Although ERC treatment shows promise, its clinical uses have some limits. As a kind of MSC, ERCs are inevitably associated with certain common problems of cell therapy, such as diminished therapeutic efficacy caused by pulmonary network blockage or cell embolism from repeated injections (Klabukov et al., 2023). Therefore, cell-free therapeutic strategies are being developed. Similarly, our prior research found that ERC-derived exosomes (ERC-Exos) show a significant therapeutic effect on AR, which could be attributed to their regulatory function in CD4+ T cell differentiation.
Sirtuin 6 (SIRT6), an important member of the NAD+-dependent histone deacetylase SIRT family, is a multifunctional protein involved in various enzymatic activities, including histone deacetylation, de-fatty acylation, and mono-ADP-ribosylation (Li et al., 2022). It was initially identified as an anti-aging protein, but more investigations have revealed numerous activities of SIRT6, such as regulating the inflammatory response, resisting oxidative stress, and maintaining metabolism (Li et al., 2022; Guo et al., 2022). For example, SIRT6 inhibits IL-6 secretion in macrophages by weakening the NF-κB pathway and downregulating STAT3 mRNA transcription, thus preventing macrophages from polarizing towards a pro-inflammatory phenotype (Lee et al., 2017). Aside from its regulatory function on macrophage polarization, considering that NF-κB pathway activation is important in T cell activation (Schmitz et al., 2003), SIRT6 may have some regulatory effects on T cells. A follow-up study showed that in rheumatoid arthritis, SIRT6 inhibition reduces the percentage of Tregs in the peripheral blood and synovial fluid (Wang et al., 2019), indicating that SIRT6 has the potential to regulate CD4+ T cell differentiation. Studies have also shown that SIRT6 can negatively regulate c-Myc, a key target expressed in large quantities during naïve CD4+ T cell activation, through histone deacetylation (mainly histone H3 lysine K9 and histone H3 lysine K56) (Sebastián et al., 2012). Specifically, the upregulation of c-Myc during naïve CD4+ T cell activation can promote the transcription of downstream glutaminolysis-related genes, such as glutaminase 1 (GLS1) and solute carrier family 1 member 5 (SCL1A5), an encoding gene of alanine-serine-cysteine transporter system 2 (ASCT2) protein (Wang et al., 2011). This process is also known as c-Myc-dependent glutaminolysis (Marchingo et al., 2020). Thus, SIRT6 shows great potential in the regulation of glutaminolysis in naïve CD4+ T cells.
Glutamine, an immune regulatory nutrient, is frequently used in large amounts for cellular energy and facilitates the intracellular synthesis of genetic material via glutaminolysis in rapidly proliferating and dividing cells (Yang et al., 2017). For naïve CD4+ T cells to proliferate and differentiate, they need to rapidly take up a large amount of glutamine right after activation and subsequently initiate glutaminolysis (Geltink et al., 2018). Naïve CD4+ T cells can differentiate into different subtypes following antigen stimulation via different metabolic patterns (Liu et al., 2023). Specifically, the differentiation of Th1 and Th17 cells tends to involve glutaminolysis, whereas that of Tregs does not (Geltink et al., 2018). Even under specific cell differentiation conditions, impaired glutaminolysis can substantially affect the fate of peripheral naïve CD4+ T cells during differentiation (Yang et al., 2021). For example, even under Th1 polarization, naïve CD4+ T cells with glutamine deficiency also tilt toward Foxp3+ Tregs and hinder their differentiation into Th1 cells (Klysz et al., 2015). AR is accompanied by disordered CD4+ T cell differentiation, especially increased Th1 and Th17 cell proportions and decreased Treg proportions. Therefore, remodeling disordered CD4+ T cell differentiation by modulating glutaminolysis appears to be a viable way to alleviate AR.
Early research found that SIRT6 is widely expressed in various cells and is mainly localized in the nucleus (Pillai and Gupta, 2020). However, subsequent research showed that SIRT6 is also expressed and accumulated in cytoplasm (Hou et al., 2022). Thus, research on SIRT6 gradually shifted from intracellular to extracellular investigations. A recent study has reported that SIRT6 can express in the bone marrow-derived MSC exosomes and exert its deacetylation to inhibit phosphate-induced aortic calcification (Wei WQ. et al., 2021). Given SIRT6’s encouraging immunomodulatory potential, we looked into how it might mediate the therapeutic effects of ERC-Exos. As mentioned previously, SIRT6 shows a promising ability to remodel disordered CD4+ T cell differentiation by regulating c-Myc-dependent glutaminolysis. Therefore, this study aimed to explore whether ERC-Exos expresses SIRT6 and whether the ERC-Exo therapy effect in alleviating allogeneic immune response is mediated by SIRT6. We also investigated whether SIRT6-expressing ERC-Exos can improve aberrant CD4+ T cell differentiation on AR by weakening glutaminolysis.
MATERIALS AND METHODS
Isolation, culture, and detection of ERCs
All human ERCs used in this study were isolated from menstrual blood provided by healthy female volunteers aged 20–30 years, and the procedure was approved by Tianjin Medical University General Hospital (IRB2024-YX-013-01, Tianjin, China). First, menstrual blood is filtered to remove blood clots, and the bottom red precipitate is obtained by centrifugation. Then, these red precipitates were resuspended by PBS, slowly added to the same volume of human peripheral blood lymphocyte separation solution, and ERCs were obtained by density gradient centrifugation. Finally, the extracted ERCs were cultured in Dulbecco’s modified Eagle’s medium/Ham’s F12 (DMEM/F12) nutrient medium supplemented with 10% fetal bovine serum (FBS) and 1% P/S solution in a 37 °C 5% CO2 incubator. After being incubated for approximately 1–2 ° weeks, ERCs were harvested and phenotypically identified using flow cytometry. The identified ERCs were then used for further studies.
Three-lineage experiment
In order to further identify the stem cell characteristics of ERCs, the three-line differentiation experiments were carried out. 1. Osteogenic differentiation: 0.1% gelatin was added into a 12-well plate, with 500 μL in each hole, so that it covered the whole bottom surface. Then the gelatin coated 12-well plate was placed in a 37 °C incubator for at least 30 min. After 30 min, the gelatin was discarded and used to inoculate cells after the Petri dish was dried. ERCs were inoculated into a 12-well plate coated with gelatin in the amount of 4 × 104 cells per well, and cultured in serum-free medium, and the medium was changed once a day. When the confluence degree of ERCs reached 70%, the medium was discarded by suction, and 1 mL of human mesenchymal stem cells osteogenic differentiation medium was added to each well to start the induced differentiation. After 21–30 days of ERC osteogenesis induction, the precipitation of calcium nodules was observed under the microscope, and the osteogenic differentiation was identified by alizarin red S staining. 2. Chondrogenic differentiation: 3 × 105 ERCs were transferred to a 15 mL centrifuge tube, and the centrifuge was 300 g for 5 min. After centrifugation, the supernatant was poured out, 500 μL of human mesenchymal stem cells were added into chondrogenic differentiation medium, and the cells were resuspended. Centrifuge: 300 g for 5 min. The centrifuge tube cover was unscrewed for gas exchange, and it was kept in a cell incubator for 24 h. After 24–48 °h, when the cells aggregated, the bottom of the centrifuge tube was flicked to make the cartilage ball separate from the bottom of the tube and suspend in the liquid. The cell culture medium was changed every 2–3° days to prevent the cartilage ball from being scattered. After 21–28° days of chondrogenic differentiation of ERCs, the differentiation medium was discarded, and the chondrocytes were washed twice with 3 mL PBS, and then fixed with 3 mL 4% paraformaldehyde. The fixed chondrocytes were embedded in paraffin, and the chondrogenic differentiation was identified by alixin blue staining. 3. Adipogenic differentiation: ERCs were inoculated into 12-well plates with the number of 4 × 104 cells per well, and cultured in serum-free medium. When the confluence of ERCs reached 100%, the medium was discarded, and 1 mL of adipogenic differentiation medium was added to each well to start differentiation induction. Adipogenic differentiation was induced for 9–35° days. After the formation of lipid droplets was observed under the microscope, the adipogenic differentiation was identified by oil red O staining.
Construction of ERCs with low expression of SIRT6 (SIRT6-KD-RECs)
To knock down SIRT6 in ERCs and further obtain ERC-Exos with low expression of SIRT6 (SIRT6-KD-ERC-Exos), We bought shRNA-SIRT6 lentivirus containing green fluorescent protein (GFP) and puromycin resistance gene from Gene-Chem company (Shanghai, China). The sequence of shRNA-SIRT6 was as follows: 5′-CGAGGATGTCGGTGAATTATTCAAGAGATAATTCACCGACATCCTCG-3’. Specifically, the SIRT6-Knockdown virus consisted of Lv-hU6-MCS (shRNA-SIRT6 sequence insertion site) -CBh-gcGFP-IRES-puromycin. Similarly, the empty vector virus had the same architecture. Empty vector virus inserted an unintentional sequence (5′-TTCTCCGAACGTGTCACGT-3′) at MSC site, which would not affect the expression of SIRT6. Lentiviral transduction was carried out following the instructions from Gene-Chem, using an optimal multiplicity of infection (MOI = 20). ERCs at passage 2 were plated onto a 6-well plate with a density of 15,000/well, and lentiviral transduction was carried out when the confluence reached 50%–60%. The transduction time was 12–16 °h, and the transduction is terminated according to the cell condition. After transduction, the cells were washed by PBS and replaced with fresh medium without lentivirus. To select for successfully transduced cells, puromycin (2 μg/mL, Solarbio, China) was incorporated into the culture medium. At the same time, puromycin was added to the ERCs of un-transduced lentivirus with the same generation and density, and the screening was finished when it died completely. After the cell screening, the GFP positive cells were detected by fluorescence microscope to be more than 90%, and then Western blot was carried out to detect SIRT6 expression level in ERCs. After successfully constructing SIRT6-KD-ERCs, the supernatant was collected to isolate SIRT6-KD-ERC-Exos. Besides, SIRT6-NC-ERCs could be obtained by successfully transducing ERCs with empty vector virus. Similarly, the further obtained exosome was SIRT6-NC-ERC-Exos.
Isolation and characterization of ERC-derived exosomes
ERCs were cultured in 10-cm dishes, washed with phosphate buffered saline (PBS), and maintained in FBS-free medium (Transgen, Beijing, China) for 48 h upon reaching nearly 90%–95% confluence. Then, the exosomes were obtained by centrifugation (Beckman centrifuge, United States) under the following conditions: 3,000 g, 4 °C, 10 °min; 10,000 g, 4 °C, 30 °min; 130,000 g, 4 °C, 70 min. The exosomes were resuspended with PBS and stored at −80 °C. The morphology of ERC-Exos was observed using transmission electron microscopy (TEM) (HT7700-SS, HITACHI, Japan). The size distribution of ERC-Exos was measured using nanoparticle tracking analysis (NTA) (Malvern Instruments Ltd., Malvern, United Kingdom). The concentration of ERC-Exos was determined using a bicinchoninic acid (BCA) protein assay kit (Solarbio, Beijing, China). In addition, exosomal markers, including CD9, CD63, TSG101, and calnexin, were detected using Western blot assay with the corresponding antibodies (dilution at 1:2000, 1:2,500, 1:2,000, and 1:3,000 respectively, abcam).
Animals
Adult C57BL/6 and BALB/c mice (male, 6–8 ° weeks old, weighing 23–26 g) were obtained from the China Food and Drug Inspection Institute (Beijing, China). All animals used in this study were housed in a conventional experimental environment with sufficient space, water, food, and appropriate temperature at the Tianjin General Surgery Institute (Tianjin, China). All animal procedures followed the animal use protocol approved by the Animal Care and Use Committee of Tianjin Medical University (Tianjin, China), and all the experiments were performed in accordance with the guidelines of the Chinese Council on Animal Care.
Allogeneic cardiac transplantation and experimental groups
C57BL/6 mouse recipients were randomly assigned to three experimental groups (n = 5): untreated, ERC-Exo-treated, and SIRT6-KD-ERC-Exo-treated groups (exosomes were obtained through ERC transduction by shRNA-SIRT6 lentivirus). As described in our previous study (Hu et al., 2021), an intra-abdominal heterotopic cardiac transplantation model was adopted, in which the hearts of BALB/c mice were transplanted into the abdomen of C57BL/6 mouse recipients. Specifically, the donor aorta and the recipient abdominal aorta, and the donor pulmonary artery and the recipient inferior vena cava anastomosed end to side. After the operation, the recipient mice were fed separately under appropriate conditions. In ERC-Exo and SIRT6-KD-ERC-Exo treatment groups, the corresponding exosome treatment was given respectively by tail vein injection on the first, third and fifth day after operation. In detail, each mouse was injected with 200 μg exosomes at a time on the injection day. The heartbeats of the grafts were recorded daily by the same member of our research team who was blinded to the treatment details. According to the force of the graft heartbeat, the pulsation was divided into three degrees: A, beating strongly; B, noticeable decline in the intensity of pulsation; and C, complete arrest of the graft heartbeat. For the graft survival time (n = 5), the days until the graft heartbeat was completely arrested were recorded. Based on our previous experience (Hu et al., 2021), for the assessment of efficacy and immune microenvironment, the recipient mice were euthanized on post-operative day (POD) 8, and the grafts and spleens were extracted for subsequent analyses.
Histology assessment
After being formalin-fixed, dehydrated, and paraffin-embedded, the heart graft samples were sliced into sections with 5-μm thickness. The sections were stained with hematoxylin and eosin (H&E). All the finished products were used to evaluate the severity of rejection under a light microscope. The presence of myocyte necrosis, interstitial hemorrhage, lymphocyte infiltration, vasculitis, and intravascular thrombosis was detected and scored in accordance with previously described criteria (Wang et al., 2003). On comparison with normal tissues, the following scores can be obtained: 0, no rejection; 1, mild interstitial or perivascular infiltrate without necrosis; 2, focal interstitial or perivascular infiltrate with necrosis; 3, multifocal interstitial or perivascular infiltrate with necrosis; and 4, widespread infiltrate with hemorrhage and/or vasculitis. The pathological score was calculated according to the degree of heart graft injury in each recipient mouse.
Immunohistochemistry assessment
As described above, 5-μm heart tissue slices were obtained from the paraffin-embedded grafts. After programmed dewaxing, the slices were first incubated with ethylene diamine tetra-acetic acid (EDTA) antigen repair solution (Solarbio, Beijing, China), and antigen repair was conducted for 15 min at 100 °C in a microwave oven. They were then cultured with 3% hydrogen peroxide to eliminate endogenous peroxides. After being blocked with 10% goat serum, the sections were incubated with rabbit anti-mouse CD4 (dilution at 1:1,000, Abcam), IFN-γ (dilution at 1:100, ABclonal), IL-17A (dilution at 1:100, ABclonal), and Foxp3 (dilution at 1:100, affinity) antibody overnight at 4 °C and then with 100 μL of enhanced enzyme-labeled goat anti-rabbit IgG polymer (DAB kit, ZSGB-BIO, Beijing, China) for 20 min the next day at room temperature. Finally, the slices were stained with hematoxylin for 1 min and then observed under an optical microscope to evaluate the severity of CD4+ T cell infiltration. The percentage of the area of the section occupied by positive staining using ImageJ software.
Enzyme-linked immunosorbent assay
The serum levels of interferon gamma (IFN-γ), IL-17, and IL-10 in the recipient mice were measured using their corresponding ELISA kits (DAKEWE, Shenzhen, China) in accordance with the manufacturer’s instructions. In this experiment, 100 μL serum samples were required for each test well, and three representative cytokines were tested in this experiment. CD4+ T cells were isolated from the C57BL/6 mice and co-cultured with or without ERC-Exos or SIRT6-KD-ERC-Exos in 12-well plates. Then, the levels of IFN-γ, IL-17, and IL-10 in the cell supernatants were detected using their corresponding ELISA kits (DAKEWE, Shenzhen, China) in accordance with the manufacturer’s instructions.
Glutamine uptake analysis
The extracted mouse naïve CD4+ T cells were placed in 24-well plates, with about 106 cells per well, which were set into three groups, namely, untreated group, ERC-Exo treatment group, and ERC-SIRT6-KD-Exo treatment group. Each group was added with the same components necessary for CD4+ T cell activation, including but not limited to glutamine (2 mM), CD3 (5 μg/mL), CD28 (3 μg/mL), and IL-2 (50 U/mL). After 24 h of different treatments, supernatant and cells were collected separately. Glutamine contents of naïve CD4+ T cells were measured by use of a glutamine content measuring kit (Solarbio, Cat. NO.: BC5305, Beijing) in accordance with the manufacturer’s protocol. The OD value of samples at A450 was tested by using a multifunctional enzyme label instrument. Then, the glutamine content was calculated according to the manufacturer’s protocol. Additionally, the content of glutamine in the supernatant was also detected. Because the total glutamine content added to the culture medium among the three groups is the same, the difference of glutamine uptake by naïve CD4+ T cells can be obtained by comparing the glutamine content in supernatant and cells, respectively.
α-ketoglutaric acid (α-KG) content detection
Naïve CD4+ T cells were collected after 24 h of different treatments, as in the previous treatment of glutamine content detection. α-KG contents of naïve CD4+ T cells were measured by use of an α-KG content measuring kit (Solarbio, Cat. NO.: BC5425, Beijing) in accordance with the manufacturer’s protocol. The OD value of samples at A340 was tested by using a multifunctional enzyme label instrument. Then, the α-KG content was calculated according to the manufacturer’s protocol.
Flow cytometry analysis
Flow cytometry was performed to identify the phenotype of the ERCs and detect the immune cell population in the spleens of the recipient mice. The collected cells were divided into 100 μL single cell suspensions and then stained with fluorescent-labeled antibodies, including Zombie Dye, anti-CD14-FITC, anti-CD90-PE, anti-CD-79a-PE, anti-HLA-DR-FITC, anti-CD73-FITC, anti-CD44-APC, anti-CD4-FITC, anti-CD25-PE, anti-IL-17A-Percp-cy5.5, anti-FOXP3-APC, and anti-IFN-γ-PE, which were purchased from eBioscience (Thermofisher, United States) and BioLegend (Biolegend, United States). Finally, the percentage of different cells was analyzed using FlowJ software. The columnar statistical chart was made by Graphpad V8.0 software.
Immunofluorescence staining
ERCs with a good growth state at passage 5 were adopted. The day before, the suspended ERCs were inoculated in a 12-well plate containing round coverslips, with a density of about 5 × 104 cells/mL/well. When the cell aggregation reached 80%–90%, the cells were taken out and washed twice with PBS, then 1 mL of 4% paraformaldehyde fixed solution was added to each well for cell fixation at room temperature for 15 min, then PBS was washed twice, and 1% BSA blocking solution was added for nonspecific antigen blocking at room temperature for 1 h. Subsequently, the excess BSA blocking solution was sucked off, and CD73 antibody (dilution at 1:100, Abcam) was added for incubation at 4 °C overnight. The next day, the incubated antibody was taken out and returned to room temperature for 30 min. After PBS washing twice, the corresponding cy3-labeled secondary antibody (dilution at 1:50, Proteintech) was incubated for 1 h at room temperature in the dark. After PBS washing twice, the round coverslip was taken out and dripped with neutral resin containing 4,6-diamino-2-phenyl indole (DAPI) staining for sealing. The cells were observed under a fluorescence microscope.
