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Abstract 18 

Background 19 

Sepsis-induced acute lung injury (ALI) is characterized by pulmonary immune 20 

dysregulation, while the limited availability and functional stability of conventional 21 

dendritic cells (DCs) constrain their therapeutic application. We investigated whether 22 

β-catenin engineering at the mouse embryonic stem cell (mESC) stage could enhance 23 

blood vessel organoid (BVO)-based DC generation and improve DC-mediated immune 24 

regulation in sepsis-induced ALI. 25 

Methods 26 

β-Catenin-overexpressing (β-catOE) mESCs were sequentially differentiated through a 27 
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three-dimensional BVO–hematopoietic progenitor–DC pipeline. Hematopoietic 28 

differentiation, DC phenotype and function, ovalbumin (OVA)-containing OT-II/OT-I 29 

T-cell responses, and transcriptomic profiles were evaluated. Therapeutic effects were 30 

assessed following intranasal administration of β-catOE BVO-derived DCs (BVO-DCs) 31 

in a cecal ligation and puncture (CLP)-induced sepsis model by pulmonary 32 

bioluminescence imaging, lung injury and inflammation assessment, pulmonary T-cell 33 

analysis, and 96-h survival monitoring. Statistical comparisons were performed using 34 

t-tests or analysis of variance as appropriate, with survival analyzed by the log-rank test. 35 

Results 36 

β-Catenin overexpression increased hematopoietic progenitor frequency to 11.96 ± 1.55% 37 

and total cell yield to (12.52 ± 1.43) × 10⁷ cells. Following lipopolysaccharide 38 

stimulation, β-catOE BVO-DCs showed 47.73 ± 7.77% major histocompatibility 39 

complex class II (MHC-II) positivity and induced CD40 ligand (CD40L) expression in 40 

OT-II CD4⁺ T cells (35.37 ± 3.45%), OT-I CD8⁺ T-cell proliferation (77.01 ± 7.46%), 41 

and CD25 expression (51.84 ± 4.61%) in full-length OVA-containing co-cultures. 42 

Blockade experiments supported the involvement of the MHC-II/CD4⁺ T-cell/CD40L 43 

axis. Transcriptomic analysis showed enhanced Wnt signaling, DC differentiation, and 44 

MHC-mediated antigen-presentation programs. In CLP-induced sepsis, β-catOE BVO-45 

DC treatment increased pulmonary bioluminescence at 24 and 48 h, attenuated lung 46 

injury and inflammatory responses, and improved 96-h survival to 53.3% compared 47 

with 13.3% in untreated CLP mice. Treatment also increased pulmonary CD8⁺ T-cell 48 

abundance and reduced the bronchoalveolar lavage fluid (BALF) CD4⁺/CD8⁺ ratio to 49 

2.12 ± 0.40 versus 4.01 ± 0.69 in untreated CLP mice. 50 

Conclusions 51 

β-Catenin engineering at the mESC stage enhances hematopoietic output from BVOs 52 

and generates functionally enhanced BVO-derived DCs that improve pulmonary 53 

immune balance and outcomes in experimental sepsis-induced ALI. These findings 54 

support further development of organoid-based DC strategies for sepsis-associated 55 

immunosuppression. 56 

Keywords: Vascular-hematopoietic organoids, Wnt/β-catenin signaling, 57 

Hematopoietic differentiation, genetically engineered dendritic cells, T-cell activation, 58 
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Sepsis-induced acute lung injury. 59 

Background 60 

Sepsis remains a leading cause of mortality in intensive care units globally, with 61 

the lung serving as the earliest and most vulnerable target organ, frequently manifesting 62 

as acute lung injury (ALI) [1, 2]. Sepsis-induced ALI is driven by a complex interplay 63 

between excessive inflammation and profound immune dysfunction [3]. Conventional 64 

therapies have historically targeted the early hyperinflammatory cytokine storm, 65 

whereas emerging evidence indicates that the progression of sepsis-induced ALI is 66 

largely driven by localized immune paralysis [4]. Crucially, multicenter clinical data 67 

indicate that severe pulmonary infection is accompanied by selective CD8⁺ T-cell 68 

depletion and CD4⁺/CD8⁺ T-cell imbalance, with an elevated CD4⁺/CD8⁺ ratio 69 

associated with increased 28-day mortality [5, 6]. This disruption of adaptive immune 70 

homeostasis compromises pulmonary immune defense, increasing susceptibility to 71 

secondary infections and impaired tissue repair [7]. Consequently, strategies aimed at 72 

restoring pulmonary adaptive immune competence and reversing T-cell dysfunction 73 

represent a promising therapeutic avenue for sepsis-induced ALI. 74 

As antigen-presenting cells, dendritic cells (DCs) possess the unique capacity to 75 

prime CD4⁺ T-helper cells, which subsequently facilitate the activation and robust 76 

proliferation of cytotoxic CD8⁺ T-cells to counteract localized immune paralysis [8]. 77 

By restoring this immunological balance, DC cellular therapy represents a promising 78 

avenue for reactivating exhausted T-cells [9]. However, conventional bone marrow-79 

derived DCs (BM-DCs) or peripheral blood monocyte-derived DCs face formidable 80 

bottlenecks during in vitro preparation, often suffering from cellular functional 81 

exhaustion and substantial batch-to-batch heterogeneity after prolonged culture [8]. 82 

Furthermore, these conventional platforms are restricted by technical manufacturing 83 

hurdles such as low antigen-loading efficiency, and without specialized 84 

microenvironmental support, they frequently undergo functional inactivation upon 85 

exposure to complex, suppressive in vivo microenvironments [10]. 86 

To address these constraints, embryonic stem cell (ESC)-derived organoids have 87 

emerged as powerful three-dimensional (3D) platforms for investigating lineage 88 

specification and tissue morphogenesis. On one hand, ESCs provide unique advantages, 89 
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including an essentially unlimited cellular source through long-term expansion and the 90 

flexibility for clustered regularly interspaced short palindromic repeats/CRISPR-91 

associated protein (CRISPR/Cas)-mediated site-specific genome engineering [11]. 92 

These genetic engineering capabilities enable a single starting cell population to 93 

differentiate into multiple specialized lineages under defined regulatory programs, 94 

thereby reducing donor heterogeneity and facilitating the development of efficient, 95 

scalable, and reproducible organoid production platforms [12]. On the other hand, 96 

unlike conventional two-dimensional (2D) monolayer cultures that are often limited by 97 

inadequate microenvironmental cues, 3D organoid systems better recapitulate tissue 98 

complexity by reconstructing multiscale structural organization and promoting intricate 99 

cell–cell interactions [13]. 100 

The canonical Wnt/β-catenin signaling pathway serves as a foundational driver 101 

that orchestrates early embryonic hematopoiesis and downstream lineage specification 102 

[14, 15]. Beyond its established roles in development and tissue homeostasis, the 103 

Wnt/β-catenin pathway has emerged as an important regulator of immune responses 104 

during severe infection [16]. Dysregulated Wnt/β-catenin signaling has been closely 105 

associated with sepsis progression, influencing inflammatory responses and cytokine 106 

production during systemic infection [17]. Recent studies have further shown that 107 

Wnt/β-catenin signaling shapes DC-mediated adaptive immunity by modulating CD4⁺ 108 

T-cell polarization and CD8⁺ T-cell activation [18–20], suggesting that modulation of 109 

this pathway may provide a strategy to enhance DC-mediated immune regulation 110 

during sepsis-associated immunosuppression. 111 

Despite the recognized role of Wnt/β-catenin signaling in hematopoietic and 112 

immune regulation, it remains unclear whether β-catenin overexpression at the mouse 113 

embryonic stem cell (mESC) stage can influence hematopoietic development during 114 

blood vessel organoid (BVO) induction and thereby developmentally program BVO-115 

derived DCs to acquire enhanced immunological functions. Moreover, whether these 116 

developmentally programmed DCs can ameliorate sepsis-induced ALI by restoring 117 

pulmonary adaptive immune homeostasis remains unknown.  118 

Here, we developed a strategy to generate functionally enhanced DCs from β-119 

catenin-overexpressing mESCs through BVO-based hematopoietic induction and 120 

subsequent DC differentiation. We hypothesized that β-catenin-mediated 121 
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developmental programming would enhance the antigen-presenting capacity of BVO-122 

derived DCs, strengthen CD4⁺ T-cell-dependent CD8⁺ T-cell activation, and counteract 123 

the exhaustion-associated pulmonary immune dysfunction induced by sepsis, thereby 124 

restoring local T-cell homeostasis and improving outcomes in cecal ligation and 125 

puncture (CLP)-induced ALI. This study establishes a scalable developmental 126 

engineering platform for immune cell therapy and provides a potential strategy for 127 

sepsis immunomodulation. 128 

Methods 129 

Cell Line Cultivation and Lentiviral Genetic Engineering 130 

The 46C mouse embryonic stem cell (mESC) line, maintained as an in-house 131 

laboratory stock (Additional file 1: Table S1), was cultured on 0.1% gelatin-coated 132 

plates in complete mESC medium comprising high-glucose Dulbecco’s modified Eagle 133 

medium (DMEM), 10% defined fetal bovine serum (FBS), 1000 U/mL mouse leukemia 134 

inhibitory factor (LIF), the 2i inhibitors CHIR-99021 (3 μM) and PD0325901 (1 μM), 135 

0.1 mM β-mercaptoethanol, 2 mM GlutaMAX, 0.1 mM MEM non-essential amino 136 

acids (NEAA), 50 U/mL penicillin, and 50 μg/mL streptomycin (Additional file 1: 137 

Table S2). 138 

To generate stable β-catenin-overexpressing mESCs, cells were transduced with a 139 

pLV4ltr-PGK-ZsGreen(2A)-Puro-CMV lentiviral vector encoding full-length mouse 140 