Exosome phagocytosis detection
The uptake of exosomes by naïve CD4+ T cells was determined as follows. ERC-Exos and SIRT6-KD-ERC-Exos were incubated with 1 μM PKH26 (Solarbio, Beijing, China) for 15 min at 37 °C and then centrifuged at 100,000 g for 70 min to remove unbound dye. Naïve CD4+ T cells were acquired from C57BL/6 mouse spleens and co-cultured with PKH-26 labeled exosomes for 6 h. The treated cells were washed twice with PBS and fixed with 4% paraformaldehyde. Following DAPI staining, the cells were observed under a confocal microscope.
Co-culture of ERC-Exos and C57BL/6 mouse naïve CD4+ T cells in vitro
Naïve CD4+ T cells were extracted from C57BL/6 mice and co-cultured with or without ERC-Exos or SIRT6-KD-ERC-Exos in 96-well plates to investigate whether SIRT6-expressing ERC-Exos can influence CD4+ T cell differentiation in vitro. In brief, a suspension of naïve CD4+ T cells was prepared. The sacrificed spleens were ground and individually filtered using sterilized meshes (100 meshes). After the red blood cells were lysed, the remaining cells were resuspended and counted. Based on the number of cells, CD4+ (L3T4) T cell-sorting magnetic beads (Miltenyi biotec, Germany) with corresponding volumes were added and allowed to stand for 10 min for complete mixing. The mixed liquid was then filtered twice by gravity under a magnetic field. Subsequently, the filter column was washed with culture medium to obtain naïve CD4+ T cells. Each well was covered with 2 × 105 naïve CD4+ T cells, and the cells were cultured in 200 μL of Roswell Park Memorial Institute 1,640 (RPMI-1640) medium. Finally, ERC-Exos or SIRT6-KD-ERC-Exos were added to different groups for co-culture, and flow cytometry was conducted after 72 h.
Naïve CD4+ T cell activation detection
To explore whether SIRT6-expressing ERC-Exos affect naïve CD4+ T cell activation in vitro, we extracted naïve CD4+ T cells from C57BL/6 mice and co-cultured them with or without ERC-Exos or SIRT6-KD-ERC-Exos in 96-well plates for 12–24 h. After being co-cultured, T cells were collected for flow cytometry. Specifically, the collected cells were divided into 100 μL single cell suspensions and then stained with fluorescent-labeled antibodies, including anti-CD4-FITC and anti-CD25-PE, which were purchased from eBioscience (Thermofisher, United States) and BioLegend (Biolegend, United States). Finally, the percentage of different cells was analyzed using FlowJ software.
Western blot
CD4+ T cells in vitro from the untreated, ERC-Exo-treated, and SIRT6-KD-ERC-Exo-treated groups were washed and then lysed in radio immunoprecipitation assay (RIPA) lysis buffer containing a protease inhibitor. After the lysis, the lysate was centrifuged, then the supernatant was sucked, and the concentration of the sample was measured by the BCA protein assay kit. Subsequently, loading buffer (Solarbio, Beijing, China) was added and the protein sample was denatured by boiling. The equal mass protein samples were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to a polyvinylidene fluoride (PVDF) membrane. The protein-containing membrane after transfer was blocked with bovine serum albumin solution and then incubated with primary antibodies at appropriate dilution (SIRT6, 1:2000, abcam; c-Myc, 1:3,000, Affinity; ASCT2, 1:750, ABclonal; GLS1, 1:1,000, Affinity; p-S6K1, 1:500, ABclonal; S6K1, 1:1,000, ABclonal) at 4 °C overnight. The next day, the membrane was washed in tris-buffered saline with tween-20 (TBST) and then incubated in the corresponding secondary antibody dilution (goat anti-rabbit, 1:2000, Affinity) at room temperature. Finally, the membrane was washed with TBST and incubated with an enhanced chemiluminescence solution (Sparkjade, Jinan, China) for several seconds. The membrane was photographed and analyzed on an exposure platform. The quantitative analysis was performed by comparing the ratio of target proteins/internal proteins in different groups using ImageJ.
Statistical analysis
Experimental data are presented as mean ± SD. Differences between multiple groups were calculated using one-way analysis of variance (ANOVA). The survival curve of the heart graft was constructed using the Kaplan–Meier cumulative survival method, and differences among groups were analyzed using the log-rank (Mantel–Cox) test. In the data charts, one asterisk represents p ≤ 0.05, two asterisks represent p ≤ 0.01, and three asterisks represent p ≤ 0.001. Differences with p ≤ 0.05 were considered statistically significant. GraphPad Prism (version 8.0) was used for the statistical analyses.
RESULTS
Characterization of ERCs
The ERCs’ morphology at passages 3–5 was used to assess their purity after being extracted from the volunteers’ menstrual blood. Results showed that the ERCs were spindle shaped, fibroblast-like, and colony-forming (Figure 1A). Furthermore, a significant rate of proliferation was indicated by the doubling time, which was roughly 24 h. The stem cell characteristics of the ERCs were further evaluated using common MSC surface markers. At passage 5, the ERCs were detached and stained with the MSC surface markers CD14, CD79a, HLA-DR, CD44, CD73, and CD90. Consistent with our previous reports, the ERCs showed high expression levels of CD44, CD73, and CD90 but no expression of CD14, CD79a, and HLA-DR (Figure 1B). Among these MSC surface markers, CD73, a representative ERC positive marker, was also selected for immunofluorescence staining (Figure 1C) to further verify the stem cell characteristics of ERCs for supporting these flow cytometry analyses. Additionally, ERCs’ strong osteogenic, chondrogenic, and adipogenic differentiation abilities were confirmed by the three-lineage differentiation experiment (Figure 1D). These findings demonstrated that the ERCs used in our study were MSCs with stable stem cell properties, the ability to cling to the culture dish, and the capacity to multiply quickly.
[image: Panel A displays three grayscale microscopic images of cells labeled P3, P4, and P5, showing dense fibroblast-like morphology. Panel B presents six flow cytometry histograms for CD44, CD73, CD90, CD14, CD79a, and HLA-DR, with strong positive peaks for CD44, CD73, and CD90 and negative or low peaks for the others. Panel C shows immunofluorescence images of cells stained with blue and red fluorescence, indicating nuclear and cytoskeletal markers, with merged staining in the third image. Panel D contains three colorimetric images with red, blue, and brown staining, each corresponding to specific differentiation assays, all at 50 micrometer scale.]FIGURE 1 | Identification of ERC features. (A) Morphology of ERCs at passage 3 to passage 5 (magnification 40×). ERCs were spindle-shaped, fibroblast-like, colony-forming ability and the doubling time was about 24 h. (B) Flow cytometry analysis of surface markers of ERCs. (C) Immunofluorescence staining of surface markers CD73 of ERCs (magnification 100×). (D) The results of three-lineage (osteogenic, chondrogenic, and adipogenic) differentiation of ERCs were stained by alizarin red, alixin blue and oil red O respectively (magnification 200×).Construction of ERC-Exos with low expression of SIRT6
In order to determine whether ERC-Exos can express SIRT6, we first identified the subcellular localization of SIRT6 in ERCs. The results showed that, consistent with previous reports, SIRT6 could be expressed in the nucleus and cytoplasm of ERCs (Supplementary Figure S1). The expression of SIRT6 in the ERC-Exos was measured using Western blot analysis. Results showed that SIRT6 did express in ERC-Exos (Figure 2A). To construct ERC-Exos with low SIRT6 expression, ERCs were transduced using a shRNA-SIRT6 lentivirus. At 72 h after transduction, GFP expression was detected in more than 90% SIRT6-KD-ERCs, and knocking down SIRT6 in ERCs would not cause changes in cell morphology (Figure 2B). Further examination showed that the expression of SIRT6 in ERCs was significantly decreased after transduction (Figure 2C). Subsequently, the supernatants were centrifuged to obtain SIRT6-KD-ERC-Exos. The result showed that SIRT6 expression was significantly knocked down and almost undetectable in SIRT6-KD-ERC-Exos (Figure 2D). Subsequently, exosomes purified from the supernatant of ERCs were identified using TEM and NTA. As previously described, TEM found that ERC-Exos exhibited a bilayer membrane structure with a typical cup-shaped morphology (Figure 2E). NTA showed that the majority of ERC-Exos were in the size range of 30–200 nm (Figure 2F). Moreover, the characteristics of SIRT6-KD-ERC-Exos were identified, and the findings were consistent with those of exosomes obtained from un-transfected ERCs. The results suggested that knocking down SIRT6 in ERC-Exos did not affect the morphological characteristics or size distribution of these exosomes (Figures 2E,F). Meanwhile, Western blot analysis identified exosome-specific markers, including CD9, CD63, and TSG101, but not the non-exosome marker calnexin in the ERC-Exo and SIRT6-KD-ERC-Exo groups (Figure 2G). These data indicated that ERC-Exos could express SIRT6 and that knocking down SIRT6 did not alter the basic characteristics of ERC-Exos.
[image: Panel A shows western blots comparing SIRT6, β-Tubulin, and CD9 expression in ERCs and ERC-Exos; panel B displays bright field and GFP fluorescence images of ERCs and SIRT6-KD-ERCs; panel C presents SIRT6 and β-Tubulin levels in ERCs versus SIRT6-KD-ERCs; panel D shows SIRT6 and CD9 protein in ERC-Exos and SIRT6-KD-ERC-Exos; panel E contains electron micrographs of ERC-Exos and SIRT6-KD-ERC-Exos; panel F presents a nanoparticle tracking analysis graph comparing size and concentration of ERC-Exos and SIRT6-KD-ERC-Exos; panel G depicts western blots of Calnexin, CD9, TSG101, and CD63 in ERCs, ERC-Exos, and SIRT6-KD-ERC-Exos.]FIGURE 2 | Isolation and identification of ERC-Exos and SIRT6-KD-ERC-Exos. (A) The expression level of SIRT6 in ERCs and ERC-Exos. (B) Morphology of ERCs and SIRT6-KD-ERCs at passage 2 (magnification 40×). The successful transduction of ERCs with shRNA-SIRT6 lentivirus was shown by GFP. (C) The expression level of SIRT6 in ERCs and SIRT6-KD-ERCs. (D) The expression level of SIRT6 in ERC-Exos and SIRT6-KD-ERC-Exos. (E) TEM revealed that both ERC-Exos and SIRT6-KD-ERC-Exos exhibited a bilayer membrane structure with a typical cup-shaped morphology. (F) Nanoparticle tracking analysis images of ERC-Exos and SIRT6-KD-ERC-Exos. Both ERC-Exos and SIRT6-KD-ERC-Exos were in the size range from 30 to 200 nm, and there is no difference between the two groups. (G) Western blot analysis of Calnexin, CD9, TSG101, and CD63 in ERCs, ERC-Exos, and SIRT6-KD-ERC-Exos (representative of three independent experiments).Then, at the beginning of subsequent experiments, we set up three groups (ERC-Exos, SIRT6-NC-ERC-Exos, and SIRT6-KD-ERC-Exos) to identify exosomes and compare their functions. Results, as shown in the Supplementary Figure S2A, there was no difference in exosome morphology, particle size distribution, and surface protein markers among the three groups. Subsequently, we also compared the functions of the three groups. We executed the naïve CD4+ T cell differentiation experiment in vitro. The results showed that there was no difference in differentiation of CD4+ T cells between ERC-Exos and SIRT6-NC-ERC-Exos groups after treatment (Supplementary Figure S2B). Taken together, these data indicated that ERC-Exos and SIRT6-NC-ERC-Exos were identical in shape, size, and function.
SIRT6 mediated ERC-Exos to alleviate AR in transplant recipients
To determine whether SIRT6 mediates the therapeutic effect of ERC-Exos on AR, C57BL/6 recipient mice were transplanted with heart grafts from BALB/c donor mice and divided into three groups, namely, untreated, ERC-Exo-treated, and SIRT6-KD-ERC-Exo-treated group. As shown in Figure 3A, C57BL/6 recipient mice were injected with ERC-Exos or SIRT6-KD-ERC-Exos on the first, third and fifth day after operation, and at the same time, the untreated group mice were injected with the same volume of PBS. The results showed that ERC-Exos significantly prolonged allograft survival, and this effect was related to SIRT6 expression (Figure 3B). Specifically, the allograft survival time was significantly longer (p < 0.05) in the ERC-Exo-treated group (20.2 ± 2.4° days) than in the untreated group (8.2 ± 1.6° days). However, the allograft survival time was significantly shorter (p < 0.05) in the SIRT6-KD-ERC-Exo-treated group (14 ± 2° days) than in the ERC-Exo-treated group (20.2 ± 2.4° days). Graft pathology (Figure 3C) revealed that the grafts in the untreated group showed severe rejection with vasculitis and massive cell infiltration. After ERC-Exo treatment, the lesions in the grafts were significantly attenuated, with almost normal pathology on POD 8. However, SIRT6 knockdown reduced the therapeutic effect of ERC-Exos in mediating allograft protection, and the grafts showed typical features of AR. Graft pathology was scored according to accepted diagnostic criteria for heart rejection (Stewart et al., 2005). According to the findings, the untreated group had the highest pathological lesion score, followed by the SIRT6-KD-ERC-Exo-treated group. According to Figure 3D, the group that received ERC-Exo had the lowest pathological lesion score. In addition, ERC-Exo treatment significantly reduced intra-graft CD4+ T cell infiltration, but this effect was markedly inhibited when SIRT6 was knocked down in ERC-Exos (Figures 3E,F).
[image: Panel A shows a schematic of the experimental design for exosome treatment in mice with indicated time points and groups. Panel B displays a Kaplan-Meier survival curve comparing graft survival among untreated, ERC-Exos, and SIRT6-KD-ERC-Exos groups. Panel C presents histological images of heart tissue for each group, with magnified insets highlighting tissue structure. Panel D is a bar graph quantifying graft rejection grading, with statistical significance indicated. Panel E shows immunohistochemistry images for CD4-positive cells in each group, arrows indicating positive areas. Panel F presents a bar graph quantifying CD4-positive areas, with significant differences marked.]FIGURE 3 | SIRT6 mediated ERC-Exos to prolong graft survival and alleviate acute allograft rejection. (A) A schema of in vivo study design. (B) Kaplan-Meier curves of allograft survival of cardiac transplants, in which BALB/c hearts were transplanted into C57BL/6 recipients. The allograft survival was significantly prolonged in ERC-Exo-treated group when compared with the untreated group, and the therapeutic effect was weakened in the SIRT6-KD-ERC-Exo-treated group (n = 5 per group). Statistics by Log-rank test. (C) Representative histology of cardiac allografts on post-operative day (POD) 8 (magnification 100× and 200× respectively). ERC-Exo-treated recipients showed a milder lymphocytes infiltration and myocyte damage compared with untreated mice, while SIRT6-KD-ERC-Exo treatment slightly reversed these changes (n = 5 per group). (D) Pathological score of graft rejection in different groups (n = 5 per group). Score criteria: 0, no change; 1, minimum change; 2, mild change; 3, moderate change; and 4, marked change compared with normal tissues. (E) Representative graft sections for immunohistological staining of intra-graft CD4+ T cell infiltration (magnification 200×). ERC-Exo-treated recipients revealed a milder CD4+ T cell infiltration compared with untreated mice, while knocking down SIRT6 in ERC-Exos slightly reversed these changes (n = 5 per group). The positive staining areas were shown by arrows. (F) Quantitative analysis of CD4+ T cell proportion in IHC. Statistics by one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ns = non-significant. For all panels, the bar graphs represent mean ± SD. In order to further verify whether the therapeutic effect of ERC-Exos is related to its regulation of CD4+ T cell differentiation in the graft, we performed immunohistochemical staining in different (untreated, ERC-Exo treated, and SIRT6-KD-ERC-Exo treated) groups of mouse heart grafts. Different from the detection of CD4+ T cell infiltration level, we paid more attention to the different subtypes and cytokine levels of CD4+ T cells in the grafts. Results showed that in the untreated group, more inflammatory cytokines such as IFN-γ and IL-17A were found in the transplanted heart of mice, and the levels of these two cytokines decreased significantly after ERC-Exo treatment (Figures 4A,B,D,E). However, when SIRT6 was knocked down in ERC-Exos, this trend was obviously reversed (Figures 4A,B,D,E). In addition, we also detected the infiltration of anti-inflammatory cell Tregs in the graft. The infiltration distribution of Tregs showed an opposite trend. Treg infiltration was less in untreated grafts, but the proportion of Tregs in grafts increased significantly after ERC-Exo treatment. Remarkably, compared to the ERC-Exo treatment group, Treg infiltration in these grafts dramatically diminished after SIRT6-KD-ERC-Exos were administered (Figures 4C,F). These findings indicated that via modulating the proportion between different CD4+ T cell subtypes in the graft, SIRT6 mediated the therapeutic benefits of ERC-Exos in alleviating AR of cardiac allografts.