Ctnnb1. A corresponding empty vector lacking Ctnnb1 but retaining the ZsGreen 141 

reporter and puromycin-resistance cassette was used to generate the empty-vector (EV) 142 

control mESCs (Additional file 1: Table S1). mESCs were transduced at a multiplicity 143 

of infection (MOI) of 20 in the presence of 8 μg/mL polybrene and selected with 2 144 

μg/mL puromycin for 7 days. ZsGreen fluorescence was used to monitor transduction, 145 

and the resulting antibiotic-selected stable cell populations were designated EV mESCs 146 

and β-catOE mESCs. β-catenin overexpression was verified by reverse-transcription 147 

quantitative PCR (RT-qPCR) and Western blotting. The expression of the pluripotency-148 

associated genes Nanog, Pou5f1 (Oct4), and Sox2 was evaluated by RT-qPCR, and the 149 

corresponding proteins were assessed by immunofluorescence staining (Additional file 150 

1: Tables S1, S3, and S4). For cell-tracking experiments, EV and β-catOE mESCs were 151 

additionally transduced with the pLV-LucGFP-Luciferase-Neoᴿ lentiviral vector and 152 



6 

 

selected with Geneticin/G418 at 350 μg/mL for 2 days, followed by 150 μg/mL for an 153 

additional 3–5 days, generating Luc-EV and Luc-β-catOE mESCs, respectively 154 

(Additional file 1: Tables S1 and S2). 155 

Characterization of the Hematopoietic Differentiation Potential of 3D BVOs 156 

Mouse BVOs were generated using a previously established sequential cytokine-157 

guided induction protocol [21]. Each induction batch was initiated with 5 × 10⁵ single 158 

mESCs. Cells were aggregated into embryoid bodies (EBs) in N2B27 medium prepared 159 

from Neurobasal and DMEM/F12 media supplemented with N2 and B27 (Additional 160 

file 1: Table S2). The medium was further supplemented with 3 μM CHIR-99021 and 161 

10 ng/mL bone morphogenetic protein 4 (BMP4). Cells were seeded into U-bottom 162 

ultra-low-attachment 96-well plates at 3,000 cells in 100 μL per well and incubated for 163 

48 h. On Day 2, the EBs were transferred to hematoendothelial specification medium 164 

containing BMP4 (10 ng/mL), vascular endothelial growth factor (VEGF) (50 ng/mL), 165 

basic fibroblast growth factor (bFGF) (10 ng/mL), and stem cell factor (SCF) (50 166 

ng/mL). 167 

On Day 5, uniformly sized EBs were embedded in a 3D matrix comprising 168 

PureCol® bovine type I atelocollagen solution (3 mg/mL) and growth-factor-reduced, 169 

phenol red-free, LDEV-free Corning® Matrigel® at a 3:1 (v/v) ratio and cultured in 12-170 

well plates at 10 EBs per well (Additional file 1: Table S2). Hematopoietic specification 171 

was performed using a two-stage induction strategy. During Phase I (Days 5–8), 172 

vascular sprouting was promoted using vascular–hematopoietic expansion medium 173 

supplemented with VEGF (100 ng/mL), bFGF (20 ng/mL), SCF (100 ng/mL), and Fms-174 

like tyrosine kinase 3 ligand (Flt3L) (10 ng/mL). During Phase II (Days 8–11), half of 175 

the culture medium was replaced, and the cytokine concentrations were adjusted to final 176 

concentrations of VEGF (100 ng/mL), bFGF (20 ng/mL), SCF (100 ng/mL), Flt3L (10 177 

ng/mL), IL-6 (10 ng/mL), IL-3 (10 ng/mL), and thrombopoietin (TPO) (10 ng/mL) to 178 

support vascular maturation and hematopoietic emergence. 179 

BVO morphology was monitored by phase-contrast microscopy on Days 0, 2, 5, 180 

8, and 11 using a Leica DMi8 inverted microscope (Additional file 1: Table S5), 181 

documenting EB formation, endothelial sprouting, vascular-like organization, and 182 

hematopoietic-like cell emergence. For whole-mount imaging, Day 8 BVOs were fixed 183 

in 4% paraformaldehyde, permeabilized, and blocked before incubation with antibodies 184 
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against CD31 and PDGFR-β or collagen IV and PDGFR-β. After staining with the 185 

appropriate fluorescent secondary antibodies and DAPI (Additional file 1: Tables S1 186 

and S3), whole-mount BVOs were optically cleared with Corning 3D Clear tissue 187 

clearing reagent according to the manufacturer’s instructions and subsequently imaged 188 

using an ImageXpress Micro Confocal High-Content Imaging System (Molecular 189 

Devices) under identical acquisition settings. 190 

Separate BVO batches were harvested on Days 8 and 11 for multiparameter flow 191 

cytometric analysis of vascular and hematopoietic populations using antibodies against 192 

Flk-1, VE-cadherin, CD31, PDGFR-β, lineage markers (Lin), CD117, CD43, and CD45 193 

(Additional file 1: Table S3). Cell viability was assessed using 7-aminoactinomycin D 194 

(7-AAD), with viable cells defined as the 7-AAD⁻ population. Debris was excluded 195 

based on forward- and side-scatter characteristics, and doublets were excluded using 196 

singlet-gating parameters. For quantitative group analyses, subpopulation frequencies 197 

were expressed relative to the total 7-AAD⁻ live-cell population, whereas frequencies 198 

in representative sequential gating plots were expressed relative to the indicated parent 199 

gates. Flow cytometric data were acquired using a Navios EX flow cytometer 200 

(Additional file 1: Table S5). 201 

Sequential DC Differentiation and Immunomagnetic Enrichment 202 

On Day 11, EV and β-catOE BVOs were dissociated into single-cell suspensions 203 

by sequential digestion with collagenase type I (1 mg/mL, 37 °C, 20 min) and Accutase 204 

(37 °C, 10 min). The cells were passed through a 70-μm cell strainer, and viable cell 205 

numbers were determined by trypan blue exclusion. Following Fc receptor blockade 206 

with anti-mouse CD16/CD32, CD45⁺ hematopoietic cells were enriched by positive 207 

immunomagnetic selection using anti-mouse CD45 MicroBeads and operationally 208 

designated the committed hematopoietic progenitor cell (CHPC)-enriched fraction 209 

(Additional file 1: Tables S1 and S3). 210 

The CHPC-enriched cells were cultured from Days 11–14 (DC differentiation 211 

Days 1–4) in early-stage DC differentiation medium comprising RPMI 1640, 10% FBS, 212 

50 U/mL penicillin, 50 μg/mL streptomycin, mouse Flt3L (50 ng/mL), SCF (50 ng/mL), 213 

TPO (10 ng/mL), and granulocyte-macrophage colony-stimulating factor (GM-CSF) 214 

(40 ng/mL). On Day 14, non-adherent and loosely adherent cells were collected and 215 

enriched by positive immunomagnetic selection using anti-mouse CD11c MicroBeads. 216 
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The enriched cells were cultured for an additional 4 days (Days 14–18; DC 217 

differentiation Days 4–8) in late-stage DC differentiation medium comprising RPMI 218 

1640, 10% FBS, 50 U/mL penicillin, 50 μg/mL streptomycin, 50 μM 2-219 

mercaptoethanol, GM-CSF (40 ng/mL), and IL-4 (40 ng/mL) (Additional file 1: Tables 220 

S1 and S2). The resulting cells were designated EV BVO-DCs and β-catOE BVO-DCs. 221 

RT-qPCR and Western Blotting 222 

Total RNA was extracted from EV and β-catOE mESCs using TRIzol LS reagent 223 

(Additional file 1: Table S1). cDNA was synthesized using the PrimeScript RT Reagent 224 

Kit with gDNA Eraser, and quantitative PCR was performed using TB Green Premix 225 

Ex Taq II on a QuantStudio real-time PCR system (Thermo Fisher Scientific). Primer 226 

sequences are provided in Additional file 1: Table S4. Actb was used as the internal 227 

reference gene, and relative gene expression was calculated using the 2⁻ΔΔCt method, 228 

with the EV group normalized to 1. EV and β-catOE mESCs, BVO-derived CHPC-229 

enriched cells, and Day 8 BVO-DCs were lysed in precooled radioimmunoprecipitation 230 

assay (RIPA) buffer supplemented with protease inhibitors (Additional file 1: Table S1). 231 

Protein concentrations were determined using a bicinchoninic acid (BCA) assay. Equal 232 

amounts of protein (20 μg per lane) were separated on 10% SDS–PAGE gels and 233 

transferred onto 0.45-μm polyvinylidene fluoride membranes. After blocking with 5% 234 

skim milk for 4 h at room temperature, the membranes were incubated overnight at 4 °C 235 

with antibodies against β-catenin and β-actin, followed by the corresponding HRP-236 

conjugated secondary antibodies for 2 h at room temperature (Additional file 1: Table 237 

S3). Protein bands were visualized using a Tanon 5200Multi gel imaging system and 238 

quantified using Fiji/ImageJ. β-Catenin abundance was normalized to β-actin, with the 239 

corresponding EV group set to 1. Uncropped images of all Western blots are provided 240 

in Additional file 2. 241 

Generation of Primary BM-DCs and Isolation of OT-I/OT-II T Cells 242 

Bone marrow cells were flushed from the femurs and tibias of wild-type C57BL/6J 243 

mice, passed through a 70-μm cell strainer, washed, and cultured for 8 days in RPMI 244 

1640 supplemented with 10% FBS, 50 U/mL penicillin, 50 μg/mL streptomycin, 50 μM 245 

2-mercaptoethanol, recombinant mouse GM-CSF (40 ng/mL), and recombinant mouse 246 

IL-4 (40 ng/mL). Half of the medium was replaced every 2–3 days with fresh cytokine-247 

containing medium. On Day 8, non-adherent and loosely adherent cells were collected, 248 
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and the proportion of CD11b⁺CD11c⁺ cells within the 7-AAD⁻ live-cell population was 249 

assessed by flow cytometry. The resulting BM-DCs were used as an H-2ᵇ-compatible 250 

positive control in the OT-I/OT-II co-culture assays. 251 

OT-I and OT-II mice on a C57BL/6J background were obtained from Nanjing 252 

Zhishu Yantu Biotechnology Co., Ltd. (Additional file 1: Table S1). Splenic OT-I CD8⁺ 253 

T cells and OT-II CD4⁺ T cells were separately enriched by positive immunomagnetic 254 

selection using CD8α (Ly-2) and CD4 (L3T4) MicroBeads, respectively (Additional 255 

file 1: Table S1). Post-isolation purity was assessed by flow cytometry based on the 256 

frequencies of CD8⁺ and CD4⁺ cells within the 7-AAD⁻ live-cell population, 257 

respectively (Additional file 1: Figure S7). The OT-I T-cell receptor recognizes the 258 

OVA₂₅₇–₂₆₄ epitope (SIINFEKL) presented by H-2Kᵇ, whereas the OT-II T-cell receptor 259 

recognizes the OVA₃₂₃–₃₃₉ epitope presented by I-Aᵇ. 260 

LPS-Induced DC Phenotypic Assessment and OVA-Containing T-Cell Activation 261 

Assays 262 

For morphological and MHC-II phenotypic comparisons, EV BVO-DCs, primary 263 

BM-DCs, and β-catOE BVO-DCs were cultured in the presence or absence of 264 

lipopolysaccharide derived from Escherichia coli O55:B5 (LPS; 100 ng/mL) for 48 h 265 

(Additional file 1: Table S1). After 48 h, cellular morphology under both −LPS and 266 

+LPS conditions, including adherence, spreading, clustering, and dendritic-like 267 

projections, was examined using a Leica DMi8 inverted microscope under identical 268 

image-acquisition settings (Additional file 1: Table S5). Representative phase-contrast 269 

images were acquired for qualitative comparison among the three DC populations. In 270 

parallel, cells were collected and stained with 7-AAD and antibodies against CD11b, 271 

CD11c, and MHC-II. The frequency of MHC-II⁺ cells was quantified within the 7-272 

AAD⁻CD11b⁺CD11c⁺ DC population using the upstream gating strategy shown in 273 

Additional file 1: Figure S6. 274 

For the subsequent T-cell activation assays, LPS-stimulated DCs from all three 275 

groups were washed before co-culture. To assess OT-II CD4⁺ T-cell activation in full-276 

length OVA-containing co-cultures and its sensitivity to MHC-II blockade, the washed 277 

LPS-stimulated DCs were co-cultured with OT-II CD4⁺ T cells at a DC-to-T-cell ratio 278 

of 1:10 in the presence of full-length low-endotoxin OVA (2 μg/mL) for 24 h. OT-II 279 

CD4⁺ T cells cultured under otherwise identical conditions with OVA but without DCs 280 
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served as the baseline control. In parallel, the β-catOE BVO-DC/OT-II CD4⁺ T-cell co-281 

culture was treated with a blocking anti-mouse MHC-II antibody (clone M5/114; 2 282 

μg/mL; Additional file 1: Table S3). Surface CD40L expression was quantified within 283 

the 7-AAD⁻CD3⁺CD4⁺ T-cell population by flow cytometry. 284 

To assess CD4⁺ T-cell help-dependent OT-I CD8⁺ T-cell responses, OT-II CD4⁺ T 285 

cells and OT-I CD8⁺ T cells were co-cultured with LPS-stimulated DCs at a 286 

DC:CD4⁺:CD8⁺ cell ratio of 1:10:10 in the presence of full-length OVA (2 μg/mL) for 287 

72 h. Experimental groups included OT-II CD4⁺ and OT-I CD8⁺ T cells cultured with 288 

OVA but without DCs; both T-cell subsets co-cultured with EV BVO-DCs, BM-DCs, 289 

or β-catOE BVO-DCs; β-catOE BVO-DCs co-cultured with OT-I CD8⁺ T cells in the 290 

absence of OT-II CD4⁺ T cells; and the complete β-catOE BVO-DC/OT-II CD4⁺/OT-I 291 

CD8⁺ T-cell tri-culture treated with a blocking anti-CD40L antibody (clone MR-1; 5 292 

μg/mL; Additional file 1: Table S3). For proliferation analysis, OT-I CD8⁺ T cells were 293 

labeled with CellTrace Violet before co-culture. Following the 72 h culture period, cells 294 

were stained with 7-AAD, CD4–Alexa Fluor 647, and CD8–PE. OT-I CD8⁺ cells were 295 

identified as the 7-AAD⁻CD4⁻CD8⁺ population, and proliferation was quantified by 296 

CellTrace Violet dilution within this population using the upstream gating strategy 297 

shown in Additional file 1: Figure S9A. For activation-marker analysis, corresponding 298 

parallel tri-cultures were established using OT-I CD8⁺ T cells not labeled with CellTrace 299 

Violet. CD25 and PD-1 were assessed in separate staining tubes using 7-AAD, CD4–300 

Pacific Blue, and CD8–PE together with either CD25–APC or PD-1–APC. The 301 

frequencies of CD25⁺ and PD-1⁺ cells were quantified within the 7-AAD⁻CD4⁻CD8⁺ 302 

population using the upstream gating strategy shown in Additional file 1: Figure S9B. 303 

Transcriptomic Profile Construction and Bioinformatic Analysis 304 

Total RNA was extracted from primary BM-DCs, EV BVO-DCs, and β-catOE 305 

BVO-DCs using the RNAsimple Total RNA Kit according to the manufacturer’s 306 

instructions (Additional file 1: Table S1). Four independent biological replicates were 307 

prepared for each group, yielding 12 samples in total. RNA quality assessment, strand-308 

specific mRNA library preparation using the Illumina Stranded mRNA Prep, Ligation 309 

kit, and sequencing on an Illumina NovaSeq platform were performed by Shanghai 310 

Majorbio Bio-pharm Technology Co., Ltd. (Shanghai, China). Bioinformatic analyses 311 

were subsequently performed by the authors. 312 
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After quality filtering, clean reads were aligned to the mouse GRCm38/mm10 313 

reference genome using Rsubread (version 2.26.0), and gene-level count matrices were 314 

generated using the featureCounts function implemented in Rsubread. Differential 315 

expression analysis was performed using DESeq2 (version 1.52.0) [22]. Genes with 316 

counts greater than 1 in at least four samples were retained. Differentially expressed 317 

genes were defined by a Benjamini–Hochberg-adjusted P value < 0.05 and |log₂ fold 318 

change| ≥  1. Variance-stabilized expression values were used for principal 319 

component analysis and unsupervised hierarchical clustering of the 1,000 most highly 320 

variable genes. Row-wise Z-score heatmaps were generated using pheatmap (version 321 

1.0.13). Gene Set Enrichment Analysis (GSEA) was performed using clusterProfiler 322 

(version 4.20.0), with genes ranked by the DESeq2 Wald statistic and gene sets obtained 323 

from Mouse MSigDB (version 2026.1.Mm). Gene Ontology Biological Process over-324 

representation analysis was performed separately using the upregulated differentially 325 

expressed genes. Pairwise comparisons included EV BVO-DCs versus BM-DCs and β-326 

catOE BVO-DCs versus EV BVO-DCs. All analyses were performed in R (version 327 

4.6.0), with the software, databases, and reference genome listed in Additional file 1: 328 

Table S5. 329 

CLP Model, Pulmonary BVO-DC Administration, and In Vivo Bioluminescence 330 

Imaging 331 

All animal procedures were approved by the Institutional Animal Care and Use 332 

Committee of the Institute of Health and Medicine, Hefei Comprehensive National 333 

Science Center (approval no. IHM-AP-2025-093) and were performed in accordance 334 

with relevant institutional guidelines. Specific-pathogen-free male BALB/c mice (6–8 335 

weeks old, 20–22 g) were obtained from Shanghai Model Organisms Center, Inc. 336 

(Additional file 1: Table S1) and randomly assigned to the Sham, CLP, CLP + EV BVO-337 

DC, or CLP + β-catOE BVO-DC group. Separate cohorts were used for bioluminescence 338 

imaging, 48-h endpoint analyses, and 96-h survival analysis. 339 

Polymicrobial sepsis was induced by cecal ligation and puncture (CLP) as 340 

previously described with modifications [23]. Mice were anesthetized by 341 

intraperitoneal administration of fluanisone (3.33 mg/kg) and diazepam (5 mg/kg; 342 

Additional file 1: Table S1). Anesthetic depth was confirmed by the absence of the pedal 343 

withdrawal reflex before skin incision and was assessed throughout surgery. A 1-cm 344 
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midline laparotomy was performed, and the cecum was exteriorized and ligated at the 345 

midpoint between the distal tip and the ileocecal valve using a 4-0 silk suture. The 346 

cecum was punctured twice with a 21-gauge needle, and a small amount of fecal 347 

material was extruded. The cecum was then returned to the abdominal cavity, and the 348 

incision was closed. Sham-operated mice underwent the same laparotomy and cecal 349 

manipulation without ligation or puncture. Following surgery, all mice received 1 mL 350 

of prewarmed sterile saline subcutaneously for fluid resuscitation and a single 351 

subcutaneous dose of buprenorphine hydrochloride (1 mg/kg) for postoperative 352 

analgesia (Additional file 1: Table S1). One hour after resuscitation, while still 353 

anesthetized, mice assigned to the treatment groups received EV BVO-DCs or β-catOE 354 

BVO-DCs intranasally at a dose of 1 × 10⁷ cells in 50 μL of phosphate-buffered saline 355 