[image: Panel A, B, and C each display three histological tissue microscopy images comparing untreated, ERC-Exos–treated, and SIRT6-KD-ERC-Exos–treated samples with stained cells, black arrows indicating positive regions, and a 50 micrometer scale bar. Panel D, E, and F present bar graphs showing quantitative analysis of local IFN-γ, IL-17A, and Foxp3 positive areas (percent), respectively, with statistical significance marked by asterisks; ERC-Exos group consistently shows the lowest positive area, untreated the highest, and SIRT6-KD-ERC-Exos intermediate values.]FIGURE 4 | SIRT6 mediated ERC-Exos to regulate CD4+ T cell differentiation in the graft, alleviating the inflammatory infiltration. Representative graft sections for infiltration of different subsets of CD4+ T cells and immunohistochemical staining of cytokines in the graft (magnification 200×). IFN-γ (A) and IL-17A (B) were used to stain Th1 and Th17 cells and their corresponding cytokines in the graft, respectively. Foxp3 (C) was used to stain the Treg infiltration in the graft. The positive staining areas were shown by arrows. Quantitative analysis of IFN-γ (D), IL-17A (E), and Foxp3 (F) positive cell proportion in IHC via ImageJ software.SIRT6 mediated ERC-Exos to remodel the proportion of different CD4+ T cell subtypes in transplant recipients
The above results showed that the SIRT6-expressing ERC-Exos affected the CD4+ T cell infiltration and the degree of pathological damage in these grafts. To explore the reasons behind this therapeutic effect, we determined the proportions of CD4+ T cell subtypes, including Th1, Th17, and Tregs, in the peripheral lymphoid organs of recipient mice. As shown in Figures 5A–D, the proportions of Th1 and Th17 cells were significantly lower in the ERC-Exo-treated and SIRT6-KD-ERC-Exo-treated groups than in the untreated group. Compared with the ERC-Exo-treated group, the SIRT6-KD-ERC-Exo-treated group had significantly higher proportions of Th1 and Th17 cells in the spleens of the recipient mice. Meanwhile, the Treg proportion was significantly higher (p < 0.001) in the ERC-Exo-treated group than in the untreated group (Figures 5E,F). Similarly, the Treg population was significantly lower (p < 0.01) in the SIRT6-KD-ERC-Exo-treated group than in the ERC-Exo-treated group (Figures 5E,F). Subsequently, the serum levels of cytokines, including IFN-γ, IL-17, and IL-10, were examined in the different groups. Compared with the other groups, the ERC-Exo-treated group had the lowest levels of the pro-inflammatory cytokines IFN-γ and IL-17 (IFN-γ: untreated group vs. ERC-Exo-treated group, p < 0.001; ERC-Exo-treated group vs. SIRT6-KD-ERC-Exo-treated group, p < 0.001; IL-17: untreated group vs. ERC-Exo-treated group, p < 0.001; ERC-Exo-treated group vs. SIRT6-KD-ERC-Exo-treated group, p < 0.01) and the highest anti-inflammatory cytokine IL-10 (untreated group vs. ERC-Exo-treated group, p < 0.001; ERC-Exo-treated group vs. SIRT6-KD-ERC-Exo-treated group, p < 0.01, Figure 5G). Although the SIRT6-KD-ERC-Exo-treated group had lower IFN-γ and IL-17 secretion and higher IL-10 secretion than that in the untreated group, the therapeutic effect was still stronger in the ERC-Exo-treated group than in the SIRT6-KD-ERC-Exo-treated group (IFN-γ: ERC-Exo-treated group vs. SIRT6-KD-ERC-Exo-treated group, p < 0.001; IL-17: ERC-Exo-treated group vs. SIRT6-KD-ERC-Exo-treated group, p < 0.01; IL-10: ERC-Exo-treated group vs. SIRT6-KD-ERC-Exo-treated group, p < 0.01, Figure 5G). These data indicated that SIRT6 mediated ERC-Exos to remodel the proportion of different CD4+ T cell subtypes and serum cytokine levels in transplant recipients.
[image: Scientific figure composed of flow cytometry plots and bar graphs showing immune cell populations and cytokine levels among untreated, ERC-Exos, and SIRT6-KD-ERC-Exos groups. Panels A, C, and E present representative flow cytometry dot plots for IFN-γ+CD4+ T cells, IL-17A+CD4+ T cells, and CD25+Foxp3+ Treg cells, respectively. Panels B, D, and F show quantification of these populations as bar graphs. Panel G contains three bar graphs quantifying serum IFN-γ, IL-17, and IL-10 (in pg/mL), with significance markers indicating statistical differences between groups.]FIGURE 5 | SIRT6 mediated ERC-Exos to remodel CD4+ T cell differentiation and serum cytokine secretion level in recipient mice. Single-cell suspensions of splenocytes obtained from the untreated, ERC-Exo-treated, and SIRT6-KD-ERC-Exo-treated groups were analyzed for the frequency of CD4+IFN-γ+, and CD4+IL-17A+ cells by flow cytometry, gated on live cells. The representative pseudocolor plots (A,C) and statistical graphs (B,D) were depicted (n = 5 per group). In addition, the frequency of CD25+Foxp3+ cells obtained from the three groups were also analyzed by flow cytometry, gated on live cells and CD4+ cells. The representative pseudocolor plots (E) and statistical graphs (F) were depicted (n = 5 per group). (G) The representative CD4+ T cell serum cytokine levels in the recipient mice across the three groups (n = 5 per group). Specifically, compared with untreated group, ERC-Exo treatment could significantly decrease serum pro-inflammatory cytokine (IFN-γ and IL-17) level and increase IL-10 secretion, while knocking down SIRT6 in ERC-Exos slightly reversed these trends. Statistics by one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ns = non-significant. For all panels, the bar graphs represent mean ± SD.SIRT6 mediated ERC-Exos to modulate naïve CD4+ T cell differentiation in vitro
To further explore the role of SIRT6 in mediating ERC-Exo-induced naïve CD4+ T cell differentiation in vitro, we co-cultured ERC-Exos with naïve CD4+ T cells from the peripheral lymphoid organs of the C57BL/6 recipient mice. Firstly, the purity of isolated naïve CD4+ T cells was detected by flow cytometry after isolation. The results (Supplementary Figure S3) showed that the purity of CD4+ T cells isolated from C57BL/c mice spleens was more than 98%. Besides, the recognized markers of naïve CD4+ T cells (CD44loCD62Lhi) in mice were also used for staining, and the results showed that the purity of naïve CD4+ T cells was over 96% (Supplementary Figure S3). Because CD44CD62L can be used not only to identify naïve CD4+ T cells but also to identify effector T cells (CD44hiCD62Llo), the data show that effector T cells (0.02%) could be almost ignored in the newly extracted naïve CD4+ T cells of mice. Then, on the basis of the experimental grouping in vivo, the T-cell, T-cell + ERC-Exo, and T-cell + SIRT6-KD-ERC-Exo groups were established in vitro. Subsequently, the proportions of different CD4+ T cell subtypes were determined in vitro in the three groups. The T-cell group had the highest proportions of Th1 and Th17 cells and the lowest Treg proportion, whereas the T-cell + ERC-Exo group showed the opposite trend. Compared with the T-cell + ERC-Exo group, the T-cell + SIRT6-KD-ERC-Exo group had significantly higher proportions of Th1 and Th17 cells and lower Treg proportion (T-cell + ERC-Exo group vs. T-cell + SIRT6-KD-ERC-Exo group, Th1 cells: p < 0.05; Th17 cells: p < 0.05; Tregs: p < 0.01; Figures 6A–F). Finally, the secretion levels of cytokines IFN-γ, IL-17, and IL-10 were detected in the different groups. As shown in Figure 6G, the results were consistent with the experimental results in vivo; that is, ERC-Exo treatment induced cytokines to tilt in the direction of anti-inflammation, while the absence of SIRT6 in exosomes weakened this effect. These results indicated that SIRT6 mediated ERC-Exos to modulate naïve CD4+ T cell differentiation and cytokine secretion in vitro.
[image: Three panels of flow cytometry dot plots (A, C, E) and corresponding bar graphs (B, D, F) compare T-cell subpopulations and cytokine production among three groups: T-cells alone, T-cells with ERC-Exos, and T-cells with SIRT6-KD-ERC-Exos. Plots analyze IFN-γ⁺ (A), IL-17A⁺ (C), and Foxp3⁺ (E) CD4⁺ T-cells, while bar graphs quantify these subsets (B, D, F) with statistical significance indicated. Panel G displays three bar graphs showing concentrations of IFN-γ, IL-17, and IL-10 in supernatants across groups, highlighting significant differences.]FIGURE 6 | SIRT6 mediated ERC-Exos to modulate CD4+ T cell differentiation and cytokine secretion level in vitro. Naïve CD4+ T cells were extracted from C57BL/6 mice. In the medium added with CD3/CD28, they were co-cultured with/withou ERC-Exos and SIRT6-KD-ERC-Exo for 72 h. Single-cell suspensions were obtained from the T-cell, T-cell + ERC-Exo, and T-cell + SIRT6-KD-ERC-Exo groups and then were analyzed for the frequency of CD4+IFN-γ+, and CD4+IL-17A+ cells by flow cytometry, gated on live cells. The representative pseudocolor plots (A,C) and statistical graphs (B,D) were depicted (Repeat three independent holes). Similarly, the frequency of Foxp3+ cells obtained from the three groups were also analyzed by flow cytometry, gated on live cells and CD4+ cells. The representative pseudocolor plots (E) and statistical graphs (F) were depicted (Repeat three independent holes). (G) The representative cytokine levels of CD4+ T cell supernatant in the three groups (Repeat three independent holes). Compared with untreated group, ERC-Exo treatment could significantly decrease serum pro-inflammatory cytokine (IFN-γ and IL-17) level and increase IL-10 secretion, while absence of SIRT6 in ERC-Exos slightly reversed these trends. Statistics by one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ns = non-significant. For all panels, the bar graphs represent mean ± SD. Subsequently, we further detected the level of cell death and proliferation during CD4+ T cell differentiation in vitro. We explored it by Annexin V/7-AAD dye and the results showed that there would be some cell death in the process of T cell differentiation. When ERC-Exo treatment was given, the proportion of apoptotic cells in T cells decreased obviously, and when SIRT6 was knocked down, the decreasing trend increased again (Supplementary Figure S4A,B). These data indicated that SIRT6 also played a certain role in mediating ERC-Exos to inhibit T cell death. As to proliferation during in vitro T cell differentiation experiments, we used Ki67 dye to detect the proliferation of different treatment groups. The results, as shown in the Supplementary Figure S4C, showed that ERC-Exo treatment obviously inhibited the excessive proliferation of T cells under inflammatory conditions, while the knockdown of SIRT6 in exosomes reversed this trend, which indicated that SIRT6 mediated its regulation of T cell proliferation in ERC-Exos.
SIRT6 mediated ERC-Exos to inhibit naïve CD4+ T cell activation and mTORC1 activity by weakening c-Myc-dependent glutaminolysis
To further explore the mechanisms by which SIRT6 mediates ERC-Exos to modulate CD4+ T cell differentiation, we conducted an exosome phagocytosis experiment. Both ERC-Exos and SIRT6-KD-ERC-Exos were phagocytosed by naïve CD4+ T cells, with no significant difference in the level of phagocytosis (Figure 7A). Subsequently, the SIRT6 protein level in naïve CD4+ T cells were measured after co-culturing with ERC-Exos or SIRT6-KD-ERC-Exos for 12 h. Western blot analysis showed that ERC-Exo treatment significantly increased SIRT6 protein expression in naïve CD4+ T cells (Figures 7B,C). However, treatment with SIRT6-KD-ERC-Exos did not significantly change SIRT6 protein expression level in naïve CD4+ T cells (Figures 7B,C).
[image: Panel A displays immunofluorescence images showing PKH26-labeled exosomes and DAPI-stained nuclei in T-cells under three different conditions. Panel B presents western blot images for SIRT6 and β-tubulin, with quantification in panel C. Panel D shows western blots for c-Myc, ASCT2, GLS1, and β-tubulin, with respective quantifications in panel E. Panel F and G depict bar graphs of glutamine and α-KG content. Panel H demonstrates blots for p-S6K1, S6K1, and β-tubulin, with quantification in panel I. Panel J provides flow cytometry density plots for CD4 and CD25 expression in T-cells, with percentage data summarized in panel K.]FIGURE 7 | SIRT6 mediated ERC-Exos to inhibit naïve CD4+ T cell activation and mTORC1 activation via weakening c-Myc-dependent glutaminolysis. Firstly, naïve CD4+ T cells were acquired from C57BL/6 mouse spleen, then were co-cultured with PKH-26 labeled exosomes for 6 h. (A) Representative diagrams of ERC-Exos and SIRT6-KD-ERC-Exos phagocytosed by CD4+ T cells (red represents exosomes-labeled by PKH26, blue represents the naïve CD4+ T cell nucleus-labeled by DAPI; magnification 630×). Subsequently, ERC-Exos or SIRT6-KD-ERC-Exos were added into naïve CD4+ T cells respectively for 12 h, and then detected the expression level of SIRT6 in naïve CD4+ T cells via Western blot (B). (C) Quantitative analysis of SIRT6 protein level. The key proteins of c-Myc-induced glutaminolysis (D) were detected via Western blot. (E) Quantitative analysis of c-Myc, ASCT2, and GLS1 protein level. Besides, the content of glutamine was detected in CD4+ T cells and supernatant 24 h after different treatments (F). Because the glutamine content added in the culture medium was consistent, the glutamine uptake level of CD4+ T cells in different treatment groups could be evaluated by comparing the glutamine content in cells and supernatant, respectively. (G) The decomposition product α-KG of glutamine was further detected in these CD4+ T cells. (H) The activation state of mTORC1 in CD4+ T cells of different treatment groups was further detected. Finally, the activation level of naïve CD4+ T cells was analyzed for the frequency of CD25+ via flow cytometry. (I) Quantitative analysis of p-S6K1 protein level. The representative pseudocolor plots (J) and statistical graphs (K) were depicted (Repeat three independent holes). Statistics by one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ns = non-significant. For all panels, the bar graphs represent mean ± SD. SIRT6 has been shown in earlier research to be able to block c-Myc transcription and translation in a variety of cell types. The transcription factor c-Myc is essential for T cell proliferation and differentiation. According to prior proteomic researches, c-Myc regulates the expression of important proteinases and amino acid transporters in immunocompetent T cells, with ASCT2 and GLS1 displaying the most notable alterations (Wang et al., 2011; Marchingo et al., 2020). To find out this change, we first used CD3/CD28 to stimulate the activation of naïve CD4+ T cells, and then treated them with ERC-Exos/SIRT6-KD-ERC-Exos, respectively, and then detected the transcription level of c-Myc in T cells. The results showed that after ERC-Exo treatment, the transcription level of c-Myc mRNA in naïve CD4+ T cells decreased significantly, and this decrease would be reversed with the knock-down of SIRT6 in exosomes (Supplementary Figure S5). Besides, the transcription level of ASCT2 and GLS1 mRNA in naïve CD4+ T cells also showed the same trend (Supplementary Figure S5). Then, we further use Western blot to analyze their expression at the translation level. The results showed that ERC-Exo treatment significantly inhibited c-Myc expression, whereas SIRT6-KD-ERC-Exo treatment restored this inhibitory function (Figures 7D,E). The downstream target proteins of c-Myc, including ASCT2 and GLS1, were also detected, and the result was consistent with the change in c-Myc protein expression (Figures 7D,E). In order to further clarify that this change is indeed related to SIRT6, we further explored it by using SIRT6 inhibitor OSS_128,167. In the experimental group where SIRT6 inhibitor interfered with ERC-Exo treatment, the protein levels of c-Myc, ASCT2, and GLS1 increased compared with ERC-Exo treatment (Supplementary Figure S6A,B). Subsequently, we detected the glutamine uptake of CD4+ T cells in different treatment groups. These results are consistent with the above changes in protein levels. Compared with the other two groups, the untreated group showed the highest glutamine intake level (Figure 7F). However, after ERC-Exo treatment, the glutamine uptake level of T cells decreased obviously, showing the lowest level (Figure 7F). Compared with ERC-Exo treatment, the uptake level of glutamine in T cells treated with SIRT6-KD-ERC-Exo increased, but it was still lower than that in the untreated group (Figure 7F). In addition, the content of α-KG in CD4+ T cells was further detected in the three groups, respectively. Consistent with the level of glutamine intake, the highest level of α-KG content was displayed in CD4+ T cells of the untreated group (Figure 7G). After ERC-Exo treatment, the content of α-KG in CD4+ T cells decreased significantly, but when SIRT6 in ERC-Exo was knocked down, the content of α-KG in T cells increased (Figure 7G). Similarly, after OSS_128,167 treatment, glutamine uptake and intracellular α-KG production of naïve CD4+ T cells were significantly inhibited compared with ERC-Exo treatment group (Supplementary Figure S6C,D). Previous studies have revealed that the activation state of mammalian target of rapamycin complex 1 (mTORC1) is regulated by glutaminolysis in various cells. Considering the decrease of glutamine uptake and its metabolite α-KG, we further explored the activation state of the mTORC1 signaling pathway through Western blot analysis. Similarly, the data showed that the ERC-Exo treatment inhibited the activation of the mTORC1 pathway in naïve CD4+ T cells, and this effect was related to the expression of SIRT6 in exosomes (Figures 7H,I). Administration of SIRT6-KD-ERC-Exos significantly reversed the inhibition of the mTORC1 pathway (Figures 7H,I). The Supplementary Figure S6E,F further proved this effect mediated by SIRT6 in ERC-Exos.
In order to further clarify that this effect is mediated by SIRT6, we used SIRT6 activator and SIRT6 inhibitor in Jurkat cell to explore the activated state of c-Myc/glutaminolysis/mTORC1 status respectively. The results showed that the level of c-Myc-dependent glutaminolysis increased after the activation of CD3/CD28 in Jurkat cell, which led to the activation of mTORC1 (Supplementary Figure S7). When SIRT6 activator was given, these effects were obviously inhibited (Supplementary Figure S7), indicating that SIRT6 did play a key role in inhibiting c-Myc-dependent glutaminolysis of T cells. Similarly, the opposite trend after administration of SIRT6 inhibitor further proves this effect (Supplementary Figure S7). These data demonstrated that SIRT6 did regulate the c-Myc/glutaminolysis/mTORC1 status in activated T cells.
We measured the activation level of naïve CD4+ T cells in light of earlier research showing that the production of important proteins linked to glutaminolysis is suppressed and that T cell activation is linked to glutaminolysis. The results showed that administration of ERC-Exos significantly restrained the activation of naïve CD4+ T cells compared with untreated T cells (T-cell + ERC-Exo group vs. T-cell group, p < 0.01, Figures 7J,K; Supplementary Figure S8). However, SIRT6 knockdown in ERC-Exos led to an increased activation of naïve CD4+ T cells (T-cell + ERC-Exo group vs. T-cell + SIRT6-KD-ERC-Exo group, p < 0.05, Figures 7J,K; Supplementary Figure S8). Taken together, these data showed that SIRT6 mediated ERC-Exos to inhibit naïve CD4+ T cell activation and mTORC1 activity by weakening c-Myc-dependent glutaminolysis.
DISCUSSION
Immunosuppressive medications are currently the primary strategy for managing AR following transplantation. As previously mentioned, it is impossible to overlook these medications’ limits with regard to infection, carcinogenesis, and chronic graft failure (Söderlund and Rådegran, 2015). So, safe and effective methods to alleviate AR must be explored. Clinical trials have shown that MSCs from different sources, such as umbilical cord-derived MSCs or bone marrow-derived MSCs, can be administered as injection therapy after kidney transplantation, and they all have obvious therapeutic effects in reducing the dosage of immunosuppressive drugs with no adverse reactions (Sun et al., 2018; Wei YC. et al., 2021). Besides, our preliminary work confirmed that ERCs and ERC-Exos can alleviate AR and prolong cardiac allograft survival in a mouse cardiac allograft model (Hu et al., 2021; Xu et al., 2024). Notably, previous studies have confirmed that the therapeutic effect of ERCs is gender-independent (Izawa et al., 2025; Lu et al., 2024), and it can play a therapeutic role in both female and male mice (Fathi-Kazerooni and Tavoosidana, 2019). Considering that female mice may have some extra-experimental interference due to the changes of the menstrual cycle and hormone level, this experiment adopts male mice for heart transplantation.
In this study, we first found that SIRT6 expressed in ERC-Exos. We then used the shRNA-SIRT6 lentiviral to successfully obtain SIRT6-KD-ERC-Exos, a type of ERC-Exo with extremely low SIRT6 expression. Though using these two different exosomes to treat intra-abdominal heterotopic cardiac transplantation mice, we found that ERC-Exo treatment alleviated AR in these model mice. Specifically, ERC-Exo treatment prolonged graft survival, reduced the infiltration of inflammatory cell as well as cytokines in the graft, remodeled CD4+ T cell differentiation, and rectified the inordinate secretion of CD4+ T cell inflammatory cytokines. However, when SIRT6 was knocked down in ERC-Exos, these therapeutic effects were significantly weakened, resulting in a shorter graft survival, heavier intra-graft inflammatory cell and cytokines infiltration, disordered CD4+ T cell differentiation, and serum pro-inflammatory cytokine secretion. This cardioprotective effect may be attributed to the therapeutic effect of ERC-Exos mediated by SIRT6 on acute cardiac allograft rejection by remodeling peripheral CD4+ T cell differentiation. Follow-up mechanistic studies demonstrated that ERC-Exo treatment downregulated c-Myc protein expression, thereby weakening the uptake and utilization of glutamine. As mentioned earlier, c-Myc is a hub protein that can regulate the relative expression of key proteins related to glutaminolysis, especially ASCT2 and GLS1 (Marchingo et al., 2020). The expression levels of ASCT2 and GLS1 were verified to be downregulated, and the activation of the mTORC1 pathway was suppressed. Likewise, the expression level of these proteins, the uptake rate, and the glutamine utilization rate were all reversed while SIRT6 was knocked out in ERC-Exos. Taken together, these results indicated that it was SIRT6 in ERC-Exos that alleviated AR by weakening c-Myc-dependent glutaminolysis (Figure 8).
[image: Scientific diagram illustrating a process where exosomes are isolated from ERC cell culture supernatant via centrifugation, resuspended, and injected into a mouse cardiac transplantation model, influencing CD4+ T cell differentiation through molecular pathways involving SIRT6, mTORC1, c-Myc, ASCT2, and GLS1, ultimately alleviating transplantation rejection by remodeling Th1, Th17, and Treg cell populations.]FIGURE 8 | Schematic diagram of the therapeutic effects mediated by SIRT6-expressing ERC-Exos on AR. As previously described, ERC-Exos are obtained from the supernatant of ERCs by ultracentrifugation. Then, BALB/c hearts are transplanted into the abdomen of C57BL/6 recipients to construct a heterotopic cardiac transplantation model. And ERC-Exo treatment can alleviate AR in recipient mice by tail vein injection. In terms of mechanism, after the ERC-Exos are injected into recipient mice, they reach all parts of the body with blood circulation, including lesion sites or peripheral lymphoid organs, such as the spleen, and then can be phagocytized by peripheral naïve CD4+ T cells, leading to an increased SIRT6 expression level in these T cells. Increased SIRT6 in naïve CD4+ T cells can inhibit the transcription and translation of c-Myc through its histone deacetylation and then downregulate the key proteins of glutaminolysis, ASCT2 and GLS1. Thus, SIRT6-expressing ERC-Exos can weaken c-Myc-dependent glutaminolysis in naïve CD4+ T cells. Due to the weakened glutaminolysis, the activity of mTORC1, the downstream pathway of glutaminolysis process, is also inhibited, so the differentiation of naïve T cells into Th1/Th17 is weakened and Treg differentiation is increased.Exosomes are 30–200 nm membrane extracellular vesicles composed of various proteins, enzymes, transcription factors, lipids, extracellular matrix proteins, receptors, and nucleic acids (Kalluri and LeBleu, 2020). Previous studies have shown that ERC-Exos can promote angiogenesis, anti-apoptosis, and immunoregulation through a variety of microRNAs and proteins contained in it (Marinaro et al., 2019). Our previous research found that loading siSLAMF6 within ERC-Exos can effectively prolong the graft survival time in cardiac transplantation mice (Xu et al., 2024). Interestingly, in this study, we found that compared with the untreated group, ERC-Exo treatment can also significantly prolong the graft survival time, and significantly inhibit the trend of CD4+ T cells differentiating into pro-inflammatory subtypes (Xu et al., 2024). This means that there are some therapeutic molecules in ERC-Exos. Although ERC-Exos with artificial modification does show better therapeutic effect, its large-scale development is limited due to the complicated artificial modification process of foreign bodies. Therefore, exploring the self-mechanism of ERC-Exo therapeutic effect is imperative.
With the discovery of transcription factors in exosomes (Kalluri and LeBleu, 2020; Qiu et al., 2018), some proteins that were located in the nucleus and could enter/leave the nucleus, including the SIRT family proteins, were gradually explored in exosomes. The SIRT family proteins have seven members (SIRT1-7) with different subcellular localization and function (Warren and MacIver, 2019). These proteins play many important roles in cell metabolism, anti-oxidative stress and DNA repair (Warren and MacIver, 2019). Among them, the roles of SIRT1 and SIRT3 in adaptive immune regulation have been revealed (Warren and MacIver, 2019). A recent study found that the decrease of SIRT1 expression was related to the severity of inflammation and tubulitis after renal transplantation (Aksungur et al., 2025). Because SIRT1 and SIRT3 are located in the nucleus and mitochondria, respectively, there are few previous studies on them in exosomes. Encouragingly, with the development of research, the extracellular exploration of SIRT3 may be further developed with the help of the research hotspot of mitochondria transfer. Besides, SIRT6 also showed good anti-inflammatory potential (Pillai and Gupta, 2020). For instance, inhibiting SIRT6 reduced the percentage of Tregs in the peripheral blood and synovial fluid in rheumatoid arthritis (Wang et al., 2019). However, whether SIRT family proteins can be expressed in extracellular structure is still a puzzle. Until recent years, Chamberlain et al. found that SIRT2 is expressed in oligodendrocyte-derived exosomes and deacetylated (Chamberlain et al., 2021). Wei et al. also demonstrated that SIRT6 expressed in mouse bone marrow-derived MSC exosomes and alleviates aortic calcification by deacetylating HMGB1 (Wei WQ. et al., 2021). These reports aroused our interest in exploring the role and function of SIRT6 in ERC-Exos for immunotherapy. Hou et al. also reported that SIRT6 can be released from the nucleus and accumulate in the cytoplasm, and this effect can be amplified by palmitic acid treatment (Hou et al., 2022). Combining these reports with our results, we speculate that the therapeutic effect of ERC-Exos can be improved by pretreatment with palmitic acid followed by exosome collection. As for other SIRT family proteins, based on their anti-oxidative stress function, they may also have the potential to regulate immunity through a series of intracellular physiological activities, but the specific mechanism may be different and needs further exploration.
Previous studies have reported that T cells can change their differentiation fate or function by phagocytosing exosomes secreted by other cells (Wang et al., 2018; Bolandi et al., 2020). In the present study, the ERC-Exos injected into the recipient mice were distributed into all parts of the body via blood circulation, including lesion sites or peripheral lymphoid organs, such as the spleen, and then phagocytosed by peripheral naïve CD4+ T cells, leading to an increase in SIRT6 expression, thus exerting its therapeutic effects. As previously reported, SIRT6 may also play a deacetylating role in the exosomes (Wei WQ. et al., 2021). SIRT6 plays a therapeutic role in many immune-related diseases through deacetylation (Li et al., 2022; Pillai and Gupta, 2020). For example, Oraby et al. found that SIRT6 improves cell inflammation and blepharoptosis caused by ulcerative colitis in acetic acid-treated rats by deacetylating FoxC1 (Oraby et al., 2024). Studies have shown that SIRT6 can decrease c-Myc activity by promoting its deacetylation at the ninth lysine site of H3 histone (H3K9) and the 56th lysine site of H3 histone (H3K56) (Stewart et al., 2005; Tao et al., 2013). Although we did not detect H3K9 or H3K56 acetylation, our results did indicate that SIRT6 reduced c-Myc expression. Therefore, combined with previous reports, we deduced that ERC-Exo treatment increased SIRT6 expression in naïve CD4+ T cells and then decreased the transcription and translation levels of c-Myc by promoting its deacetylation at the H3K9 or H3K56 sites, which consequently decreased the expression of key proteins ASCT2 and GLS1 for glutaminolysis.
ASCT2 is an important amino acid transporter for glutamine uptake into the cytoplasm, and GLS1 is the first rate-limiting enzyme for glutaminolysis after entering the cytoplasm (Liu et al., 2023). They control glutaminolytic uptake and enzymolysis, respectively. Previous studies have shown that glutaminolysis is closely related to the activation and differentiation of naïve CD4+ T cells (Yu et al., 2022; Nakaya et al., 2014). For example, Yu et al. revealed that inhibiting the activation of naïve CD4+ T cells and Th1/Th17 cell differentiation by blocking glutaminolysis play a therapeutic role in autoimmune hepatitis (Yu et al., 2022). Consistent with these reports, our study found that, even with the addition of CD3/CD28, SIRT6-expressing ERC-Exos inhibited naïve CD4+ T cell activation. Additionally, previous studies have shown that Th1/Th17 cell generation requires mTORC1 activation, whereas Tregs do not (Nakaya et al., 2014; Delgoffe et al., 2009). Nakaya et al. also found that after the T cell receptor stimulation by CD3/CD28, naïve CD4+ T cells begin to absorb large quantities of glutamine via ASCT2, thereby activating the downstream target mTORC1 and promoting the differentiation of naïve CD4+ T cells into Th1 and Th17 cells (Nakaya et al., 2014). However, Treg differentiation is not affected by glutamine intake. Subsequently, the knockout experiment confirmed that the deletion of ASCT2 affected the differentiation of Th1 and Th17 cells by reducing glutamine uptake but had no effect on Treg differentiation, indicating that Tregs can differentiate normally under glutamine deficiency (Nakaya et al., 2014). Similarly, our data showed that SIRT6-expressing ERC-Exos inhibited mTORC1 activation by weakening glutaminolysis, thus reducing the differentiation of Th1/Th17 cells and increasing that of Tregs.
mTORC1, a center for sensing and integrating various signals from the environment to control metabolism, plays an indispensable role in integrating the metabolic spectrum and guiding the differentiation of naïve CD4+ T cells (Huang et al., 2020). Previous studies have demonstrated that Ras homolog enriched in brain (Rheb) (an upstream activating protein of mTORC1)-deficient CD4+ T cells suppress Th1 cell differentiation by weakening the T cell response to IL-12 and preventing T-bet transcription (Delgoffe et al., 2011; Chornoguz et al., 2017). Regarding Th17 cells, the activated mTORC1 can increase the phosphorylation level of STAT3 at tyrosine 705 (Tyr705) in naïve CD4+ T cells, which is necessary for retinoic acid receptor-related orphan receptor gamma t (RORγt) expression (Wang et al., 2020). As a negative regulator of STAT3, activated mTORC1 also promotes STAT3 phosphorylation and upregulates RORγt expression by blocking suppressor of cytokine signaling 3 (SOCS3) (Wang et al., 2020). Then, activated mTORC1 upregulates HIF-1α expression to promote glycolysis in naïve CD4+ T cells, consequently promoting Th17 cell differentiation (Dang et al., 2011). Finally, activated mTORC1 enhances Th17 cell differentiation in a ribosomal S6 kinase 1/2 (S6K1/2)-dependent manner. Specifically, S6K1 inhibits the expression of Gfi1, a negative regulator of Th17 cell differentiation, and S6K2 promotes the nuclear localization of RORγt, thereby upregulating RORγt expression (Kurebayashi et al., 2012). However, the function of mTORC1 is reversed during Treg differentiation. For example, activated mTORC1 can block Treg generation by preventing Smad3 phosphorylation or H3K4 methylation close to the Foxp3 transcription start site, both of which promote Foxp3 transcription (Kurebayashi et al., 2012). Moreover, mTORC1 improves glycolytic activity by inducing HIF-1α expression, but Treg differentiation does not rely on glycolytic metabolism to provide energy compared to Th17 cells, resulting in a significant difference in the differentiation of Th17 cells and Tregs (Dang et al., 2011; Shi et al., 2011). In summary, these reports showed the different roles of mTORC1 in CD4+ T cell differentiation; that is, activated mTORC1 promotes the pro-inflammatory cell differentiation, such as Th1/Th17 cells, while inactivated mTORC1 promotes the differentiation of anti-inflammatory cells, such as Tregs.
Amino acids, especially glutamine, leucine, arginine, and methionine, play an important role in the activation of the mTORC1 signaling pathway (Jewell et al., 2015; Meng et al., 2020; Gu et al., 2017). ASCT2, an essential amino acid transporter for Glutamine uptake, regulates the mTORC1 activation status (Nakaya et al., 2014). Nakaya et al. demonstrated that ASCT2 mediates TCR-stimulated mTORC1 activation in naïve CD4+ T cells (Nakaya et al., 2014). As mentioned above, our results showed that the expression of ASCT2 in naïve CD4+ T cells was downregulated after administration of ERC-Exos. Subsequently, we further detected that the glutamine uptake efficiency and α-KG content in these T cells also decrease. Therefore, we further explored mTORC1 activity, and our findings were consistent with those of previous studies showing that mTORC1 is inactivated when ASCT2 is downregulated in naïve CD4+ T cells (Nakaya et al., 2014; Huang et al., 2020). α-KG, the metabolic product of glutamine, promotes mTORC1 assembly and positively regulates the mTORC1 pathway when present in lysosomes (Cabré et al., 2021; Durán et al., 2013). In addition to this direct effect, glutaminolysis also regulates the activation of mTORC1 by affecting energy generation in cells. In specific, glutaminolysis metabolic products such as α-KG can participate in tricarboxylic acid cycle, which is the main pathway to produce energy (Cabré et al., 2021). Excessive energy production in cells inhibits adenosine 5′-monophosphate (AMP)-activated protein kinase (AMPK), an upstream negative regulatory target of mTORC1 (González et al., 2020). Hence, combining these reports with our results, we speculate that α-KG inactivates mTORC1 by reducing energy generation in naïve CD4+ T cells to activate AMPK or directly affecting mTORC1 assembly. Although we were not clear about how α-KG inactivates mTORC1 in CD4+ T cells, our results showed that SIRT6-expressing ERC-Exos could indeed inactivate mTORC1 by reducing α-KG, a key metabolite of glutamine decomposition.
Previously, studies have revealed that CD4+ effector T cell subsets participate in allograft rejection (Wa et al., 2011). Th1 and Th17 cells are closely related to the occurrence of transplant rejection, while Tregs are often related to the formation and maintenance of immune tolerance (Wa et al., 2011). When CD4+ T cells are activated, they can produce IL-2, which can be used as a growth factor to induce the proliferation of Th1 cells expressing transcription factor T-bet expressed in T cells (Hall, 2015). And Th1 cells can become an important part of allograft rejection by secreting IFN-γ. On the one hand, when Th1 cells are recruited to inflammatory tissues, they can directly mediate tissue damage by releasing IFN-γ (Hall, 2015). On the other hand, IFN-γ can also be used as a bridge to connect Th1 cells and induce other anti-inflammatory cell activation, such as M1 macrophages (Hall et al., 1984). In addition, Th17 cells also play an important role in tissue injury on AR. IL-17A, a pro-inflammatory cytokine, can be produced by CD8+ memory T cells, eosinophils, neutrophils, and monocytes, but its main secretory cell is still Th17 cells (Afzali et al., 2007). IL-17A can not only activate the inflammatory signal pathway (such as the mitogen-activated protein kinase (MAPK) and NF-κB pathways) of target cells by binding to its receptors but also induce further inflammatory response by recruiting neutrophils (Laan et al., 2001; Miyamoto et al., 2003). Besides, Li et al. also reported that the antagonism of IL-17A signaling pathway could reduce the IFN-γ production in the graft and prolong the graft survival (Li et al., 2006). As for Tregs, Tregs are one of the important factors to maintain immune tolerance, which inhibits excessive T cell activation and proliferation by secreting IL-10 (Afzali et al., 2007; Edemir et al., 2008). Specifically, IL-10 inhibits the response of antigen-specific effector cells by inhibiting the production of pro-inflammatory cytokines (Edemir et al., 2008). Studies had demonstrated that the upregulation of IL-10 gene could improve renal function and prolong the survival of renal allografts in a rat transplantation model (Chen et al., 2007). Our results are consistent with these previous reports. In our mouse transplantation model, IFN-γ and IL-17A showed high levels in serum and grafts, while IL-10 levels were relatively low in serum. After ERC-Exo treatment, the proinflammatory cytokines IFN-γ and IL-17 decreased in serum and grafts, but the level of IL-10 increased in serum. And this effect is obviously weakened with the knockdown of SIRT6 in ERC-Exos. Due to the massive secretion of these cytokines, the therapeutic effect of ERC-Exos on AR can be explained not only by CD4+ T cells but also by other immune cells, which is also worth our further study.
In conclusion, we confirmed the therapeutic effects of targeting T cell glutaminolysis in allogeneic transplantation using ERC-Exo therapy. By inhibiting the c-Myc-dependent glutaminolysis of naïve CD4+ T cells to remodel their differentiation, ERC-Exos can specifically alleviate acute transplant rejection, and this effect is mediated by SIRT6 in exosomes.
CONCLUSION
The present study affirmed the therapeutic effect of ERC-Exos in alleviating AR. Moreover, we emphasized the crucial role of SIRT6 in ERC-Exo-mediated immune tolerance formation via remodeling inordinate CD4+ T differentiation. In a word, this study paves a way for the theoretical basis of the immunoregulatory potential of ERC-Exos and will guide the future clinical application of ERC-Exos in the treatment of AR.
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Introduction
Poor graft function (PGF) represents a serious and potentially life-threatening complication following allogeneic hematopoietic stem cell transplantation (allo-HSCT); however, its etiological risk factors and prognostic implications remain inadequately defined within pediatric populations.
Methods
A retrospective cohort study was conducted on 175 pediatric patients undergoing allo-HSCT between 30 June 2018, and 31 December 2022. Patients were stratified into PGF (n = 30) and good graft function (GGF, n = 145) groups. Multivariate logistic regression identified risk factors for PGF, while Cox proportional hazards models evaluated mortality-associated variables. Survival outcomes were analyzed using Kaplan-Meier curves.
Results
Key findings encompass: (1) PGF Risk Factors: Multivariable analysis identified four independent predictors of PGF: age ≥10 years at transplantation (OR = 29.27, 95%CI: 5.70–150.21, P < 0.001), HLA mismatch (OR = 4.11, 95%CI: 1.45–11.65, P = 0.008), cytomegalovirus (CMV) infection (OR = 7.64, 95%CI: 2.31–25.21, P = 0.001), and BK virus (BKV) infection (OR = 12.22, 95%CI: 2.49–59.89, P = 0.002); The model’s predictive performance by ROC analysis yielded an AUC of 0.886 (95%CI: 0.83–0.94; P < 0.001). (2) Survival Analysis: the 4-year overall survival (OS) was profoundly inferior in the PGF cohort compared to the GGF cohort (49.4% ± 10.3% vs. 90.2% ± 2.5%, P < 0.001). (3) Predictors of Mortality: Cox regression identified PGF (HR = 2.39, 95%CI: 1.02–5.59, P = 0.044), acute graft-versus-host disease (grade I/II, HR = 3.43, 95%CI: 1.29–9.15, P = 0.014; grade III/IV, HR = 8.92, 95%CI: 3.19–24.96, P < 0.001), hemorrhagic cystitis (HR = 3.18, 95%CI: 1.37–7.39, P = 0.007), and severe pneumonia (HR = 4.42, 95%CI: 1.92–10.19, P < 0.001) as independent predictors of early mortality.