(PBS), with 25 μL administered into each nostril. Sham and CLP control mice received 356 

an equivalent volume of PBS. Clinical status was monitored hourly until the applicable 357 

humane or prespecified experimental endpoint. Humane endpoints were assessed using 358 

a previously described cageside scoring system in which "activity and response to 359 

stimulus" and "eye appearance" were each scored from 0 to 3; a combined score of ≥5 360 

was defined as the humane endpoint [24]. Animals reaching the humane endpoint were 361 

euthanized immediately, whereas the remaining animals were euthanized at their 362 

prespecified experimental endpoints. Euthanasia was performed by intraperitoneal 363 

administration of an overdose of phenobarbital sodium (200 mg/kg; Additional file 1: 364 

Table S1), and death was confirmed by the absence of spontaneous respiration and 365 

heartbeat. For the survival cohorts, animals euthanized upon reaching the humane 366 

endpoint were recorded as deaths at the time of euthanasia. 367 

For in vivo tracking, Luc-EV BVO-DCs or Luc-β-catOE BVO-DCs were 368 

administered using the same dose and procedure. Independent cohorts were imaged 369 

once at 4, 24, 48, or 72 h after administration (n = 4 mice per group per time point). D-370 

luciferin potassium salt (150 mg/kg; Additional file 1: Table S1) was administered 371 

intraperitoneally, and images were acquired 10 min later using an IVIS Lumina LT 372 

Series III system (Additional file 1: Table S5) under consistent acquisition settings. 373 

Thoracic bioluminescence signals were analyzed using Fiji (ImageJ version 1.54p). A 374 

fixed-size thoracic region of interest was applied to each animal, and integrated density 375 

was measured using identical settings. Values were divided by 10⁵ for graphical 376 
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presentation and expressed in arbitrary units. A separate cohort was monitored for 377 

survival for 96 h after CLP (n = 15 mice per group). 378 

Assessment of Pulmonary Injury and Inflammation 379 

Mice assigned to endpoint analyses were euthanized 48 h after surgery. Lung 380 

tissues were allocated for wet-to-dry (W/D) ratio determination, histopathological 381 

examination, immunofluorescence staining, and MPO activity measurement. For W/D 382 

analysis, freshly collected lung tissue was weighed and dried at 80 °C for 72 h before 383 

calculating the wet-to-dry weight ratio. For histology, lung tissues were fixed in 4% 384 

paraformaldehyde, paraffin-embedded, sectioned at 5 μm, and subjected to 385 

hematoxylin and eosin staining (Additional file 1: Table S1). Histopathological injury 386 

was evaluated by an investigator blinded to group allocation using a previously 387 

described 0–5 scoring system [25]. Pulmonary neutrophil-associated inflammation was 388 

assessed by measuring MPO activity in lung homogenates. BALF was collected by 389 

tracheal cannulation and three sequential washes with 0.8 mL of ice-cold PBS. The 390 

recovered BALF was centrifuged at 400 × g for 10 min at 4 °C. Supernatants were 391 

analyzed for total protein using a BCA assay and for IL-1β, IL-6, and TNF-α using 392 

ELISA kits (Additional file 1: Table S1). BALF cell pellets were retained for flow 393 

cytometric analysis. 394 

Assessment of Pulmonary T-Cell Responses 395 

Paraffin-embedded lung sections were subjected to dual immunofluorescence 396 

staining using rat anti-mouse CD4 and rabbit anti-mouse CD8α antibodies, followed by 397 

the corresponding Alexa Fluor 488-conjugated anti-rat and Alexa Fluor 594-conjugated 398 

anti-rabbit secondary antibodies. Nuclei were counterstained with 4′,6-diamidino-2-399 

phenylindole (DAPI) (Additional file 1: Table S1). Images were acquired from three 400 

non-consecutive sections per animal using an ImageXpress Micro Confocal High-401 

Content Imaging System (Molecular Devices) under identical settings (Additional file 402 

1: Table S5). Five randomly selected, non-overlapping fields were analyzed per section. 403 

CD4⁺ and CD8⁺ cell densities were quantified using Fiji and expressed as cells/mm². 404 

Measurements from all analyzed fields were averaged to obtain one value per animal. 405 

Bronchoalveolar lavage fluid (BALF) cell pellets were stained with 7-AAD, anti-406 

mouse CD3-Pacific Blue, anti-mouse CD4-PE, and anti-mouse CD8α-Alexa Fluor 647 407 
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antibodies (Additional file 1: Tables S1 and S3). After debris and doublet exclusion, 7-408 

AAD⁻ live cells were identified, followed by quantification of CD3⁺ T cells within the 409 

live-cell population and CD4⁺ and CD8⁺ subsets within the CD3⁺ population. The 410 

CD4⁺/CD8⁺ ratio was calculated separately for each mouse from its corresponding 411 

CD4⁺ and CD8⁺ frequencies. Flow cytometric data were acquired using a Navios EX 412 

flow cytometer (Additional file 1: Table S5). 413 

Statistical Analysis 414 

Quantitative data are presented as mean ± standard deviation (SD). Exact sample 415 

sizes are provided in the corresponding figure legends; unless otherwise specified, n 416 

represents independent biological replicates or individual animals. Two-group 417 

comparisons were performed using unpaired two-tailed Student’s t-tests for 418 

independent samples and paired two-tailed Student’s t-tests for matched samples. 419 

Comparisons among three or more independent groups were performed using ordinary 420 

one-way ANOVA followed by Tukey’s multiple-comparisons test. Data involving two 421 

independent factors were analyzed using ordinary two-way ANOVA followed by 422 

Šídák’s multiple-comparisons test. For experiments in which all treatment conditions 423 

were evaluated within the same experimental batch, matched data were analyzed using 424 

repeated-measures ANOVA. MHC-II expression under different DC and LPS 425 

conditions was analyzed using two-way repeated-measures ANOVA followed by 426 

Tukey’s multiple-comparisons test. The matched co-culture experiments were analyzed 427 

using one-way repeated-measures ANOVA with the Geisser–Greenhouse correction, 428 

followed by Tukey-adjusted multiple comparisons between the indicated groups. 429 

Kaplan–Meier survival curves were compared using the log-rank (Mantel–Cox) test, 430 

with Bonferroni adjustment for prespecified pairwise comparisons. For RNA-431 

sequencing analyses, differential expression was assessed using the Wald test 432 

implemented in DESeq2, and P values were adjusted using the Benjamini–Hochberg 433 

method. Statistical analyses were performed using GraphPad Prism 10.6.0. A two-sided 434 

P value < 0.05 was considered statistically significant. Significance is indicated as 435 

follows: ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001. 436 
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Results 437 

β-Catenin Overexpression Promotes the Hematopoietic Differentiation Potential 438 

of 3D BVOs to Enhance Progenitor Yields 439 

To evaluate how β-catenin overexpression modulates hematopoietic 440 

differentiation within the BVO induction system, we established a multi-stage protocol 441 

integrating genetic modification at the mESC stage, and subsequent BVO-based 442 

vascular and hematopoietic co-induction. As outlined in Figure 1A, EV and β-catOE 443 

mESCs underwent embryoid body formation and mesodermal induction (Days 0−2), 444 

hematoendothelial specification (Days 2−5), endothelial sprouting in a 3D collagen 445 

I/Matrigel matrix (Days 5−8), and vascular tubulogenesis with hematopoietic 446 

emergence (Days 8−11). 447 

To track the morphological evolution and characterize the cellular architecture of 448 

developing BVOs, we performed serial phase-contrast imaging throughout 449 

differentiation, followed by cleared whole-mount confocal microscopy and 450 

multiparameter flow cytometry on Day 8. Serial phase-contrast imaging showed that 451 

undifferentiated mESC colonies formed compact EBs by Day 2 and enlarged spheroids 452 

by Day 5. Following embedding in collagen I/Matrigel, extensive cellular sprouts 453 

extended into the surrounding matrix by Day 8, accompanied by the appearance of 454 

phase-bright, rounded hematopoietic-like cells (Figure 1B, red arrow). Whole-mount 455 

confocal imaging demonstrated CD31⁺ endothelial structures associated with PDGFR-456 

β⁺ perivascular cells and collagen IV deposition (Figure 1C).  457 

At Day 8, vascular and hematopoietic cell subpopulation frequencies within the 458 

BVOs were evaluated via flow cytometry (Figures 1D and 1E), where all group means 459 

were calculated relative to the total 7-aminoactinomycin D-negative (7-AAD−) live cell 460 

population following the upstream viable singlet-cell gating strategy shown in 461 

Additional file 1: Figure S1. For Flk-1+VE-cadherin+ hemogenic endothelial cells 462 

(HECs), PDGFR-β+ pericytes, and CD31+ endothelium, plot frequencies stood at 7.28%, 463 

8.49%, and 11.25%, with corresponding group means of (7.32 ± 0.94)%, (8.21 ± 1.15)%, 464 

and (10.98 ± 1.84)%, respectively. Within the hematopoietic compartment, the initial 465 

CD117+ gate registered 19.78% [group mean: (17.25 ± 2.12)%]. Sequential gating 466 

within the CD117+ cells resolved the Lin− fraction at 97.73% (Figure 1D), within which 467 

the terminal Lin−CD117+CD43+CD45+ hematopoietic progenitor cell (HPC) subset 468 
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registered an internal parent-gate frequency of 6.63% (Figure 1D), corresponding to a 469 

group mean of (1.22 ± 0.24)% (Figure 1E). These findings indicate that Day 8 BVOs 470 

contained organized endothelial and perivascular components together with an 471 

emerging hematopoietic progenitor population. 472 

We established stable β-catenin-overexpressing mESCs (β-catOE mESCs) via 473 

transduction of a lentiviral vector containing the full-length mouse Ctnnb1 coding 474 

sequence (Additional file 1: Figure S2A). RT-qPCR and Western blot analysis verified 475 

the robust upregulation of β-catenin in β-catOE mESCs compared to empty vector 476 

control mESCs (EV mESCs); specifically, Ctnnb1 mRNA expression registered 24.65 477 