Conclusion
Age ≥10 years at transplantation, HLA mismatch, CMV infection, or BK viremia identifies a high-risk cohort of pediatric allo-HSCT recipients who require intensified monitoring for PGF, underscoring an urgent need for effective preventive and therapeutic interventions.
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INTRODUCTION
Allogeneic hematopoietic stem cell transplantation (allo-HSCT) remains a definitive treatment for hematologic malignancies, marrow failure syndromes, and inherited disorders. Despite achieving long-term remission in over 40,000 annual recipients globally (Passweg et al., 2021), poor graft function (PGF)—characterized by full donor chimerism (≥95%) with sustained multilineage cytopenia (neutrophils <0.5 × 109/L, platelets <20 × 109/L, hemoglobin <70 g/L) —confers substantial mortality risks through hemorrhagic complications and opportunistic infections (Prabahran et al., 2022; Kong, 2019). Clinically, PGF manifests as either primary (failed engraftment by day +28) or secondary (cytopenias post-initial engraftment) subtypes (Kong, 2019; Sun et al., 2015; Zhao et al., 2019). Epidemiological analyses reveal cumulative incidence rates of 5%–27% (Dominietto et al., 2001; Man et al., 2022), with primary and secondary PGF affecting 1.5%–12.1% and 12.7%–16.3% of recipients (Zhao et al., 2019; Xiao et al., 2014), respectively. Prognostically, primary PGF was associated with markedly reduced overall survival (OS: 25%–34.6% at 1 year; 6% at 2 years), whereas secondary PGF shows partial hematopoietic recovery (53.6%) but limited survival benefit compared to those with GGF (5,9,10), highlighting the urgent need for improved management strategies.
Contemporary research identifies multiple peritransplant risk modifiers for PGF development, including but not limited to splenic enlargement (Zhao et al., 2019; Chen et al., 2022), elevated pretransplant serum ferritin levels (Zhao et al., 2019; Taoka et al., 2012), HLA mismatch (Sun et al., 2015; Taoka et al., 2012), ABO incompatibility (Xiao et al., 2014; Chen et al., 2022), low CD34+ cell doses (Zhao et al., 2019; Sun et al., 2019), and cytomegalovirus (CMV) reactivation episodes (Lv et al., 2021; Lin et al., 2022). Nevertheless, existing evidence remains constrained by heterogeneous findings across studies and a paucity of pediatric-specific data. This investigation proposes to conduct a comprehensive retrospective cohort analysis of pediatric allo-HSCT recipients, employing multivariate regression models to systematically evaluate modifiable risk parameters of PGF. The ultimate objectives encompass refinement of transplantation protocols, implementation of risk-adapted preventive strategies, and consequent improvement in long-term survival metrics for this vulnerable patient population.
MATERIALS AND METHODS
Patients
A retrospective analysis was conducted on the clinical data of 175 pediatric patients who underwent allo-HSCT at the Pediatric Transplant Center of the First Affiliated Hospital of Guangxi Medical University between 30 June 2018, and 31 December 2022. Inclusion criteria: Recipients undergoing their first allo-HSCT and their respective donors, age under 18 years, and with guardians having signed consent forms acknowledging transplant-related risks. Exclusion criteria: Incomplete clinical data. Finally, a total of 175 patients met these criteria and were enrolled in the study. The study was reviewed and approved by the ethics committees of The First Affiliated Hospital of Guangxi Medical University.
Data collection
Demographic characteristics of recipients (sex, age), primary disease type, splenomegaly status, splenectomy history, pre-transplant serum ferritin levels, donor-recipient matching parameters (sex, blood type, HLA matching), graft source, conditioning regimens, transplantation approach, CD34+ cell dose (x 106/kg), total nucleated cell dose (x 106/kg), as well as neutrophil and platelet engraftment times were systematically documented. Post-transplant complications data encompassing hemorrhagic cystitis, secondary hypertension, secondary hyperglycemia, acute graft-versus-host disease (aGVHD), chronic graft-versus-host disease (cGVHD), CMV infection, Epstein-Barr virus (EBV) infection, BK virus (BKV) infection, and severe pneumonia were stratified based on temporal occurrence relative to PGF development and OS endpoints. The primary endpoint was OS duration, calculated from transplantation date until death or last follow-up. Secondary endpoints included PGF incidence rates and time-to-PGF, defined as the interval between hematopoietic stem cell infusion and PGF diagnosis. All patients were followed through 31 December 2023.
Transplantation conditioning regimen
All patients underwent conditioning regimens to eradicate abnormal clones and disrupt disease mechanisms. The regimens varied based on patient tolerance and disease status, with 10 specific combinations listed (Supplementary Table S1).
Post-transplant complications management
The basic GVHD prevention regimen consists of cyclosporine A and mycophenolate mofetil (Penack et al., 2020; Brown et al., 2020). For haploidentical donor transplants, additional post-transplant cyclophosphamide is used on days +3 and +4 for prevention (M et al., 2016; Anurathapan et al., 2016). The GVHD grading system follows the modified Glucksberg criteria and the international consensus grading system (Schoemans et al., 2018; Stem Cell Application Group, Hematology Branch of Chinese Medical Association, 2020). Other preventive measures include appropriate antibiotic use during conditioning to prevent infections, the administration of low-molecular-weight heparin, prostaglandin E1, and ursodeoxycholic acid to prevent transplant-associated hepatic veno-occlusive disease, proper hydration and alkalinization to prevent hemorrhagic cystitis, and oral phenytoin to prevent reversible posterior leukoencephalopathy syndrome.
Treatment of PGF
All patients diagnosed with PGF received standardized supportive care comprising blood product transfusions, anti-infective prophylaxis, and intravenous immunoglobulin administration for immunomodulatory support. First-line cytokine therapy comprised subcutaneous granulocyte colony-stimulating factor combined with thrombopoietin receptor agonists (TPO-RAs, e.g.,,eltrombopag). For refractory cases, cellular therapies were initiated: donor lymphocyte infusion at escalating doses (1 × 106 to 1 × 107 CD3+ cells/kg), CD34+ stem cell boosts (>2 × 106 CD34+ cells/kg), and third-party mesenchymal stromal cell (MSC) infusions (1–2 × 108 viable cells/kg/dose administered every 14 ± 2 days for 2-3 cycles) to facilitate hematopoietic niche reconstitution.
Statistical methods
Statistical analyses were performed using SPSS 26.0 software (IBM, United States). Continuous variables with normal distribution are expressed as mean ± standard deviation and were compared using independent samples t-tests. Non-normally distributed continuous data are summarized as median (interquartile range) and compared using the Mann–Whitney U test. Categorical variables are presented as number (percentage) and analyzed with the Pearson χ2 test or Fisher’s exact test, as appropriate. Multivariable logistic regression was used to identify independent risk factors for PGF. The discriminative ability of the regression model was assessed using receiver operating characteristic (ROC) curve analysis. Survival distributions were estimated by the Kaplan-Meier method and compared with the log-rank test. A two-sided p-value <0.05 was considered statistically significant.
RESULTS
Incidence and characteristics
Among 175 patients, neutrophil engraftment was achieved in 172 (98.3%), and platelet engraftment was achieved in 162 (92.3%). The mean time to neutrophil engraftment was 14.0 ± 0.40 days, while the median time to platelet engraftment was 16.0 days (range, 6–89 days). The median infused CD34+ cell dose was 6.65 × 106/kg (range, 0.84–40.77 × 106/kg). 3 patients failed to achieve engraftment of both neutrophils and platelets by day 28 and were diagnosed with primary PGF.
By 31 December 2023, PGF occurred in 30 patients (17.1%) among the 175 analyzed cohort, while GGF was observed in 145 patients (82.9%). Of the PGF cases, 3 (10.0%) were classified as primary PGF and 27 (90.0%) as secondary PGF. Comparative analysis revealed that PGF patients were significantly older at transplantation (mean age 9.8 ± 0.7 years vs. 6.5 ± 0.3 years; P < 0.001) and exhibited higher rates of splenectomy (43.3% vs. 16.6%; P = 0.001). Additionally, the PGF cohort demonstrated greater prevalence of malignant comorbidities (26.7% vs. 10.3%; P = 0.016), increased HLA mismatch frequency (50.0% vs. 27.6%; P = 0.016), and higher incidence of post-transplant complications, including BKV infection (26.7% vs. 4.8%; P < 0.001), hemorrhagic cystitis (56.7% vs. 31.7%; P = 0.010), severe cGVHD (10.0% vs. 2.0%; P = 0.025) and severe pneumonia (26.7% vs. 11.0%; P = 0.048) (Table 1).
TABLE 1 | Clinical characteristics of the PGF and GGF patients.	Characteristics	PGF (n = 30)	GGF (n = 145)	P Value
	Disease n (%)			0.102
	 Thalassemia	14 (46.7)	104 (71.7)	
	 AA	4 (13.3)	14 (9.7)	
	 AL	5 (16.7)	14 (9.7)	
	 HLH	2 (6.6)	5 (3.4)	
	 others	5 (16.7)	8 (5.5)	
	Gender n (%)			0.581
	 Male	17 (57.1)	90 (62.1)	
	 Female	13 (42.9)	55 (37.9)	
	Age (years, mean ± SD)	9.8 ± 0.7	6.5 ± 0.3	<0.001
	SF level (ug/L, median, range)	3027.1 (66.7–15151.0)	2751.9 (35.9–14463.1)	0.765
	Splenomegaly			0.001
	 Yes	13 (43.3)	24 (16.6)	
	 No	17 (56.7)	121 (83.4)	
	Types of primary onset n (%)			0.035
	 Malignant	8 (26.7)	15 (10.3)	
	 Non-malignant	22 (73.3)	130 (89.7)	
	Blood mismatch n (%)			0.279
	 Identical	15 (50.0)	88 (60.7)	
	 Mismatch	15 (50.0)	57 (39.3)	
	HLA disparity n (%)			0.016
	 Matched	15 (50.0)	105 (72.4)	
	 Mismatched	15 (50.0)	40 (27.6)	
	Source of stem cell n (%)			0.084
	 BM	4 (13.3)	15 (10.4)	
	 BM + UCB	3 (10.0)	35 (24.1)	
	 BM + PB	21 (70.0)	94 (64.8)	
	 PB	2 (6.7)	1 (0.7)	
	Neutrophil recovery (days, mean ± SD)	17.1 ± 0.8	17.0 ± 0.5	0.936
	Platelet recovery (days, median, range)	19.0 (8.0–89.0)	17.0 (8.0–32.0)	0.017
	CD34+ cell dose (106/kg, median, range)	5.5 (2.0–34.3)	7.10 (0.8–40.8)	0.485
	CMV infection n (%)			0.108
	 Yes	21 (70.0)	120 (82.8)	
	 No	9 (30.0)	25 (17.2)	
	EBV infection n (%)			0.236
	 Yes	14 (46.7)	51 (35.2)	
	 No	16 (53.3)	94 (64.8)	
	BKV infection n (%)			<0.001
	 Yes	8 (26.7)	7 (4.8)	
	 No	22 (73.3)	138 (95.2)	
	Hemorrhagic cystitis n (%)			0.010
	 Yes	17 (56.7)	46 (31.7)	
	 No	13 (43.3)	99 (68.3)	
	aGVHD n (%)			0.450
	 No	22 (73.3)	120 (82.8)	
	 Grade I-II	5 (16.7)	18 (12.4)	
	 Grade III-IV	3 (10.0)	7 (4.8)	
	cGVHD n (%)			0.025
	 No	24 (80.0)	138 (95.2)	
	 Mild	2 (6.7)	2 (1.4)	
	 Moderate	1 (3.3)	2 (1.4)	
	 Severe	3 (10.0)	3 (2.0)	
	Severe pneumonia n (%)			0.048
	 Yes	8 (26.7)	16 (11.0)	
	 No	22 (73.3)	129 (89.0)	

PGF, poor graft function; GGF, goor graft function; AA, aplastic anemia; AL, acute leukemia; HLH, hemophagocytic lymphohistiocytosis; SF, serum ferritin; HLA, human leukocyte antigen; BM, bone marrow; UCB, umbilical cord blood; PB, peripheral blood; CMV, cytomegalovirus; EBV, Epstein-Barr virus; BKV, BK, virus; aGVHD, Acute graft-versus-host disease; cGVHD, Chronic graft-versus-host disease.

Risk factors for PGF
Univariate analysis identified advanced transplantation age (≥10 years, P < 0.001), HLA mismatch (P = 0.018), pre-PGF CMV infection (P = 0.007), and BKV infection (P = 0.001) as significant predictors of PGF. These factors were then analyzed using multivariate logistic regression. The results showed that age ≥10 years at the time of transplantation (OR = 29.27, 95%CI: 5.70–150.21, P < 0.001), HLA mismatch (OR = 4.11, 95%CI: 1.45–11.65, P = 0.008), CMV infection (OR = 7.64, 95%CI: 2.31–25.21, P = 0.001), and BKV infection (OR = 12.22, 95%CI: 2.49–59.89, P = 0.002) were identified as independent risk factors for PGF (Table 2).
TABLE 2 | Univariate-multivariate analysis of risk factors for PGF.	Variables	Univariate analysis for PGF	Multivariate analysis for PGF
	Or (95%CI)	P Value	Or (95%CI)	P Value
	Gender
	 Male	1.00		-	
	 Female	1.25 (0.56–2.77)	0.581	-	
	Age (years)
	 <5	1.00		1.00	
	 ≥5, <10	2.02 (0.51–8.00)	0.317	2.79 (0.56–14.02)	0.212
	 ≥10	10.92 (2.97–40.10)	<0.001	29.27 (5.70–150.21)	<0.001
	SF level, ng/mL
	 <2000	1.00		-	
	 ≥2000	1.000 (0.45–2.31)	1.000	-	
	Splenomegaly
	 No	1.00		-	
	 Yes	1.12 (0.50–2.47)	0.789	-	
	Types of primary onset
	 Malignant	1.00		-	
	 Non-malignant	0.38 (0.14–1.03)	0.057	-	
	Blood mismatch
	 Identical	1.00		-	
	 Mismatch	1.54 (0.70–3.40)	0.281	-	
	HLA disparity
	 Matched	1.00		1.00	
	 Mismatched	2.63 (1.18–5.86)	0.018	4.11 (1.45–11.65)	0.008
	Source of stem cell
	 BM	1.00		-	
	 BM + UCB	0.32 (0.06–1.62)	0.168	-	
	 BM + PB	0.84 (0.25–2.78)	0.773	-	
	 PB	7.50 (0.53–105.28)	0.135	-	
	CD34+ cell dose, 106/kg
	 <5	1.00		-	
	 ≥5, <10	0.50 (0.18–1.43)	0.198	-	
	 ≥10	0.81 (0.33–1.99)	0.650	-	
	TNC dose, 108/kg
	 <10	1.00			
	 ≥10	2.178 (0.93–5.08)	0.071		
	CMV infection before PGF
	 No	1.00		1.00	
	 Yes	3.20 (1.37–7.47)	0.007	7.64 (2.31–25.21)	0.001
	EBV infection before PGF
	 No	1.00		-	
	 Yes	1.61 (0.73–3.57)	0.238	-	
	BKV infection before PGF
	 No	1.00		1.00	
	 Yes	7.17 (2.37–21.75)	0.001	12.22 (2.49–59.89)	0.002
	Hemorrhagic cystitis before PGF
	 No	1.00		-	
	 Yes	2.15 (0.97–4.77)	0.059	-	
	aGVHD before PGF
	 No	1.00		-	
	 Grade I-II	0.98 (0.27–3.65)	0.981	-	
	 Grade III-IV	1.41 (0.28–7.17)	0.682	-	
	cGVHD before PGF
	 No	1.00		-	
	 Mild	2.56 (0.22–29.19)	0.450	-	
	 Moderate	2.56 (0.22–29.19)	0.450	-	
	 Severe	1.70 (0.17–17.00)	0.650	-	
	Severe pneumonia before PGF
	 No	1.00		-	
	 Yes	1.61 (0.54–4.80)	0.391	-	

PGF, poor graft function; GGF, goor graft function; SF, serum ferritin; HLA, human leukocyte antigen; BM, bone marrow; UCB, umbilical cord blood; PB, peripheral blood; TNC, total nucleated cell.
CMV, cytomegalovirus; EBV, Epstein-Barr virus; BKV, BK, virus; aGVHD, Acute graft-versus-host disease; cGVHD, Chronic graft-versus-host disease.

The predictive performance of the model was assessed via ROC curve analysis, yielding an area under the curve (AUC) of 0.886 (95%CI: 0.83–0.94; P < 0.001). This model exhibits a relatively high level of diagnostic accuracy, with sensitivity and specificity values of 80.0% and 84.1%, respectively, demonstrating robust utility for PGF risk stratification (Figure 1).
[image: Receiver operating characteristic (ROC) curve showing sensitivity versus one minus specificity for a binary classifier, with a blue curve and a diagonal green reference line. Area under the curve (AUC) is 0.886, indicating good model performance.]FIGURE 1 | The ROC curve of the logistic regression model.Survival analyses
As of 31 December 2023, the median follow-up duration for post-transplant OS was 24.97 months (range: 1.33–59.87 months). Of the 175 enrolled patients, 28 (16.0%) had died and 147 (84.0%) remained alive. The estimated 4-year OS rate for the entire cohort was 84.3% ± 2.8% (Figure 2A).
[image: Four Kaplan-Meier survival curves labeled A, B, C, and D compare overall survival probability over sixty months. Panel A shows overall patients; panels B, C, and D compare GGF (black) and PGF (red) groups with significant survival differences and p-values shown. Number of patients at risk is indicated below each x-axis.]FIGURE 2 | The curve for overall survival (OS): All patients (A); PGF and GGF patients (B); Patients with PGF and GGF in the malignant group (C); Patients with PGF and GGF in the no-malignant group (D).Stratified by graft function outcomes, the PGF group (n = 30) exhibited significantly poorer survival, with 14 deaths (46.7%) and 16 survivors (53.3%) at the end of follow-up, yielding a median survival of 13.5 months (range: 1.33–54.63 months). In contrast, the GGF group (n = 145) demonstrated markedly better outcomes, with 14 deaths (9.7%) and 131 survivors (90.3%). Consequently, the 4-year OS rate was substantially lower in the PGF group compared to the GGF group (49.4% ± 10.3% vs. 90.2% ± 2.5%, P < 0.001; Figure 2B).
When stratified by pre-transplant primary disease type, the cohort included 22 patients with malignant diseases and 153 patients with non-malignant diseases. By the end of follow-up, 2 deaths (9.1%) were recorded in the malignant disease group, with 20 patients (90.9%) surviving. In the non-malignant disease group, 26 deaths (17.0%) occurred, and 127 patients (83.0%) remained alive. In the malignant disease subgroup, the 2-year OS rate was significantly lower in patients with PGF than in those with GGF (42.9% ± 31.0% vs. 100%, P = 0.0314; Figure 2C). Conversely, within the non-malignant disease subgroup, the 4-year OS rate remained significantly reduced in the PGF group compared to the GGF group (47.4% ± 10.5% vs. 89.1% ± 2.7%, P < 0.001; Figure 2D).
To identify clinical factors associated with reduced OS, Cox proportional hazards regression analyses were performed. Univariate analysis revealed significant associations between decreased OS and the following risk factors: HLA mismatch (P = 0.005), PGF (P < 0.001), post-transplant EBV infection (P = 0.025), hemorrhagic cystitis (P = 0.013), aGVHD (grade I-II, P < 0.001; grade III-IV, P < 0.001), and severe pneumonia (p < 0.001). Variables with P < 0.05 in univariate analysis were subsequently included in multivariate modeling, which identified four independent predictors of diminished OS: post-transplant PGF (HR = 2.39, 95%CI: 1.02–5.59, P = 0.044), aGVHD (grade I/II, HR = 3.43, 95%CI: 1.29–9.15, P = 0.014; grade III/IV, HR = 8.92, 95%CI: 3.19–24.96, P < 0.001), hemorrhagic cystitis (HR = 3.18, 95%CI: 1.37–7.39, P = 0.007), and severe pneumonia (HR = 4.42, 95%CI: 1.92–10.19, P < 0.001). These results highlight the substantial prognostic impact of post-transplant complications, underscoring the importance of early detection and aggressive management of these conditions to optimize survival outcomes (Table 3).
TABLE 3 | Univariate-multivariate analysis of risk factors for OS.	Variables	Univariate analysis for OS	Multivariate analysis for OS
	HR (95%CI)	P Value	HR (95%CI)	P Value
	Gender n (%)
	 Male	1.00		-	
	 Female	0.85 (0.39–1.83)	0.673	-	
	Age (years)
	 <5	1.00		-	
	 ≥5, <10	1.75 (0.62–4.97)	0.292	-	
	 ≥10	2.61 (0.91–7.52)	0.075	-	
	SF level, ng/mL
	 <2000	1.00		-	
	 ≥2000	1.18 (0.53–2.55)	0.681	-	
	Types of primary onset
	 Malignant	1.00		-	
	 Non-malignant	1.95 (0.46–8.21)	0.364	-	
	Blood mismatch
	 Identical	1.00		-	
	 Mismatch	1.29 (0.62–2.70)	0.507	-	
	HLA disparity
	 Matched	1.00		1.00	
	 Mismatched	2.90 (1.38–6.09)	0.005	1.64 (0.66–4.07)	0.288
	Source of stem cell
	 BM	1.00		-	
	 BM + UCB	0.70 (0.20–2.47)	0.574	-	
	 BM + PB	0.66 (0.22–1.95)	0.449	-	
	 PB	2.07 (0.23–18.56)	0.517	-	
	CD34+ cell dose, 106/kg
	 <5	1.00		-	
	 ≥5, <10	0.93 (0.37–2.30)	0.870	-	
	 ≥10	0.82 (0.34–1.97)	0.649	-	
	TNC dose, 108/kg
	 <10	1.00			
	 ≥10	1.09 (0.52–2.31)	0.816		
	PGF before OS
	 No	1.00		1.00	
	 Yes	6.06 (2.88–12.75)	<0.001	2.39 (1.02–5.59)	0.044
	CMV infection before OS
	 No	1.00		-	
	 Yes	1.403 (0.60–3.30)	0.438	-	
	EBV infection before OS
	 No	1.00		1.00	
	 Yes	2.35 (1.11–4.97)	0.025	1.50 (0.63–3.59)	0.360
	BKV infection before OS
	 No	1.00		-	
	 Yes	2.50 (0.95–6.58)	0.064	-	
	Hemorrhagic cystitis before OS
	 No	1.00		1.00	
	 Yes	2.58 (1.22–5.46)	0.013	3.18 (1.37–7.39)	0.007
	aGVHD before OS
	 No	1.00			
	 Grade I-II	4.93 (2.01–12.08)	<0.001	3.43 (1.29–9.15)	0.014
	 Grade III-IV	22.58 (9.03–56.47)	<0.001	8.92 (3.19–24.96)	<0.001
	cGVHD before OS
	 No	1.00		-	
	 Mild	1.73 (0.23–12.83)	0.591	-	
	 Moderate	2.20 (0.30–16.32)	0.440	-	
	 Severe	3.02 (0.91–10.05)	0.072	-	
	Severe pneumonia before OS
	 No	1.00		1.00	
	 Yes	10.37 (4.91–21.89)	<0.001	4.42 (1.92–10.19)	<0.001

OS, over survival; PGF, poor graft function; GGF, goor graft function; SF, serum ferritin; HLA, human leukocyte antigen; BM, bone marrow; UCB, umbilical cord blood; PB, peripheral blood; TNC, total nucleated cell; CMV, cytomegalovirus; EBV, Epstein-Barr virus; BKV, BK, virus; aGVHD, Acute graft-versus-host disease; cGVHD, Chronic graft-versus-host disease.

DISCUSSION
Advances in transplantation protocols have improved the prevention and management of complications following allo-HSCT. Nevertheless, PGF remains a critical complication that negatively impacts outcomes in pediatric patients. Inconsistent definitions of PGF contribute to significant variability in reported incidence rates and associated risk factors. In this cohort, the overall incidence of PGF was 17.1%, consistent with the previously reported range of 5.0%–27.0% (Dominietto et al., 2001; Man et al., 2022). Primary PGF constituted 1.7% of cases, closely aligning with the 1.5% reported by Zhao et al. 2019. But markedly lower than the 5.6% observed by Sun et al. 2015. Secondary PGF occurred in 15.4% of cases, matching the findings of Zhao et al. 2019.
Higher recipient age has been established as a risk factor for PGF in prior studies (Xiao et al., 2014; Alchalby et al., 2016). In our pediatric cohort, recipients aged ≥10 years exhibited a significantly increased risk of PGF. This association may be attributable to the high prevalence of transfusion-dependent thalassemia major (67.4%) in the cohort, where older recipient typically experience cumulative transfusion burden, leading to parenchymal iron deposition. Iron overload generates reactive oxygen species (ROS) via Haber-Weiss/Fenton reactions, inducing oxidative stress that suppresses BCL2 expression and promotes erythroid apoptosis (Taoka et al., 2012). Additionally, it triggers DNA damage and CD34+ cell depletion in bone marrow (Ohmoto et al., 2017), potentially mediating PGF pathogenesis. However, definitive validation of this mechanism requires confirmation through large-scale prospective studies. Furthermore, our findings highlight the importance of performing HSCT before the age of 10 years in thalassemia patients, whenever clinically feasible, to mitigate iron accumulation and preempt microenvironmental damage.
With the continuous refinement of haploidentical hematopoietic stem cell transplantation protocols, pediatric patients undergoing this approach can achieve long-term outcomes comparable to those of matched sibling donor HSCT (Lv et al., 2019). However, a subset of patients still experience PGF following hematopoietic reconstitution, which poses a significant threat to long-term survival. In our study, HLA mismatch was identified as an independent risk factor for PGF development, consistent with previous findings (Sun et al., 2019; Lv et al., 2021; Alchalby et al., 2016). Nevertheless, the precise mechanisms by which HLA disparity mediates PGF remain incompletely elucidated, warranting further exploration and validation through additional clinical research.
CMV infection following allo-HSCT can involve critical organs and increase the risk of PGF and GVHD, which is closely associated with the immune reconstitution of CMV-specific T cells (Reddehase et al., 2021; Degli-Esposti and Hill, 2022). During the first year post-transplantation, clonal expansion of CMV-specific effector memory T cells drives this process. Our analyses, consistent with prior retrospective studies, demonstrated CMV reactivation as an independent risk factor of PGF in both univariate and multivariate models (Lv et al., 2021; Lin et al., 2022). However, conflicting data exist; another study identified CMV infection as a risk factor for primary PGF in univariate analysis, but this association did not persist after multivariate adjustment (Zhao et al., 2019). These discrepant findings suggest that whether CMV infection constitutes a risk factor for PGF remains controversial, underscoring the need for rigorous validation through well-designed prospective multicenter cohort studies.
BKV typically remains latent in immunocompetent individuals, with primary infections often asymptomatic. In pediatric allo-HSCT recipients, however, treatment-induced immunosuppression frequently reactivates latent BKV, leading to clinical complications. While BKV is a well-known cause of post-transplant hemorrhagic cystitis (McCaffrey et al., 2021; Janeczko-Czarnecka et al., 2020), its role in other allo-HSCT-related outcomes remains poorly understood. This study identifies BKV reactivation as an independent risk factor of PGF, extending its clinical relevance beyond hemorrhagic cystitis. These findings suggest that early BKV monitoring and preemptive therapy during the post-transplant period may reduce PGF incidence. However, the causal relationship between the reactivation of latent viruses (such as CMV and BKV) and the occurrence of PGF remains controversial, as PGF can lead to delayed hematopoietic and immune reconstitution, thereby increasing susceptibility to viral infections. Definitive establishment of causality requires large-scale, multi-center prospective cohort studies incorporating protocol-based virological surveillance and rigorously standardized clinical endpoints.
Furthermore, the severity of the underlying disease may substantially increase the risk of PGF through multiple synergistic pathways, including direct impairment of hematopoietic stem cell and microenvironmental reserves. Concurrently, high-intensity pre-transplant conditioning regimens may exacerbate PGF risk via direct cytotoxic effects and immune dysregulation. Future studies should incorporate detailed stratification based on disease risk indices and conditioning intensity, to better isolate independent predictors of PGF.
Patients who develop PGF following transplantation are associated with a poor prognosis. In this study, the 4-year OS was significantly lower in the PGF group compared to the GGF group among pediatric recipients, consistent with prior reports (Zhao et al., 2019; Sun et al., 2019; Prabahran et al., 2021). However, the management of PGF remains investigational. Currently, therapeutic strategies for PGF are primarily developed based on its underlying pathological mechanisms. These include interventions such as second donor stem cell infusion, purified CD34+ cell infusion, MSC transfusion, and thrombopoietin receptor agonists (e.g., eltrombopag) (Shahzad et al., 2021; Servais et al., 2023; Mahat et al., 2020). Univariate-multivariate analysis in this study identified PGF as an independent risk factor for reduced OS, alongside hemorrhagic cystitis, grade I-II aGVHD, grade III-IV aGVHD, and severe pneumonia. These findings highlight the critical need to mitigate PGF occurrence through targeted preventive strategies, which may substantially improve survival outcomes in this vulnerable population.
In conclusion, PGF is characterized by high incidence and poor prognosis. This study demonstrates that PGF is an independent risk factor for reduced OS, underscoring the imperative to mitigate PGF occurrence as a key strategy to improve clinical outcomes. The study also identified recipient age ≥10 years, HLA mismatching, and post-transplant CMV or BKV infections as independent risk factors for PGF after allo-HSCT in pediatric. Optimizing transplantation protocols to address these risk factors—such as performing allo-HSCT at a younger age, improving HLA compatibility, and enhancing antiviral prophylaxis—may reduce PGF incidence. Furthermore, investigating early predictive biomarkers for PGF could guide timely clinical interventions, enabling proactive management to enhance OS in affected patients.
However, this study has several limitations. First, as a retrospective investigation, it may be subject to selection bias due to the exclusion of cases with incomplete information. Second, the sample size from a single center was insufficient to develop separate risk models for primary and secondary PGF. Future multi-center prospective studies are warranted to further elucidate the mechanisms underlying PGF and to identify predictive biomarkers for its occurrence, thereby providing a basis for early clinical intervention and treatment.
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Introduction
Doxorubicin (DOX) is a highly effective anti-cancer drug, but its clinical applications are limited by its cardiotoxicity. The mechanisms underlying DOX-induced cardiotoxicity (DIC) remain incompletely understood. Human induced pluripotent stem cells (hiPSCs) and human embryonic stem cells (hESCs) offer an advanced platform for investigating DIC, as they accurately recapitulate human cardiac physiology and pathology. However, the roles and mechanisms of DIC in hiPSC-CMs and hESC-CMs, especially regarding autophagy dynamics and regulation, are still not well-defined.
Methods
Cell viability, apoptosis, reactive oxygen species production, and DNA damage were assessed. Autophagy was evaluated by transmission electron microscope, LC3-II/LC3-I ratio, and autophagy flux assays. The role of autophagy and mTOR signaling was investigated using 3-methyladenine (3-MA) and rapamycin (RAPA), respectively.
Results
DOX reduced cell viability and induced apoptosis in hiPSC-CMs and hESC-CMs. Additionally, DOX caused an increase in reactive oxygen species production and DNA damage. Furthermore, DOX significantly upregulated autophagy, confirmed by the accumulation of autophagosomes and autolysosomes, and an increase in the LC3-II/LC3-I ratio. Autophagy flux assays showed that DOX induced autophagy in a time-dependent manner. The autophagy mediated by DOX was partially attenuated by 3-MA. Moreover, this activation was due to mTOR signaling inhibition. The downregulation of mTOR signaling by RAPA increased cell death of hESC-CMs. Interestingly, minor variations in injury severity and cellular sensitivity were observed between these two models.
Conclusion
Our study uncovered the multifaceted effects of DOX on hiPSC-CMs and hESC-CMs, revealing a shared mechanism in which DOX enhances autophagy via inhibition of the mTOR signaling pathway. These findings reveal key insights into DIC pathogenesis and suggest that autophagy modulation may be a promising therapeutic strategy.
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1 INTRODUCTION
Doxorubicin (DOX) is an effective anti-cancer agent for treating a wide range of malignancies, but its cumulative and dose-dependent cardiotoxicity limits its clinical application (Abdullah et al., 2019; Jones and Dass, 2022). Despite decades of studies, the mechanisms underlying DOX-induced cardiotoxicity (DIC) have not been fully elucidated, and predicting or preventing DIC in individual patients remains challenging.
Several different molecular mechanisms have been proposed for DIC in both experimental and clinical studies. The dominant mechanism is associated with DNA damage and reactive oxygen species (ROS) production, which leads to cardiomyocyte death (Li et al., 2020; L'Ecuyer et al., 2006). Other hypotheses have been proposed, including mitochondrial dysfunction and the modulation of intracellular calcium release (Hanna et al., 2014; Ichikawa et al., 2014). In addition, autophagy has also been proposed to serve a dual role in DIC (Sun et al., 2023; Xiao et al., 2019). Autophagy, a multistep and dynamic biological process, plays a crucial role in maintaining cellular homeostasis (Wang et al., 2024). Many studies indicate that autophagy is involved in several physiological and pathological processes in the heart (Li et al., 2024; Yamaguchi, 2019). Several studies have shown that DOX suppresses basal autophagy in rat cardiomyocytes, suggesting that activation of autophagy may protect against DIC (Pizarro et al., 2016; Sishi et al., 2013; Zilinyi et al., 2018). In contrast, other studies report that DOX upregulates autophagy in rat cardiomyocytes, contributing to detrimental effects and cell death (Kobayashi et al., 2010; Scicchitano et al., 2021; Wang et al., 2018). The conflicting findings regarding DOX’s role in cardiac autophagy regulation highlight the need for further investigation.
The conflicting results regarding autophagy may be attributed to multiple factors, including variations in experiment models. Most methodologies for analyzing DIC, which employ models such as ion channel–overexpressing cells or animal models, frequently fail to fully and accurately replicate the effects of cardiac drugs in humans (Protze et al., 2019; McSweeney et al., 2019). This is due to interspecies differences in drug metabolism, cardiac structure and function. Recently, human induced pluripotent stem cells (hiPSCs) and human embryonic stem cells (hESCs) represent attractive cell sources for cell therapy and drug development (Cerneckis et al., 2024). hiPSC- and hESC-derived cardiomyocytes (hiPSC-CMs and hESC-CMs), which express key human cardiac ion channels and sarcomeric proteins, demonstrate contractile function, gene expression profiles, and electrophysiological phenotypes that closely resemble those of native human cardiomyocytes. Moreover, hiPSC-CMs and hESC-CMs offer a robust platform for large-scale drug screening and compound testing. hiPSC-CMs and hESC-CMs have been used to test drug-induced cardiac toxicity including DIC in recent works (Burridge et al., 2016; Maillet et al., 2016; Zhao and Zhang, 2017; Cui et al., 2019; Yang et al., 2022). However, the role and mechanisms of DIC in different CM models, particularly its multifaceted roles and mechanisms, including the dynamic changes and regulatory processes of autophagy, remain incompletely understood.
In the present study, we investigated the role and mechanisms of DIC using the hiPSC- and hESC-CM model system. Our results suggested DOX triggered apoptosis, ROS production and DNA damage in both hiPSC-CMs and hESC-CMs. Moreover, DOX enhanced autophagy via inhibiting mTOR signaling in hiPSC-CMs and hESC-CMs, ultimately leading to CM damage.
2 MATERIALS AND METHODS
2.1 Cardiomyocyte differentiation of hiPSCs and hESCs
The hiPSCs (American Type Culture Collection, ATCC) cell line present in this study were obtained from Stem Cell Bank of Chinese Academy of Sciences. The hESCs (H9 cell line, WA09, WiCell Research Institute) (Thomson et al., 1998) cell line present in this study were obtained from Shanghai Zhong Qiao Xin Zhou Biotechnology Co. Ltd. hiPSCs and hESCs were routinely cultured at 37 °C and 5% CO2 in mTeSR™ one complete maintenance medium (Stemcell Technologies, Inc.) on 6-well plates coated with Matrigel (BD Biosciences, Bedford, MA). Cells were passaged every 2–3 days using ACCUTASE™ cell detachment solution (Stemcell Technologies, Inc.). In order to direct differentiation into CMs as our previous work described (Ke et al., 2020), hiPSCs and hESCs were split at a 1:6 ratio and plated onto Matrigel-coated 12-well plates cultured for 3 days. When the hiPSCs and hESCs reached 85% confluence, 6 μM CHIR99021 (MedChemExpress) was added to RPMI/B27 without insulin medium (Gibco, Invitrogen, USA) to initiate the differentiation. On day 2, the medium was changed to RPMI/B27 minus insulin medium supplement with 3 μg/mL IWP2 (MedChemExpress). On day 5, the medium was changed to RPMI/B27 without insulin. On day 7, the differentiating cells were cultured in RPMI/B27 plus insulin medium (Gibco, Invitrogen, USA). On day 15, the cells were cultured with purification medium (Tohyama et al., 2013), which are comprised of glucose-depleted DMEM (Gibco, Invitrogen, USA), 213 μg/mL of l-ascorbic acid 2-phosphate supplemented (Sigma-Aldrich; Merck KGaA), and 500 μg/mL of recombinant human albumin (Oryzogen; Wuhan Healthgen Biotechnology, Corp.) combining with 4 mM L-lactic acid (Sigma-Aldrich; Merck KGaA). The medium was refreshed every 2 days during the purification process. On day 19, cells were maintained in RPMI/B27 plus insulin media. To investigate the effect of DOX (MedChemExpress) in hiPSC-CMs and hESC-CMs, cells at differentiation day 21 were dissociated by using 0.25% Trypsin-EDTA (Gibco, Invitrogen, USA) for 3 min at 37 °C and then centrifuged at 1,000 rpm for 5 min. Cells were replanted in DMEM (Gibco, Invitrogen, USA) containing 20% FBS (Gibco, Invitrogen, USA) for 24 h and changed in a chemically defined medium (CDM3) for maintenance. CDM3 medium consists of DMEM, 500 μg/mL of Oryza sativa–derived recombinant human albumin (Sigma-Aldrich; Merck KGaA), and 213 μg/mL of L-ascorbic acid 2-phosphate (Sigma-Aldrich; Merck KGaA).