± 5.90 vs. 0.99 ± 0.10 (P < 0.001; Figure 1F), while relative protein abundance (92 kDa) 478 

reached 2.71 ± 0.26 vs. 1.00 ± 0.11 (P < 0.01; Figure 1G). Meanwhile, RT-qPCR 479 

analysis confirmed that this genetic modification did not perturb the core endogenous 480 

pluripotency network, which remained conserved between EV mESCs and β-catOE 481 

mESCs for Nanog (1.03 ± 0.08 vs. 1.00 ± 0.08), Sox2 (0.96 ± 0.08 vs. 1.00 ± 0.08), and 482 

Oct4 (1.07 ± 0.07 vs. 1.00 ± 0.03) (Additional file 1: Figure S2B). High-resolution 483 

immunofluorescence tracking corroborated that both the EV mESCs and the ZsGreen-484 

co-expressing β-catOE mESCs retained their tightly packed, undifferentiated colony 485 

architectures, with Nanog, Oct4, and Sox2 co-localized with nuclear staining 486 

(Additional file 1: Figure S2C). 487 

To capture the peak window of hematopoietic progenitor commitment, we 488 

extended the BVO induction period to Day 11, generated EV and β-catOE BVOs from 489 

their respective mESCs, and determined how β-catenin overexpression modulates the 490 

vascular and hematopoietic lineages. Morphological characterization on Day 11 491 

revealed that while the EV BVOs developed typical vascular channels with sparse cell 492 

shedding, the β-catOE BVOs exhibited dense sprouting architectures surrounded by 493 

clusters of emerging hematopoietic cells (Figure 1H, red arrows). At Day 11, vascular 494 

and hematopoietic cell subpopulation frequencies within EV BVOs and β-catOE BVOs 495 

were evaluated via flow cytometry and cumulative group analysis (Figures 1I–1K), 496 

where all group means were calculated relative to the 7-AAD− live cell population. 497 

Notably, the structural vascular and perivascular lineages did not differ significantly 498 

between the two groups, registering representative plot values of 12.88% vs. 14.14% 499 

for Flk-1+VE-cadherin+ HECs [group mean: (12.62 ± 1.37)% vs. (13.78 ± 2.43)%], 500 
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15.52% vs. 16.55% for PDGFR-β+ pericytes [group mean: (13.84 ± 2.34)% vs. (16.02 501 

± 1.97)%], and 16.94% vs. 19.91% for CD31+ vascular endothelial cells [group mean: 502 

(15.63 ± 1.78)% vs. (18.30 ± 2.89)%], respectively (Figures 1I–1K). In contrast, the 503 

hematopoietic compartment was markedly expanded under β-catenin overexpression; 504 

specifically, the Lin−CD117+ early hematopoietic progenitor pool increased from a 505 

calculated representative frequency of 22.48% [group mean: (21.12 ± 2.53)%] in EV 506 

BVOs to 54.26% in β-catOE BVOs [group mean: (52.83 ± 6.90)%] (P < 0.0001; Figures 507 

1I–1K). Subsequent sequential hierarchical gating within this progenitor population 508 

resolved the terminal Lin−CD117+CD43+CD45+ HPC subset, which registered internal 509 

parent-gate frequencies of 18.93% in EV BVOs (Figure 1I) and 22.55% in β-catOE 510 

BVOs (Figure 1J), corresponding to a significantly higher normalized group mean of 511 

(11.96 ± 1.55)% in the β-catOE BVO group compared with (4.30 ± 0.53)% in the EV 512 

control (P < 0.01; Figures 1I–1K). 513 

Concurrently, absolute cell counting demonstrated that β-catOE BVOs yielded an 514 

increased total cell count of (12.52 ± 1.43) × 107 cells per culture configuration, 515 

compared to the EV BVO control group which yielded (8.42 ± 1.57) × 107 cells (P < 516 

0.01; Figure 1L). Collectively, these data support the successful derivation of β-catOE 517 

BVOs and demonstrate that β-catenin overexpression increased the frequency of 518 

phenotypically defined HPCs and the total cellular yield during BVO differentiation. 519 

Efficient Derivation of β-catOE BVO-Derived DCs via Sustained β-Catenin 520 

Overexpression Across the mESC-BVO-HPC-DC Differentiation Process 521 

To generate β-catOE BVO-derived DCs in vitro, we established a stepwise 522 

workflow using BVO-derived CHPC-enriched cells. As outlined in Figure 2A, 3D Col 523 

I/Matrigel BVOs were dissociated into single-cell suspensions, followed by positive 524 

immunomagnetic enrichment of CD45⁺ hematopoietic cells and sequential early (Days 525 

1–4) and late-stage (Days 4–8) DC differentiation, generating EV BVO-DCs and β-526 

catOE BVO-DCs for subsequent flow cytometric and Western blot analyses. 527 

We performed positive immunomagnetic enrichment of CD45⁺ hematopoietic 528 

cells from dissociated BVO single-cell suspensions, followed by flow cytometry and 529 

Western blot analysis to characterize their phenotypic composition and β-catenin 530 

expression. The upstream gating strategy used to identify 7-AAD⁻ viable singlets after 531 

CD45⁺ enrichment is shown in Additional file 1: Figure S3. The resulting cytometric 532 
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profiles showed that within the EV BVO group, CD43+CD45+ cells accounted for 533 

99.20%, within which the Lin− fraction was resolved at 93.85%, further yielding 27.31% 534 

CD117+ cells; in parallel, the β-catOE BVO group exhibited a similar phenotypic profile, 535 

showing 97.79% CD43+CD45+ cells, within which the Lin− fraction was 93.77%, 536 

further yielding 30.53% CD117+ cells (Figure 2B). The CD45-enriched 537 

Lin⁻CD43⁺CD45⁺ population contained both CD117⁺ and CD117⁻ fractions, indicating 538 

phenotypic heterogeneity following BVO dissociation and enrichment. This population 539 

was operationally designated as the CHPC-enriched population. Normalized to the total 540 

7-AAD⁻ live-cell population, the phenotypically defined Lin⁻CD43⁺CD45⁺ CHPC-541 

enriched population, containing both CD117⁺ and CD117⁻ fractions, accounted for 542 

(90.87 ± 4.48)% in EV BVOs and (88.92 ± 5.10)% in β-catOE BVOs, with no significant 543 

difference between the two groups (P = 0.5871; Figure 2C). Western blot analysis and 544 

corresponding densitometric quantification confirmed a significant upregulation of β-545 

catenin protein expression (92 kDa) in β-catOE BVO-CHPCs relative to EV BVO-546 

CHPCs (1.69 ± 0.03 vs. 1.00 ± 0.02, P < 0.0001; Figures 2D and 2E). These results 547 

demonstrate that CD45⁺ selection yielded CHPC-enriched populations in both groups 548 

without a significant difference in frequency, while β-catenin expression remained 549 

elevated in β-catOE BVO-CHPCs. 550 

To differentiate EV and β-catOE BVO-derived CHPC-enriched cells into DCs, we 551 

applied a two-stage differentiation protocol and evaluated characteristic DC-associated 552 

surface markers. The common gating strategy used to identify 7-AAD⁻ viable singlets 553 

in the Day 4 and Day 8 DC differentiation cultures is shown in Additional file 1: Figure 554 

S4. On Day 4, flow cytometry of the culture suspensions showed that CD11b⁺CD11c⁺ 555 

cells accounted for 42.53% in the EV BVO-CHPC group and 50.52% in the β-catOE 556 

BVO-CHPC group (Figure 2F). Subsequently, cells from both groups underwent 557 

CD11c⁺ magnetic enrichment and were cultured under late-stage DC differentiation 558 

conditions from Days 4 to 8. On Day 8, multiparameter flow cytometry characterized 559 

the resulting DC-associated phenotypic profiles. For cells derived from EV BVO-560 

CHPCs, CD11b⁺CD11c⁺ cells reached 94.07%, within which the frequencies of MHC-561 

II⁺, CD86⁺, and CD80⁺ cells were 13.42%, 10.02%, and 11.81%, respectively. In 562 

parallel, cells derived from β-catOE BVO-CHPCs reached 98.08% CD11b⁺CD11c⁺ cells, 563 

with corresponding frequencies of 23.88%, 11.87%, and 12.01%, respectively (Figure 564 
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2F). Separate quantitative group analysis normalized to the total 7-AAD⁻ live-cell 565 

population showed that the group means for CD11b⁺CD11c⁺CD86⁺ cells [(12.39 ± 2.03)% 566 

vs. (14.70 ± 2.22)%] and CD11b⁺CD11c⁺CD80⁺ cells [(14.05 ± 2.20)% vs. (14.23 ± 567 

2.25)%] did not differ significantly between the EV and β-catOE groups (Figure 2G). 568 

However, the group mean proportion of CD11b⁺CD11c⁺MHC-II⁺ cells was 569 

significantly higher in the β-catOE BVO-DC group than in the EV BVO-DC group 570 

[(19.47 ± 3.19)% vs. (15.39 ± 2.26)%, P < 0.01; Figure 2G]. Collectively, these data 571 

support the differentiation of EV and β-catOE BVO-derived CHPC-enriched cells into 572 

phenotypically defined BVO-derived DCs expressing characteristic DC-associated 573 

surface markers. 574 

To determine whether engineered β-catenin overexpression was maintained 575 

through late-stage DC differentiation, we performed Western blot analysis of Day 8 576 

BVO-derived DCs. This analysis and corresponding densitometric quantification 577 

revealed that β-catOE BVO-DCs retained higher β-catenin protein abundance than EV 578 