2.2 Immunocytochemical staining
For immunocytochemical staining, we fixed cells with 4% PFA (Sigma), permeabilized them with 0.4% Triton X-100 (Sigma), and then incubated them with the primary antibody anti-cTnT (Abcam, USA, 1:400) and anti-Cx43 (Abcam, USA, 1:400) overnight at 4 °C. The nucleus was stained with DAPI (Invitrogen, USA). All samples were imaged with a Carl Zeiss microscope and processed with ZEN software.
2.3 Flow cytometry
For characterization of hiPSC-CMs and hESC-CMs, the differentiated CMs were collected after dissociation with 0.25% Trypsin-EDTA for 3 min. The cells were fixed and permeabilized with the Foxp3 Staining Buffer kit (Invitrogen, USA) for 30 min, followed by incubation with the primary antibody (anti-cTnT, Abcam, 1:100) for 1 h at room temperature. The PE-conjugated secondary antibody (Biolegend, 1:400) was added to the cells for 1 h at 4 °C. Apoptosis was assessed by flow cytometry, using an Annexin V-FITC Apoptosis Detection Kit (BD Pharmingen). The assay was conducted based on the instructions which were provided by the manufacturer. Briefly, after treatment with DOX, 5 × 105 cells were rinsed twice in PBS and incubated in 100 μ L one x binding buffer. Five μ L of Annexin V-FITC was added to the cells and incubated at RT for 15 min in the dark. Propidium iodide was not added because of DOX autofluorescence which may interfere with its detection. All samples were analyzed with a flow cytometer (BD Accuri™ C6, BD Biosciences) and quantified with FlowJo software.
2.4 CCK8 assay
The viability of cells was evaluated by CCK8 assay (Beyotime Institute of Biotechnology, Jiangsu, China). Briefly, 1 × 104 cells/well CM cells were seeded into 96-well plates (Gibco, Invitrogen, USA) and cultured for 3 days. The cells were then treated with the different doses (0, 0.1, 0.25, 0.5, 1, 1.5, 2.5, 5.0, 10, 25, 50, 100 μM) of DOX for 24 h. 24 h later, the medium was exchanged with a fresh medium containing CCK8 reagent and incubated for an additional 4 h at 37 °C. By using an enzyme-linked immunosorbent assay reader (Thermo Fisher Scientific, Inc.), the data were read at an absorbance of 450 nm wavelength.
2.5 LDH assay
Cells seeded on a 96-well culture plate were treated with DOX for 24 h. The LDH release assay was performed to detect cell cytotoxicity, following the manufacturer’s instructions (Beyotime Institute of Biotechnology, Jiangsu, China). Briefly, the culture medium was collected and incubated with the working mixture (lactate, INT solution and diaphorase) at 37 °C for 30 min in dark. The absorbance of the sample was measured by an enzyme-linked immunosorbent assay reader at 490 nm. First, cardiomyocytes were incubated with 5 mM 3-MA (MedChemExpress) (Hou et al., 2012) or 2.5 μM Rapamycin (MedChemExpress) (Zhou et al., 2007) for 12 h, then stimulated with 0.25 μM, 0.5 μM and 1 μM DOX, after that both were maintained for 24 h. The LDH release assay was conducted to detect cell cytotoxicity, following the manufacturer’s instructions as previously described.
2.6 Detection of reactive oxygen species (ROS)
Intracellular ROS generation was analyzed using a ROS Assay Kit (Beyotime Institute of Biotechnology, Jiangsu, China). In accordance with instructions, after treatment with different concentrations (0, 0.25, 0.5, 1 μM) of DOX for 24 h, cells were incubated with DCFH-DA for 30 min at 37 °C and then washed three times with the medium. The fluorescence intensity was measured using the fluorospectrophotometer at 488 nm excitation and 525 nm emission wavelengths (PerkinElmer, Canada). The ROS fluorescence intensity was normalized relative to the mean Hoechst fluorescence intensity. Meanwhile, the cells were detected by flow cytometry. For further analysis of mitochondrial ROS in hiPSC-CMs and hESC-CMs, the live cells were stained with MitoSOX Red dye (ThermoFisher, Life Technologies, USA) according to the manufacturer’s instructions. The images were obtained with Fluorescence microscopy, and analyzed with Image J software.
2.7 DNA damage
hiPSC-CMs or hESC-CMs were seeded on gelatin-coated coverslips and treated with or without DOX in 12-well plates. After 24 h, cells were washed twice with PBS, fixed in 4% formaldehyde in PBS at RT for 30 min, and then permeated with 0.1% Triton-100X at RT for 15 min. Next, the coverslips were washed, and blocked with 10% goat serum for 1 h at RT and then incubated with the first antibody (γ-H2AX, 1:200) overnight at 4 °C. The cells were then washed thrice for 5 min and stained with Alexa Fluor™ 555-conjugated antibody (1:500; Beyotime Institute of Biotechnology). After staining for 10 min with DAPI, cells were analyzed by an Optiphot-2 microscope (Nikon Corporation) equipped with a CCD video camera system (Optronics Engineering, Ltd.) or a confocal laser scanning microscopy (Optronics Engineering, Ltd.).
2.8 Analysis of autophagic flux
To analyze autophagic flux, hiPSC-CMs or hESC-CMs were replanted on Laser confocal dishes (JingAn Biological Technology Co., Ltd, Shanghai, China). Cells were washed twice with PBS and infected with adenovirus expressing mCherry-GFP-LC3B fusion protein (Ad-mCherry-GFP-LC3B; Beyotime Institute of Biotechnology, Jiangsu, China) at an MOI of 20 for 24 h. After infection, the cells were treated with 0.5 μM of DOX for 6, 12 and 24 h. Then, cells were fixed with 4% paraformaldehyde, and then visualized with a confocal laser scanning microscopy (Olympus). We measured autophagic flux at different time points by observing the color change of mCherry/GFP.
2.9 Transmission electron microscope
hiPSC-CMs or hESC-CMs prepared for TEM were treated with or without DOX for 24 h. The cells were harvested, fixed with 5% glutaraldehyde (Sigma-Aldrich; Merck KGaA) at 4 °C overnight, and then postfixed with 1% osmium tetroxide (Sigma-Aldrich; Merck KGaA) at RT for 1 h. After fixation, the cells were dehydrated through a graded series of ethanol (Sinopharm Chemical Reagent Co., Ltd). Subsequently, the samples were treated with Spurr embedding agents mixed with various specifications of acetone (Sigma-Aldrich; Merck KGaA). Then, the ultrathin sections were mounted on nickel grids, followed by staining with lead citrate, uranyl acetate and 50% ethanol solution (Sigma-Aldrich; Merck KGaA). Thin sections of each sample were observed and analyzed under a transmission electron microscope (Hitachi H −7,650).
2.10 Western blot analysis
Proteins were extracted from hiPSC-CMs or hESC-CMs with RIPA lysis buffer then centrifuged at 120,00× g for 30 min. The concentration was quantified with Bradford assay (Thermo-Fisher Biochemical Co. Ltd, Beijing, China). For immunoblotting analysis, 30 μg of total proteins were loaded into the PAGE-SDS gels. The proteins were separated and transferred to a nitrocellulose membrane (Millipore, Billerica, MA, USA). Next, the membrane was blocked in 5% Nonfat dry milk in PBST and then incubated overnight at 4 °C followed by primary antibodies against GAPDH (1:5000), mTOR (1:500), p-mTOR (1:500) and LC3B (1:1,000) purchased from Cell Signaling Technology. Subsequently, the membrane was rinsed with PBST and incubated with horseradish peroxidase-conjugated goat anti-rabbit or mouse immunoglobulin G (IgG) antibody (Proteintech) for 1 h at RT. Afterward, the membrane was then washed with PBST three times and visualized with enhanced chemiluminescence (ECL) reagent (Amersham; GE Healthcare Life Sciences), and images were captured with the ECL Tanon 5500 system (Tanon Science and Technology Co., Ltd.).
2.11 Statistical analysis
In all experiments, data were detected by three or four independent biological replicates (n = 3–4) and presented as means ± standard deviation (SD). Grayscale analysis was quantified using ImageJ software. Prior to parametric testing, the Shapiro–Wilk test confirmed normal distribution and the Brown–Forsythe test confirmed homogeneity of variances for all datasets. Data Statistical significance was analyzed by using the unpaired Student’s t-test or one-way ANOVA followed by Dunnett’s post hoc multiple comparison test. Two-way ANOVA was employed to analyze the effects of two independent variables. Differences were considered statistically significant when p < 0.05.
3 RESULTS
3.1 Differentiation and characterization of hiPSC-CMs and hESC-CMs
hiPSCs and hESCs were differentiated to CMs as described previously (Ke et al., 2020) with slight modifications (Figure 1A). Immunocytochemical staining results showed that the cardiomyocyte-specific marker cTnT and the mature gap-junction marker Cx43 were expressed in hiPSC-CMs and hESC-CMs (Figure 1B). Flow cytometry analysis revealed that over 97% of the hiPSC-CMs and hESC-CMs were expressing the cTnT, indicating that these cells represent a highly pure cardiomyocyte population (Figure 1C). By day 10 post-differentiation, both hiPSC-CMs and hESC-CMs exhibited robust spontaneous contractions, providing qualitative evidence of electrophysiological activity (Supplementary Videos S1, S2).
[image: Figure contains three panels. Panel A presents a schematic timeline for differentiation and treatment of pluripotent stem cell-derived cardiomyocytes, indicating key media and chemical changes by day. Panel B shows two fluorescent microscopy images of hiPSC-derived and hESC-derived cardiomyocytes, stained for cardiac troponin T in green, connexin 43 in red, and nuclei in blue with DAPI. Panel C displays two flow cytometry plots comparing cardiomyocyte marker expression in hiPSC-CMs and hESC-CMs, with both panels showing a high percentage of positive cells.]FIGURE 1 | Differentiation and characterization of hiPSC-CMs and hESC-CMs. (A) Experimental scheme of differentiation protocol from hiPSCs and hESCs to differentiated cardiomyocytes. (B) Immunocytochemical staining of the cardiomyocyte marker cTnT in hiPSC-CMs and hESC-CMs at differentiation day 20. cTnT, green. CX43, red. DAPI, blue. Scar bar, 50 μm. (C) Flow cytometry analysis of the percentage of cTnT-positive (cTnT+) CMs at differentiation day 20.3.2 DOX decreased the cell viability and induced cell apoptosis in hiPSC-CMs and hESC-CMs
In clinical studies, DOX can induce cardiomyocyte death within hours of intravenous administration in some patients at relatively low cumulative doses of 200–250 mg/m2 (Unverferth et al., 1983; Swain et al., 2003). The CCK8 results showed that DOX treatment resulted in a dose-dependent decrease in cell viability (Figure 2A). The cardiotoxicity was induced at a low concentration of DOX (0.1 μM for 24 h). We next investigated the cell damage caused by different concentrations of DOX (0–1 μM), which were chosen based on prior studies and are considered clinically relevant, as they fall well within the plasma concentration range observed in patients undergoing DOX therapy (Burridge et al., 2016; Frost et al., 2002). As shown in Figure 2B, LDH release significantly increased in a dose-dependent manner (0.25, 0.5 and 1 μM) following DOX treatment. Subsequently, we investigated the DOX-induced apoptosis in hiPSC-CMs and hESC-CMs. At a high concentration of 1 μM, DOX caused the most significant cell damage, prompting its use in the present study for apoptosis analysis. Flow cytometry analysis demonstrated that exposure of CMs to 1 μM DOX for 24 h resulted in a significant increase of Annexin V-FITC+ cells (an indicator of total apoptotic cells) compared to vehicle-treated control cells (Figure 2C). Moreover, morphologies of nuclear shrinkage and apoptotic bodies, indicative of typical apoptotic features, were observed by TEM in the DOX-treated group (Figure 2D). These data demonstrate that DOX treatment decreases cell viability and induces apoptosis in hiPSC-CMs and hESC-CMs. Collectively, these results from our study align with previous cellular and human biopsy reports (Burridge et al., 2016; Maillet et al., 2016; Zhao and Zhang, 2017; Cui et al., 2019), confirming the cardiotoxic effects of DOX and establishing a reliable in vitro model for assessing DIC in hiPSC-CMs and hESC-CMs.
[image: Panel A displays dose-response curves for cell viability with increasing doxorubicin concentrations in hiPSC-CMs and hESC-CMs, alongside phase-contrast images showing reduced cell density at higher doses. Panel B contains bar graphs quantifying increased LDH release in both cell types after doxorubicin exposure. Panel C shows flow cytometry results and bar graphs indicating higher annexin V-positive cell proportions after treatment. Panel D consists of electron microscopy images revealing ultrastructural damage in doxorubicin-treated cells compared to controls.]FIGURE 2 | DOX decreased the cell viability and induced cell apoptosis of hiPSC-CMs and hESC-CMs. (A) hiPSC-CMs or hESC-CMs were treated with the different dose (0, 0.1, 0.25, 0.5, 1, 1.5, 2.5, 5.0, 10, 25, 50, 100 μM) DOX for 24 h. Cell viability was assessed by CCK-8 assay. Scale bar, 100 μm. P values were calculated using one-way ANOVA followed by Dunnett’s post hoc test comparing each DOX-treated group vs. the vehicle control group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (B) The LDH activity of hiPSC-CMs and hESC-CMs after treatment with DOX (0, 0.25, 0.5, 1 μM) for 24 h. P values were calculated using one-way ANOVA followed by Dunnett’s post hoc test comparing each DOX-treated group vs. the vehicle control group. *P < 0.05, ***P < 0.001, ****P < 0.0001. (C) Following treatment with 1 μM DOX for 24 h, cells were collected and analyzed by flow cytometry using Annexin V-FITC staining. P values were calculated using an unpaired two-tailed t-test comparing the DOX-treated group vs. the vehicle control group. **P < 0.01, ***P < 0.001. (D) Morphologies of nuclear shrinkage and apoptotic bodies were observed by TEM in 1 μM DOX treatment group. The red circle represents nuclear shrinkage and the red arrow indicates autophagosome. Scale bar, 1 μm. (n = 3, mean = S.D). 3.3 DOX increased cellular ROS production and triggered DNA damage of hiPSC-CMs and hESC-CMs
To investigate the damage role of DOX in hiPSC-CMs and hESC-CMs, we first measured intracellular ROS production following DOX treatment using the probe DCFH-DA. As shown in Figure 3A, compared with the control, DOX induced a significant increase in intracellular ROS in hiPSC-CMs at 0.25, 0.5, and 1 μM, whereas in hESC-CMs significance was observed only at 0.5 and 1 μM. Similarly, the results were confirmed by flow cytometry analysis (Figure 3B). Additionally, a dose-dependent increase in MitoSOX red fluorescence was observed in cells exposed to DOX (Figure 3C). Next, the level of double-stranded DNA damage was assessed through staining for phosphorylated H2A histone family member X (γ-H2AX) on serine 139. As shown in Figure 3D, DOX treatment induced γ-H2AX expression in hiPSC-CMs in a dose-dependent manner, with significant DNA damage evident at a concentration of 0.5 μM. Therefore, we evaluated γ-H2AX expression in hiPSC-CMs and hESC-CMs treated with 0.5 μM DOX using laser confocal microscopy. The results demonstrated that DOX induced an increase in γ-H2AX expression in both hiPSC-CMs and hESC-CMs groups (Figure 3E). These findings indicate that DOX increases ROS levels and triggers DNA damage, leading to apoptosis, which represents one of the mechanisms of DIC.
[image: Figure containing five panels labeled A-E. Panel A shows bar graphs of ROS levels in hiPSC-CMs and hESC-CMs with different concentrations of DOX, indicating dose-dependent increases with statistical significance. Panel B consists of histograms indicating ROS measurements by flow cytometry for control and increasing DOX concentrations in both cell types. Panel C displays immunofluorescence images of hiPSC-CMs and hESC-CMs stained for mitochondrial membrane potential, quantified in adjacent bar graphs, showing reduced potential with DOX. Panel D presents immunofluorescence images showing γ-H2AX and DAPI staining in hiPSC-CMs, with quantification bar graph demonstrating increased DNA damage with DOX. Panel E shows high-magnification immunofluorescence images for γ-H2AX and DAPI in both cell types, displaying increased γ-H2AX staining in DOX-treated samples.]FIGURE 3 | ROS production and DNA damage induced by DOX in hiPSC-CMs and hESC-CMs. (A) Exposure of hiPSC-CMs or hESC-CMs to different dose (0, 0.25, 0.5, 1 μM) DOX for 24 h resulted in a significant increase in ROS production as measured by the DCFH-DA probe. P values were calculated using one-way ANOVA followed by Dunnett’s post hoc test comparing each DOX-treated group vs. the vehicle control group. *P < 0.05, **P < 0.01, ****P < 0.0001. (B) The representative data of flow cytometry assessed by DCFH-DA in hiPSC-CMs and hESC-CMs with or without DOX treatment. (C) Mitochondrial ROS were quantified as relative median fluorescence intensity (MFI) of MitoSOX normalized to vehicle control in hiPSC-CMs and hESC-CMs treated overnight with 0.25, 0.5 and 1 μM DOX. MitoSOX is shown in red, and DAPI nuclear staining is shown in blue. Scale bars, 50 μm. Data were analyzed by one-way ANOVA with Dunnett’s post-test; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus control. (D) Representative fluorescence images and quantitative data of DNA double-stranded break in hiPSC-CMs treated overnight with 0.5 and 1 μM DOX. γ-H2AX staining is shown in red, and DAPI nuclear staining is shown in blue. Scale bars, 100 μm. Data were analyzed by one-way ANOVA with Dunnett’s post-test; ****P < 0.0001 versus control. (E) Representative fluorescence images of DNA double-stranded break in hiPSC-CMs and hESC-CMs treated overnight with 0.5 μM DOX. γ-H2AX, red; DAPI, blue. Scale bars, 25 μm. (n = 3, mean = S.D). 3.4 DOX induced autophagy of hiPSC-CMs and hESC-CMs
Autophagy has dual functions in both physiology and pathology. To evaluate the changes in autophagy, we first observed ultrastructure changes and autophagosome formation in hiPSC-CMs and hESC-CMs by TEM. The results revealed an accumulation of autophagosomes and autolysosomes in DOX-treated groups (Figure 4A). Western blots were performed to detect the changes in the ratios of LC3 II/LC3 I in hiPSC-CMs and hESC-CMs treated with or without DOX. We found that DOX significantly upregulated the ratio of LC3 II/LC3 I in the hiPSC-CMs and hESC-CMs (Figure 4B). The most pronounced changes in autophagy-related proteins were noted at a DOX concentration of 0.5 μM. Therefore, the concentration of 0.5 μM was utilized in subsequent studies to investigate the effects of DOX on autophagy and its underlying mechanisms. To further study DOX-induced autophagic flux, we detected autophagy in hiPSC-CMs and hESC-CMs infected with adenovirus expressing a dual-fluorescence reporter mCherry-GFP-LC3B fusion protein (Ad-mCherry-GFP-LC3B) at a different time point (6 h, 12 h, and 24 h). Treatment with DOX resulted in an increase of autophagic flux within 6 h, as indicated by the number of both yellow and red puncta, with the maximum effect observed at 24 h (Figure 4C). Moreover, the DOX-induced increases in the LC3 II/LC3 I ratio were attenuated by 3-MA, an autophagy inhibitor, as shown in Figure 4D. In addition, to assess the role of autophagy in DOX-induced cardiomyocyte death, we evaluated the effects of 3-MA on LDH release. In Figure 4E, compared with the control, DOX induced an increase in LDH level, indicating cellular damage. However, pretreatment with the autophagy inhibitor 3-MA led to a significant yet partial reduction in DOX-induced LDH release at both 0.5 and 1 μM, resulting in a partial rescue effect (Figure 4E; Supplementary Table S1). Collectively, these results suggest that DOX upregulates autophagy in both hiPSC-CMs and hESC-CMs, which partially contribute to cardiotoxicity.
[image: Panel A shows electron microscopy images comparing cellular ultrastructure between control and doxorubicin-treated hiPSC-CMs and hESC-CMs, with treated cells displaying more vacuoles and disrupted morphology. Panel B presents Western blot images and quantification graphs demonstrating increased LC3B expression after doxorubicin treatment in both cell types. Panel C displays fluorescence microscopy images showing changes in autophagic flux over time, with corresponding bar graphs quantifying yellow and red puncta per cell in treated versus control conditions. Panel D shows Western blot analysis and quantification graphs of LC3B levels with autophagy modulators, indicating significant differences between groups. Panel E presents grouped bar graphs for LDH release, reflecting cytotoxicity differences under doxorubicin treatment with or without 3-MA in both cell types.]FIGURE 4 | Treatment with DOX upregulated hiPSC-CMs and hESC-CMs autophagy. (A) Representative TEM images of hiPSC-CMs and hESC-CMs treated overnight with 0.5 μM DOX. Arrowhead, autophagosomes and autolysosomes. Scale bars, 1 μm. (B) Western blot analysis of LC3B in hiPSC-CMs and hESC-CMs following DOX (0, 0.25, 0.5, 1 μM) treatment. P values were calculated using one-way ANOVA followed by Dunnett’s post hoc test comparing each DOX-treated group vs. the vehicle control group. ***P < 0.001, ****P < 0.0001. (C) Representative fluorescence images o and quantitative data f hiPSC-CMs and hESC-CMs expressing mCherry-GFP-LC3 and treated with 0.5 μM DOX for 6, 12 and 24 h, respectively. Autophagosomes, yellow puncta; autolysosome, red puncta. Scale bars, 10 μm. Data were analyzed by two-way ANOVA; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (D,E) hiPSC-CMs and hESC-CMs were incubated with 5 mM 3-MA for 12 h prior to stimulation with 0.5 μM DOX or different concentrations of DOX (0, 0.25, 0.5, 1 μM), then both were maintained for 24 h. (D) The effect of 3-MA on the expression ratio of LC3 II/LC3 I in hiPSC-CMs and hESC-CMs analyzed by Western blotting. P values were calculated using one-way ANOVA followed by Dunnett’s post hoc test for multiple comparisons among all groups (Control, DOX, 3-MA, M + D). **P < 0.01, ****P < 0.0001. (E) By spectrophotometry, LDH activity in the culture media was measured. P values were calculated using two-way ANOVA. ****P < 0.0001. The lower band is LC3 II and the higher one is LC3 I on LC3B membrane. GAPDH was used as a loading control and grayscale analysis was performed for statistics. (n = 3-4, mean = S.D.). 3.5 DOX inhibited mTOR signaling in hiPSC-CMs and hESC-CMs
The kinase mTOR functions as a key signaling ‘station’ in the regulation of cellular metabolism, promoting protein synthesis while inhibiting the induction of autophagy (Liang, 2010). Although other pathways such as PI3K/AKT and AMPK also play roles in autophagy regulation, mTOR is widely recognized as one of the most pivotal and extensively studied mediators of autophagic processes (Shackebaei et al., 2024). Given the gatekeeper role of mTOR in autophagy regulation, we investigated whether DOX alters autophagy in hiPSC-CMs and hESC-CMs through mTOR signaling. We found that DOX treatment notably decreased mTOR activation in hiPSC-CMs and hESC-CMs, as evidenced by the reduced phosphorylation at Ser-2248 across various concentrations (Figure 5A). To further confirm the role of mTOR signaling in autophagy induced by DOX, we next treated hiPSC-CMs and hESC-CMs with rapamycin (RAPA), an mTOR inhibitor. In hiPSC-CMs, RAPA alone increased LDH release and exacerbated DOX-induced cell death, although without significant additive cytotoxicity (Figure 5B; Supplementary Table S1). In contrast, in hESC-CMs co-treatment with RAPA and DOX (0.25 and 0.5 μM) resulted in a significant additive increase in LDH release, suggesting the inhibition of mTOR enhances the cytotoxic effects of DOX (Figure 5B; Supplementary Table S1). Collectively, these experiments demonstrate that DOX stimulates autophagy in hiPSC-CMs and hESC-CMs through inhibiting mTOR signaling.
[image: Western blot results for p-mTOR, mTOR, GAPDH, and LC3B in hiPSC-CMs and hESC-CMs with quantification graphs showing pmTOR/mTOR and LC3 II/LC3 I ratios. Bar graphs below present relative LDH activity in hiPSC-CMs and hESC-CMs across control and doxorubicin-treated groups, with and without rapamycin, indicating increased LDH activity with doxorubicin and mitigation by rapamycin. Statistical significance is marked with asterisks.]FIGURE 5 | DOX inhibited mTOR signaling in hiPSC-CMs and hESC-CMs. (A) Western blot analysis of mTOR, p-mTOR, and LC3 II/LC3 I in hiPSC-CMs and hESC-CMs following DOX (0, 0.25, 0.5, 1 μM) treatment. P values were calculated using one-way ANOVA followed by Dunnett’s post hoc test comparing each DOX-treated group vs. the vehicle control group. *P < 0.05, ***P < 0.001, ****P < 0.0001. (B) hiPSC-CMs or hESC-CMs were treated with 2.5 μM rapamycin for 24 h. Then CMs were exposed to different concentrations of DOX (0, 0.25, 0.5, 1 μM) for 24 h. In the culture media, LDH activity was assessed by spectrophotometry. P values were calculated using two-way ANOVA. **P < 0.01, ****P < 0.0001. The lower band is LC3 II and the higher band is LC3 I on LC3B membrane. GAPDH was used as a loading control and grayscale analysis was performed for statistics. (n = 3-4, mean = S.D).4 DISCUSSION
DOX is one of the most effective anthracycline chemotherapy agents for treating a wide range of malignancies but causes cardiotoxicity in many patients (Jones and Dass, 2022). In the present study, our investigation focused on the features and mechanisms of DIC using the hiPSC- and hESC-CM model. Our results suggested that DOX treatment decreased cell viability and induced cell apoptosis via the accumulation of ROS and DNA damage. Notably, our study further investigated the function of autophagy in DIC and demonstrated that DOX promoted autophagy of hiPSC-CMs and hESC-CMs by inhibiting mTOR signaling.
The mechanism and pathogenesis of DIC remain controversial and obscure, despite extensive research over the last half-century. Animal and heterologous cell models help clarify DIC mechanisms but may not fully capture human cardiac complexities. hiPSC-CMs and hESC-CMs provide a human-based, high-throughput, and genetically diverse platform that can significantly enhance our understanding of DIC (Burridge et al., 2016; Maillet et al., 2016; Zhao and Zhang, 2017; Cui et al., 2019; Yang et al., 2022). In our research, we first utilized both hiPSC-CM and hESC-CM models to investigate the multifaceted effects and potential mechanisms of DIC, with a specific focus on the dynamic changes and regulatory processes associated with autophagy.
A commonly cited pathway involves the DOX-induced generation of ROS associated with mitochondrial dysfunction (Songbo et al., 2019; Yarmohammadi et al., 2021). Our data showed that DOX increased ROS production of hiPSC-CMs and hESC-CMs, in agreement with previous reports (Songbo et al., 2019). The generation of ROS by redox cycling causes DNA damage, an early event in DIC, which was also confirmed in our data (L'Ecuyer et al., 2006). DOX significantly increased ROS levels in both the intracellular and mitochondria of hiPSC-CMs and hESC-CMs; however, the magnitude and dose-response dynamics differed between the two models (Supplementary Table S1), highlighting the necessity for patient-specific or lineage-specific mechanistic profiling of oxidative stress responses. Moreover, mitochondrial ROS exhibited a greater increase compared to intracellular ROS (Supplementary Table S1), consistent with mitochondria representing the primary source of ROS generation in DIC (Songbo et al., 2019). DNA damage, one of the most significant effects induced by chemical agents, triggers different stress responses in various cell models, either repairing the damage or leading to cell death (Naselli et al., 2024). In our study, DOX induces DNA damage in hiPSC-CMs and hESC-CMs, which subsequently results in their apoptosis. In addition, DIC mediated by topoisomerase-IIβ causes transcriptional modulation of nuclear and mitochondrial genes and DNA-damage-induced apoptosis (Zhang et al., 2012). The ROS level was increased in H9c2 cells after treatment with DOX which promotes the NLRP3 inflammasome activation and secretion of IL-1β (Wei et al., 2020). The role of NLRP3 inflammasome in our cell model needs to be further evaluated.
Autophagy has dual functions, enhancing cellular survival by degrading damaged or obsoleted proteins and organelles under physiological conditions or inducing cell death under pathological conditions (Marshall and Vierstra, 2018). There are many steps involved in autophagy, as it comprises multiple steps such as membrane nucleation, elongation, and completion of the autophagosome, autophagosome fusion with the lysosome to form autolysosome, and autolysosomal degradation (Mizushima, 2007). LC3, an autophagy marker, plays a crucial role in autophagosome biogenesis and maturation (Mizushima, 2020). LC3 II is formed by LC3 I conjugated to phosphatidylethanolamine, which amount is related to the number of autophagosomes (Mizushima and Yoshimori, 2007). Advanced imaging and marker-based techniques have proven to be invaluable tools for precisely characterizing and deeply understanding the dual roles of autophagy in cellular stress and cardiotoxicity (Naselli et al., 2024; Klionsky et al., 2021). In our research, Western blot analysis demonstrated that DOX significantly upregulated the LC3 II/LC3 I ratio both hiPSC-CMs and hESC-CMs, with the maximal increase consistently observed at 0.5 μM (Supplementary Table S1). Furthermore, utilizing advanced imaging and marker-based techniques, TEM visualization revealed a significant increase in autophagosome formation in DOX-treated groups, and the results of autophagy flux assays using Ad-mCherry-GFP-LC3B indicated a time-dependent accumulation of autophagosomes. Thereby DOX can be considered to stimulate autophagy in hiPSC-CMs and hESC-CMs via increasing the number of autophagosomes. Although DOX enhanced autophagy in both hiPSC-CMs and hESC-CMs, static snapshots may bias quantification; higher-throughput and dynamic analyses are further required to accurately assess potential differences. Recently, some studies suggested that DOX treatment increased the accumulation of autophagosomes in response to the autophagic degradation process inhibition, such as impairing lysosomal function as well as autophagosome/autolysosome fusion, but has little effect on autophagosome formation in vivo (mice) and in vitro (NRCM) (Li et al., 2016; Abdullah et al., 2019). We did not directly assess lysosomal activity or the fusion of autophagosomes with autolysosomes using LysoTracker or chloroquine-based assays; thus, the possibility that DOX may impair autophagic degradation remains insufficiently investigated and warrants further research. Autophagy functions as a double-edged sword: on one hand, it protects cells by degrading and recycling damaged organelles and proteins; on the other hand, excessive autophagy can induce cell death. In our work, DOX-induced hyperactive autophagy exacerbated cellular damage, ultimately leading to cell death in hiPSC-CMs and hESC-CMs. Furthermore, we found that inhibition of autophagy formation induced by DOX using 3-MA, an autophagy inhibitor downregulating PI3 kinase complex, decreased expression of LC3 II/LC3 I and improved cell viability of hiPSC-CMs and hESC-CMs. Nevertheless, 3-MA only partially alleviated the injury, and cell viability remained below baseline levels. This indicates that autophagy may represent one aspect of the injury mechanism in DIC. The biological meaning of this effect and the precise contribution of autophagy to overall cell death remain to be fully elucidated. Our findings underscore the intricate and pivotal role of autophagy in DIC and highlight the therapeutic potential of modulating autophagy. However, we did not dissect the downstream of autophagy flux mediated by DOX. Moreover, previous studies have demonstrated that dox-induced activation of autophagy is likely pathological and contributes to cellular dysfunction and apoptosis (Dirks-Naylor, 2013). In our study, DOX at 0.5 μM induces peak autophagy and concurrently increases cell death in hiPSC-CMs and hESC-CMs, but apoptosis was not assessed (Supplementary Table S1). At 1 μM, DOX-induced autophagy remains elevated compared to controls but declines, while apoptosis markedly increases, with distinct fold changes in hiPSC-CMs versus hESC-CMs (Supplementary Table S1). A study reported that a high concentration of DOX (1 μM) was associated with DNA damage, PARP-1 dissociation, and severe apoptosis in mouse stem cell-derived cardiomyocytes (Cunha-Oliveira et al., 2018). Whether the apoptotic surge is caused by concurrent autophagic activation or occurs independently remains unclear. Future studies should combine apoptosis detection methods and inhibitors like caspase inhibitors to analyze the temporal dynamics of autophagic flux and apoptosis in DIC, clarify their interaction, and identify key mechanisms.
What mechanisms are involved in the stimulation of cardiac autophagy by DOX? The mTOR protein, an atypical serine/threonine kinase, exerts as a critical signaling ‘station’ in regulating cell homeostasis and stress responses, which stimulates protein synthesis and suppresses the induction of autophagy (Liang, 2010; Liu et al., 2024; Guseva et al., 2024). mTOR interacts with the ULK1-Atg13-FIP200 complex, which is essential for the onset of autophagosome formation in mammals, and phosphorylates ULK1 and Atg13 to inhibit autophagy (Ganley et al., 2009). It has been demonstrated that mTOR signaling is essential for heart physiological processes regulation such as growth, aging, and lifespan, as well as for playing a pivotal role in pathological conditions such as atherosclerosis and ischemia–reperfusion injury (Park et al., 2016; Yuan et al., 2014; Li et al., 2019; Gurusamy et al., 2010; Liu et al., 2021). Several studies have explored the impact of DOX on the mTOR signaling pathway (Yarmohammadi et al., 2023). However, the role and mechanisms of mTOR in DIC remain inconsistent and inconclusive (Shackebaei et al., 2024). Some studies have reported a reduction in mTOR protein activation within cardiac tissue, while others have observed an increase in activation (Yarmohammadi et al., 2023). Our findings indicate that following DOX treatment, p-mTOR levels decreased significantly, suggesting that DOX may induce autophagy by inhibiting mTOR signaling. RAPA, an mTOR inhibitor, further reduced cell viability, particularly at 0.25 µM DOX in hESC-CMs. hESC-CMs and hiPSC-CMs exhibit distinct responses to RAPA-induced injury. This difference may be attributed to DOX-mediated suppression of p-mTOR to a low baseline level in hiPSC-CMs, thereby limiting the potential for additional inhibitory effects by RAPA. Alternatively, the underlying injury mechanisms may differ between the 2 cell types. These findings highlight the need for further investigation to clarify the biological significance of these observations. This suppression of mTOR signaling may occur via several classical upstream regulatory pathways, including the activation of AMPK and the inhibition of the PI3K/AKT pathway (Shackebaei et al., 2025). DOX has been demonstrated to activate AMPK in both H9C2 cardiomyocytes and mouse hearts (Chen et al., 2011; Pointon et al., 2010). Furthermore, downregulation or disruption of the PI3K/AKT/mTOR signaling pathway is increasingly recognized as a critical mechanism in DIC (Yu et al., 2020; Zhang et al., 2020). Recently, a study utilizing GEO transcriptomic data and animal model validation has identified a 23-gene autophagy signature—including Akt1, Hif1a, and Mapk3—that highlights potential mechanistic and therapeutic targets (Wu et al., 2024). However, current understanding of the mTOR axis predominantly using cell lines or acute high-dose animal models, resulting in a significant gap in clinically relevant contexts. In this study, we demonstrate the essential role of mTOR in DIC using hiPSC-CMs and hESC-CMs. In future studies, we will use this model with multi-omics profiling—including transcriptomics, proteomics, and metabolomics—to develop precision mTOR-targeted therapies for DIC.
Li et al. reported that DOX blocked cardiomyocyte autophagic flux by altering lysosomal function in mice, independent of mTOR activation (Li et al., 2016). We hypothesize that DOX-induced activation of autophagosome synthesis promotes autophagy damage in CMs. It is plausible that the conclusions may come from differences in the cell models, the dose and time of DOX treatment, and so on. Recent studies have identified novel regulated cell death pathways and elucidated their involvement in the pathogenesis of DIC, including ferroptosis and pyroptosis. Ferroptosis is an iron-dependent form of cell death characterized by uncontrolled lipid peroxidation, which ultimately leads to membrane rupture (Ru et al., 2024). Lipid peroxides represent one of the major sources of ROS involved in DIC, and the role of iron in this process has been well established (Christidi and Brunham, 2021). Our study revealed a significant elevation in ROS levels in hiPSC-CMs and hESC-CMs exposed to DIC; however, the precise origin of this oxidative stress and its mechanistic link to ferroptosis remain to be fully elucidated. Pyroptosis is a novel form of programmed cell death that is mediated by caspase-1 activation and involves the release of substantial pro-inflammatory mediators (Bai et al., 2025). Evidence increasingly shows that DOX induces excessive autophagy through GSDMD or miR-34a-5p upregulation, promoting pyroptosis in mouse cardiomyocytes and contributing to cardiac toxicity (Qu et al., 2022; Zhong et al., 2023). In future studies, we aim to investigate the mechanistic crosstalk between DOX-induced autophagy and pyroptosis in hiPSC-CMs and hESC-CMs.
In conclusion, our work demonstrated DOX-induced cardiotoxicity via ROS production, DNA damage, apoptosis, and autophagy in hiPSC-CMs and hESC-CMs. Moreover, the present work suggested that DOX enhanced autophagy via inhibiting mTOR signaling in hiPSC-CMs and hESC-CMs. Overall, these data provide a better understanding of DIC and indicate that the mTOR signaling pathway and its modulation of autophagy represent a valuable therapeutic target of DIC.
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