BVO-DCs (2.89 ± 0.73 vs. 1.00 ± 0.19, P < 0.05; Figures 2H and 2I). Taken together, 579 

these findings demonstrate that mESC-stage β-catenin overexpression was maintained 580 

at the assessed CHPC and Day 8 BVO-DC stages, supporting the successful in vitro 581 

generation of β-catOE BVO-derived DCs. 582 

β-catOE BVO-DCs Promote CD8⁺ T Cell Proliferation and Activation via the MHC-583 

II/CD4⁺ T/CD40L Axis 584 

We established sequential DC/T-cell co-culture and tri-culture systems to evaluate 585 

the antigen-presenting function of β-catOE BVO-DCs and their capacity to promote 586 

downstream T-cell responses. As outlined in Figure 3A, EV BVO-DCs, primary BM-587 

DCs, and β-catOE BVO-DCs were first stimulated with LPS for morphological and 588 

MHC-II phenotypic assessment. For the functional assays, DCs were initially co-589 

cultured with OT-II CD4⁺ T cells in a DC/CD4⁺ T-cell co-culture system. OT-II CD4⁺ 590 

T cells and OT-I CD8⁺ T cells were subsequently combined with DCs in a 591 

DC/CD4⁺/CD8⁺ T-cell tri-culture system. 592 

To assess the phenotypic maturation and morphological shifts triggered by 593 

inflammatory stimuli, we subjected the DCs to LPS activation followed by phase-594 

contrast microscopy and flow cytometric analysis of MHC-II. Before use as a positive 595 

control, primary BM-DCs generated from mouse bone marrow were phenotypically 596 
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validated by flow cytometry (Additional file 1: Figure S5). Phase-contrast imaging 597 

showed that, under unstimulated conditions (−LPS), all three DC populations 598 

predominantly exhibited rounded or semi-suspended morphologies with limited 599 

dendritic-like projections. Under +LPS conditions, increased cellular clustering, 600 

adherence, and spreading were observed across the three groups. β-catOE BVO-DCs 601 

appeared to exhibit more pronounced spreading and dendritic-like projections than EV 602 

BVO-DCs and BM-DCs (Figure 3B). MHC-II expression was subsequently quantified 603 

within the 7-AAD⁻CD11b⁺CD11c⁺ population using the upstream gating strategy 604 

shown in Additional file 1: Figure S6. Under −LPS conditions, representative MHC-II⁺ 605 

frequencies were 10.29%, 14.41%, and 18.36% for EV BVO-DCs, BM-DCs, and β-606 

catOE BVO-DCs, respectively, with corresponding group means of 9.85 ± 1.35%, 15.21 607 

± 0.69%, and 17.73 ± 3.25%. Both BM-DCs and β-catOE BVO-DCs showed higher 608 

MHC-II⁺ frequencies than EV BVO-DCs (Tukey-adjusted P = 0.0123 and 0.0081, 609 

respectively), whereas BM-DCs and β-catOE BVO-DCs did not differ significantly 610 

(adjusted P = 0.4075). Under +LPS conditions, the corresponding group means were 611 

18.63 ± 2.88%, 26.74 ± 4.23%, and 47.73 ± 7.77%. BM-DCs showed a higher 612 

frequency than EV BVO-DCs (adjusted P = 0.0044), whereas β-catOE BVO-DCs 613 

showed higher frequencies than both EV BVO-DCs (adjusted P = 0.0027) and BM-DCs 614 

(adjusted P = 0.0039; Figures 3C and 3D). These results indicate that β-catenin 615 

overexpression is associated with an enhanced MHC-II⁺ DC phenotype, particularly 616 

under LPS-stimulated conditions. 617 

To assess CD4⁺ T-cell activation in OVA-containing DC/CD4⁺ T-cell co-cultures 618 

and its sensitivity to MHC-II blockade, CD40L expression was quantified within the 7-619 

AAD⁻CD3⁺CD4⁺ population using the upstream gating strategy shown in Additional 620 

file 1: Figure S8. CD4⁺ T cells cultured without DCs showed a representative CD40L⁺ 621 

frequency of 0.92% [group mean: 0.95 ± 0.14%]. The frequency increased to 14.51% 622 

in the EV BVO-DC group [12.28 ± 1.76%] and 25.93% in the BM-DC group [22.24 ± 623 

2.85%], with a significant difference between the two groups (Tukey-adjusted P = 624 

0.0169). The β-catOE BVO-DC group showed the highest CD40L⁺ frequency of 36.12% 625 

[35.37 ± 3.45%], which was significantly higher than those in the EV BVO-DC 626 

(adjusted P = 0.0075) and BM-DC (adjusted P = 0.0101) groups. MHC-II blockade 627 

reduced the CD40L⁺ frequency to 14.25% [12.25 ± 1.59%], which was significantly 628 
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lower than that in the unblocked β-catOE BVO-DC group (adjusted P = 0.0070; Figure 629 

3E). These findings indicate that β-catOE BVO-DCs enhance CD4⁺ T-cell activation in 630 

OVA-containing co-cultures and that this response is sensitive to MHC-II blockade. 631 

We next assessed OT-I CD8⁺ T-cell proliferation in the OVA-containing 632 

DC/CD4⁺/CD8⁺ T-cell tri-culture system. CellTrace Violet-labeled OT-I CD8⁺ cells 633 

were identified within the 7-AAD⁻CD4⁻CD8⁺ population using the upstream gating 634 

strategy shown in Additional file 1: Figure S9A, and proliferation was quantified by 635 

CellTrace Violet dilution within this population. The T-cell-only group showed a 636 

representative proliferating CD8⁺ T-cell frequency of 27.29% [group mean: 26.87 ± 637 

3.57%]. The corresponding frequencies increased to 32.18% in the EV BVO-DC group 638 

[32.00 ± 5.88%] and 57.46% in the BM-DC group [54.55 ± 9.37%], with a significant 639 

difference between the two DC groups (Tukey-adjusted P = 0.0063). The β-catOE BVO-640 

DC group showed the highest proliferation frequency of 80.93% [77.01 ± 7.46%], 641 

which was significantly higher than those in the EV BVO-DC (adjusted P = 0.0003) 642 

and BM-DC (adjusted P = 0.0016) groups. Omission of CD4⁺ T cells or CD40L 643 

blockade reduced the proliferation frequency to 28.25% [27.82 ± 5.37%] and 32.91% 644 

[31.46 ± 6.41%], respectively (adjusted P = 0.0002 and 0.0010 vs. the complete β-catOE 645 

BVO-DC tri-culture; Figure 3F). These findings support CD4⁺ T-cell- and CD40L-646 

dependent enhancement of CD8⁺ T-cell proliferation by β-catOE BVO-DCs. 647 

Within the DC/CD4⁺/CD8⁺ T-cell tri-culture system, we further evaluated OT-I 648 

CD8⁺ T-cell activation-associated phenotypes by measuring CD25 and PD-1 expression 649 

in separate staining tubes. Both markers were quantified within the 7-AAD⁻CD4⁻CD8⁺ 650 

population using the upstream gating strategy shown in Additional file 1: Figure S9B. 651 

The T-cell-only group showed a representative CD25⁺ frequency of 1.35% [group mean: 652 

1.30 ± 0.13%]. This frequency increased to 19.22% in the EV BVO-DC group [18.83 653 

± 0.96%] and 36.37% in the BM-DC group [33.54 ± 4.32%], with a significant 654 

difference between the two DC groups (Tukey-adjusted P = 0.0164). The β-catOE BVO-655 

DC group showed the highest CD25⁺ frequency of 54.56% [51.84 ± 4.61%], which was 656 

significantly higher than those in the EV BVO-DC (adjusted P = 0.0020) and BM-DC 657 

(adjusted P < 0.0001) groups. Omission of CD4⁺ T cells or CD40L blockade reduced 658 

the CD25⁺ frequency to 11.28% [10.55 ± 1.95%] and 17.59% [16.48 ± 3.13%], 659 

respectively (adjusted P = 0.0004 and < 0.0001, respectively; Figure 3G). 660 
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In the separately stained PD-1 panel, the representative PD-1⁺ frequency was 3.70% 661 

in the T-cell-only group [group mean: 3.37 ± 0.49%], 11.27% in the EV BVO-DC group 662 

[11.70 ± 2.39%], and 35.20% in the BM-DC group [34.31 ± 6.56%], with a significant 663 

difference between the EV BVO-DC and BM-DC groups (Tukey-adjusted P = 0.0409). 664 

The β-catOE BVO-DC group showed a representative PD-1⁺ frequency of 54.25% 665 

[54.30 ± 5.71%], which was significantly higher than those in the EV BVO-DC 666 

(adjusted P = 0.0050) and BM-DC (adjusted P = 0.0001) groups. Omission of CD4⁺ T 667 

cells or CD40L blockade reduced the PD-1⁺ frequency to 8.80% [8.47 ± 1.60%] and 668 

14.37% [13.75 ± 2.81%], respectively (adjusted P = 0.0012 and 0.0007 vs. the complete 669 

β-catOE BVO-DC tri-culture; Figure 3H). In this short-term assay, PD-1 upregulation 670 

was interpreted as activation-associated checkpoint induction rather than evidence of 671 

T-cell exhaustion. 672 

Collectively, these findings indicate that β-catOE BVO-DCs enhance CD4⁺ T-cell 673 

activation and promote CD8⁺ T-cell proliferation and activation-associated phenotypes 674 

in OVA-containing co-cultures. The effects of MHC-II blockade, CD4⁺ T-cell omission, 675 

and CD40L blockade support the involvement of MHC-II-sensitive CD4⁺ T-cell 676 

activation and CD40L-dependent T-cell help. 677 

β-Catenin Overexpression Reprograms the BVO-DC Transcriptome to Restore 678 

Wnt Signaling and MHC-Mediated Antigen Presentation 679 

To characterize the global transcriptomic shifts driven by β-catenin enrichment, 680 

high-throughput RNA sequencing (RNA-seq) was performed on EV BVO-DCs, BM-681 

DCs, and β-catᴼᴱ BVO-DCs. Unsupervised hierarchical clustering of the top 1000 682 

highly variable genes (HVGs) resolved distinct expression profiles across groups. 683 

Compared with primary BM-DCs, a prominent gene cluster was extensively 684 

downregulated in EV BVO-DCs but robustly upregulated in β-catOE BVO-DCs, 685 

exceeding even BM-DC reference levels (Figure 4A). Pairwise volcano plot profiling 686 

identified a widespread downregulation of core immunological and identity loci in EV 687 

BVO-DCs relative to primary BM-DCs, heavily suppressing Ctnnb1, Zbtb46, Relb, 688 

Cd80, H2-Aa, and H2-Ab1 (Figure 4B). Consistent with these findings, Gene Set 689 

Enrichment Analysis (GSEA) revealed negative enrichment of gene sets associated 690 

with Wnt signaling, dendritic cell differentiation, and MHC class I and II antigen 691 

presentation in EV BVO-DCs relative to BM-DCs (Figure 4C).  692 
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We performed Principal Component Analysis (PCA), pairwise volcano plot 693 

profiling, and Gene Ontology (GO) biological process enrichment to ascertain the 694 

overall transcriptomic variance and identify the specific molecular pathways activated 695 

by β-catenin overexpression. PCA—with PC1 and PC2 accounting for 49.47% and 696 

21.04% of the total variance, respectively—revealed that while EV BVO-DCs 697 

exhibited a distinct transcriptional deviation relative to primary BM-DCs, the 698 

engineered β-catOE BVO-DCs shifted toward the BM-DC transcriptional profile but 699 

remained transcriptionally distinguishable (Figure 4D). Pairwise volcano plot profiling 700 

of β-catOE BVO-DCs versus EV BVO-DCs resolved a broad transcriptomic shift driven 701 

by β-catenin reinforcement, highlighting the significant upregulation of core 702 

downstream targets (Ctnnb1, Axin2, Tcf7) alongside key dendritic cell identity and 703 

maturation determinants (Zbtb46, Relb, Cd80, Cd74, H2-Aa, H2-Ab1, and H2-K1; 704 

Figure 4E). This targeted transcriptional reactivation was systematically substantiated 705 

by GO biological process enrichment analysis, which revealed a highly selective 706 

overrepresentation of upregulated transcripts within major antigen-presentation 707 

cascades, including peptide antigen assembly with MHC class II protein complex, 708 

MHC class II protein complex assembly, and antigen processing and presentation of 709 

exogenous peptide antigen via MHC class II (Figure 4F). 710 

To granularly resolve the expression patterns across specific functional modules, 711 

we executed targeted heatmap profiling of the Wnt signaling and MHC-mediated 712 

antigen presentation pathways. Within the Wnt Signaling Pathway module, β-catOE 713 

BVO-DCs drove a robust transcriptional reactivation of core effectors (Tcf7, Ccnd1, 714 

Dvl3, Ctnnb1, Axin2, Tcf7l2) that inverted the baseline deficiency observed in empty-715 

vector controls. Strikingly, this molecular override concurrently triggered the broad up-716 

regulation of the Dendritic Cell Differentiation program (Stat3, Relb, Cd74, Zbtb46, 717 

Nfkb1, Cd80) and the increased expression of MHC Class I and II Molecules (H2-K1, 718 

H2-D1, H2-DMa, H2-Eb2, H2-Eb1, H2-Ab1, H2-Aa, H2-DMb1), with expression 719 

levels in the engineered group systematically matching or exceeding the BM-DC 720 

reference levels (Figure 4G). Altogether, these transcriptomic analyses indicate that 721 

mESC-stage β-catenin overexpression shifts BVO-DCs toward a BM-DC-like 722 

transcriptional state relative to EV BVO-DCs, accompanied by enhanced expression of 723 

gene programs associated with canonical Wnt signaling, dendritic cell differentiation, 724 
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and MHC class I and II antigen presentation. 725 

β-catOE BVO-DCs Alleviate Sepsis-Induced Acute Lung Injury 726 

To characterize the time-dependent pulmonary bioluminescence signals of EV and 727 

β-catOE BVO-DCs, luciferase-expressing EV BVO-DCs (Luc-EV BVO-DCs) and β-728 

catOE BVO-DCs (Luc-β-catOE BVO-DCs) were generated through the BVO–CHPC–729 

DC differentiation pipeline, administered intranasally, and imaged in independent 730 

cohorts of mice at 4, 24, 48, or 72 h after administration. At 4 h, readily detectable 731 

bioluminescence signals were predominantly localized to the pulmonary regions in both 732 

groups, with the integrated density reaching (6.29 ± 0.31) × 10⁵ a.u. for the Luc-EV 733 

BVO-DC group and (6.29 ± 0.14) × 10⁵ a.u. for the Luc-β-catOE BVO-DC group, 734 

demonstrating no statistically significant difference and indicating comparable early 735 

pulmonary signal levels (Figures 5A and 5B). Notably, at the intermediate time points 736 

of 24 and 48 h, the Luc-β-catOE BVO-DC group maintained a significantly higher 737 

bioluminescence intensity than the Luc-EV BVO-DC group, with integrated density 738 

values of (4.14 ± 0.30) × 10⁵ a.u. versus (2.42 ± 0.31) × 10⁵ a.u. at 24 h (P < 0.0001) 739 

and (2.69 ± 0.10) × 10⁵ a.u. versus (0.87 ± 0.10) × 10⁵ a.u. at 48 h (P < 0.0001), 740 

respectively (Figures 5A and 5B). By the 72 h time point, the integrated density values 741 

declined to (0.34 ± 0.13) × 10⁵ a.u. for the Luc-EV BVO-DC group and (0.57 ± 0.25) 742 

× 10⁵ a.u. for the Luc-β-catOE BVO-DC group, with no statistically significant 743 

difference between the two groups (Figures 5A and 5B). These findings indicate that β-744 

catenin overexpression is associated with greater persistence of BVO-DC-derived 745 

pulmonary bioluminescence signals at 24 and 48 h after administration. 746 

To evaluate the therapeutic efficacy of β-catOE BVO-DCs in polymicrobial sepsis, 747 

mice underwent CLP surgery followed by BVO-DC treatment, and survival was 748 

monitored for 96 h. Kaplan–Meier survival analysis showed estimated 96 h survival 749 

probabilities of 100%, 13.3%, 20.0%, and 53.3% in the Sham, CLP, CLP + EV BVO-750 

DCs, and CLP + β-catOE BVO-DCs groups, respectively. Survival did not differ 751 

significantly between the CLP and CLP + EV BVO-DCs groups (Bonferroni-adjusted 752 

log-rank P = 1.000). In contrast, survival was significantly improved in the CLP + β-753 

catOE BVO-DCs group compared with both the CLP group (adjusted P = 0.0078) and 754 

the CLP + EV BVO-DCs group (adjusted P = 0.0385; Figure 5C). These findings 755 

indicate that β-catOE BVO-DC treatment improves survival in CLP-induced septic mice. 756 
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To investigate the histopathological changes and assess the extent of structural 757 

tissue protection afforded by β-catOE BVO-DCs, lung tissues were collected 48 h after 758 

CLP or sham surgery for hematoxylin and eosin (H&E) staining and pathological 759 

scoring. The Sham group maintained an intact alveolar architecture with a baseline 760 

injury score of 0.20 ± 0.04. Conversely, the untreated CLP group exhibited severe 761 

alveolar septal thickening, dense inflammatory infiltration, and alveolar collapse, with 762 

the score escalating to 3.55 ± 0.25 (P < 0.0001 vs. Sham). The injury score in the CLP 763 

+ EV BVO-DC group did not differ significantly from that in the CLP group (3.26 ± 764 

0.36, P > 0.05 vs. CLP). In contrast, the CLP + β-catOE BVO-DC treatment group 765 

showed better-preserved alveolar architecture, reduced inflammatory-cell infiltration, 766 

and a lower pathological score to 1.49 ± 0.19 (P < 0.0001 vs. both CLP and CLP + EV 767 

BVO-DC; Figures 5D and 5E). These findings demonstrate that β-catOE BVO-DCs 768 

possess protective effects in preserving pulmonary structural integrity and mitigating 769 

sepsis-induced acute lung injury. 770 

To assess pulmonary edema, alveolar–capillary barrier leakage, and neutrophil-771 

associated inflammation, we measured the lung wet-to-dry (W/D) weight ratio, BALF 772 

total protein concentration, and lung myeloperoxidase (MPO) activity at 48 h after 773 

surgery. The Sham group established stable baseline parameters across all three indices, 774 

registering a W/D ratio of 3.06 ± 0.42, a BALF protein concentration of (0.20 ± 0.03) 775 

mg/mL, and an MPO activity of (1.64 ± 0.15) U/g. Sepsis induction in the CLP group 776 

elevated these metrics to (5.67 ± 0.53), (2.54 ± 0.12) mg/mL, and (13.21 ± 0.66) U/g, 777 

respectively (P < 0.0001 vs. Sham). These pathological elevations were only partially 778 

mitigated in the CLP + EV BVO-DC control group, which retained a high W/D ratio of 779 

5.01 ± 0.61 (P > 0.05 vs. CLP), a BALF total protein concentration of (2.33 ± 0.09) 780 

mg/mL (P < 0.01 vs. CLP), and an MPO activity of (12.00 ± 0.82) U/g (P < 0.05 vs. 781 

CLP). In contrast, the CLP + β-catOE BVO-DC treatment group significantly reduced 782 

all three injury-related parameters with the W/D ratio to 3.69 ± 0.52 (P < 0.0001 vs. 783 

CLP; P < 0.01 vs. CLP + EV BVO-DC), the BALF total protein concentration to (1.14 784 

± 0.08) mg/mL (P < 0.0001 vs. CLP and CLP + EV BVO-DC), and the localized tissue 785 

MPO activity to (6.36 ± 0.83) U/g (P < 0.0001 vs. CLP and CLP + EV BVO-DC; 786 

Figures 5F–5H). 787 

To map the localized pulmonary inflammatory response within the alveolar space, 788 
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we performed enzyme-linked immunosorbent assay (ELISA) to determine the 789 

concentrations of key pro-inflammatory cytokines in the BALF. The Sham group 790 

showed baseline IL-1β, IL-6, and TNF-α concentrations of (39.19 ± 4.06), (7.00 ± 4.34), 791 

and (52.50 ± 9.35) pg/mL, respectively. The corresponding concentrations in the 792 

untreated CLP group increased to (935.20 ± 42.60), (199.50 ± 15.86), and (1230.00 ± 793 

85.79) pg/mL, respectively (P < 0.0001 vs. Sham). This localized inflammatory 794 

response was only partially mitigated in the CLP + EV BVO-DC control group, which 795 

retained an elevated IL-1β level [(880.60 ± 50.36) pg/mL, P > 0.05 vs. CLP], while 796 

showing modest but significant reductions in IL-6 [(173.00 ± 12.31) pg/mL, P < 0.05 797 

vs. CLP] and TNF-α [(1120.00 ± 81.73) pg/mL, P < 0.05 vs. CLP]. In contrast, the CLP 798 

+ β-catOE BVO-DC group significantly reduced BALF IL-1β to (377.90 ± 31.38) pg/mL, 799 

IL-6 to (57.50 ± 15.82) pg/mL, and TNF-α to (465.00 ± 64.73) pg/mL [P < 0.0001 vs. 800 

both CLP and CLP + EV BVO-DC; Figures 5I–5K]. 801 

Collectively, β-catOE BVO-DC treatment was associated with higher pulmonary 802 

bioluminescence signals at 24 and 48 h, improved 96 h survival, and reduced CLP-803 

induced pulmonary injury and BALF inflammatory cytokine concentrations. 804 

β-catOE BVO-DCs Restore Pulmonary CD8⁺ T-Cell Abundance and CD4⁺/CD8⁺ 805 

Balance in Sepsis-Induced Acute Lung Injury 806 

To visualize the spatial distribution and quantify the tissue densities of CD4⁺ and 807 

CD8⁺ T cells in lung tissue, we performed multiplex immunofluorescence confocal 808 

imaging followed by quantitative image analysis at 48 h after CLP or sham surgery. 809 

This spatial analysis revealed that the Sham group showed a scattered distribution of 810 

CD4+ T cells [group mean: (442.83 ± 31.37) cells/mm²] and CD8+ T cells [group mean: 811 

(330.31 ± 25.12) cells/mm²] within the lung parenchyma. In contrast, CLP induction 812 

markedly reduced the tissue densities of both subsets, reducing the densities to (109.38 813 

± 18.75) cells/mm² for CD4⁺ T cells and (69.03 ± 11.13) cells/mm² for CD8⁺ T cells (P 814 

< 0.0001 vs. Sham for both comparisons). The CLP + EV BVO-DC control group 815 

partially increased the CD4⁺ T-cell density to (200.46 ± 19.45) cells/mm² (P < 0.01 vs. 816 

CLP), whereas the CD8⁺ T-cell density remained at (77.96 ± 15.65) cells/mm² and did 817 

not differ significantly from that in the CLP group (P > 0.05). The CLP + β-catOE BVO-818 

DC treatment group increased the tissue densities of both populations, reaching (407.02 819 

± 30.48) cells/mm² for CD4⁺ T cells and (290.67 ± 14.89) cells/mm² for CD8⁺ T cells; 820 
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both densities were significantly higher than the corresponding densities in the CLP and 821 

CLP + EV BVO-DC groups (P < 0.0001 for each comparison) (Figures 6A–6C). 822 

We further examined the frequencies of CD4⁺ and CD8⁺ T cells within the 823 

bronchoalveolar lavage fluid (BALF) by performing multiparameter flow cytometric 824 

profiling. Sequential gating first identified 7-AAD⁻ live cells, followed by CD3⁺ T cells; 825 

the CD4⁺ and CD8⁺ T-cell subsets were then resolved within the CD3⁺ gate, with 826 

representative flow plots and quantitative group analyses shown in Figures 6D–6I. 827 

Specifically, the frequency of 7-AAD⁻ live cells among singlets decreased from a 828 

representative 92.50% in the Sham group [group mean: (93.81 ± 2.09)%] to 57.14% in 829 

the CLP group [group mean: (57.73 ± 4.05)%] (P < 0.0001). The corresponding 830 

frequency in the CLP + EV BVO-DC group was 71.34% [group mean: (64.53 ± 5.10)%] 831 

and did not differ significantly from that in the CLP group (P > 0.05), whereas the CLP 832 

+ β-catOE BVO-DC treatment group increased this frequency to 82.39% [group mean: 833 

(82.05 ± 2.13)%] (P < 0.0001 vs. CLP; P < 0.001 vs. CLP + EV BVO-DC; Figure 6E). 834 

Similarly, the CD3⁺ T-cell fraction within the 7-AAD⁻ live-cell gate decreased from a 835 

representative 4.90% in the Sham group [group mean: (4.71 ± 0.51)%] to 3.12% in the 836 

CLP group [group mean: (3.20 ± 0.19)%] (P < 0.001). The CLP + EV BVO-DC group 837 

showed a comparable frequency of 3.43% [group mean: (3.33 ± 0.41)%] (P > 0.05 vs. 838 

CLP), whereas the CLP + β-catOE BVO-DC treatment group increased this fraction to 839 

4.63% [group mean: (4.35 ± 0.38)%] (P < 0.01 vs. CLP; P < 0.05 vs. CLP + EV BVO-840 

DC; Figure 6F). 841 

We next compared the frequencies of CD4⁺ and CD8⁺ T cells within the CD3⁺ 842 

population and calculated the corresponding CD4⁺/CD8⁺ ratios to evaluate T-cell 843 

distribution and balance within the BALF. CLP induction reduced the CD4⁺ T-cell 844 

frequency from a representative 58.58% in the Sham group [group mean: (56.24 ± 845 

7.23)%] to 44.60% in the CLP group [group mean: (39.65 ± 3.86)%] (P < 0.01). The 846 

CLP + EV BVO-DC group showed an increased CD4⁺ T-cell frequency of 50.34% 847 

[group mean: (49.98 ± 3.32)%] (P < 0.05 vs. CLP), whereas the CLP + β-catOE BVO-848 

DC treatment group showed a frequency of 52.97% [group mean: (51.28 ± 3.63)%] (P 849 

< 0.05 vs. CLP; P > 0.05 vs. CLP + EV BVO-DC; Figure 6G). In parallel, the CD8⁺ T-850 

cell frequency decreased from a representative 25.80% in the Sham group [group mean: 851 

(25.04 ± 3.28)%] to 9.65% in the CLP group [group mean: (10.04 ± 1.46)%] (P < 852 
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0.0001). The CD8⁺ T-cell frequency in the CLP + EV BVO-DC group was 13.78% 853 

[group mean: (12.15 ± 3.01)%] and did not differ significantly from that in the CLP 854 

group (P > 0.05), whereas the CLP + β-catOE BVO-DC treatment group increased the 855 

CD8⁺ T-cell frequency to 25.30% [group mean: (24.63 ± 3.11)%] (P < 0.0001 vs. CLP; 856 

P < 0.001 vs. CLP + EV BVO-DC; Figure 6H). Accordingly, the representative 857 

CD4⁺/CD8⁺ ratio increased from 2.27 in the Sham group [group mean: (2.25 ± 0.17)] 858 

to 4.62 in the CLP group [group mean: (4.01 ± 0.69)] (P < 0.05). This ratio remained 859 

elevated in the CLP + EV BVO-DC group at 3.65 [group mean: (4.31 ± 1.10)] (P > 0.05 860 

vs. CLP) but was reduced toward the Sham level in the CLP + β-catOE BVO-DC group 861 

to 2.09 [group mean: (2.12 ± 0.40)] (P < 0.01 vs. CLP; P < 0.01 vs. CLP + EV BVO-862 

DC; Figure 6I). Collectively, β-catOE BVO-DC treatment improved pulmonary T-cell 863 

abundance and rebalanced the BALF T-cell compartment by increasing the CD8⁺ T-cell 864 

frequency and reducing the CD4⁺/CD8⁺ ratio toward Sham levels in CLP-induced acute 865 

lung injury.  866 

An integrated schematic summarizing the β-catOE BVO-DC generation strategy, 867 

MHC-II-sensitive CD4⁺ T-cell activation, CD40L-dependent CD8⁺ T-cell proliferation 868 

and activation-associated phenotypes, and the therapeutic effects observed in CLP-869 

induced acute lung injury is presented in Figure 7. 870 

Discussion 871 

In this study, we established a 3D vascular-hematopoietic co-development 872 

organoid platform (BVO platform) combined with β-catenin overexpression at the 873 

embryonic stem cell (mESC) stage, thereby achieving a more efficient in vitro 874 

expansion of hematopoietic progenitor cells (HPCs). Current strategies for constructing 875 

3D vascular organoids, however, are predominantly tailored toward investigating basic 876 

vascular morphogenesis or modeling cardiovascular pathologies [26, 27], with 877 

expansion conditions optimized mainly to sustain endothelial and perivascular lineages 878 

[28, 29]. The emergence of hematopoietic stem and progenitor cells (HSPCs) relies on 879 

the endothelial-to-hematopoietic transition (EHT) [30], while in vitro HSPC generation 880 

requires defined hematopoietic cytokine cocktails to promote EHT and expansion [31, 881 

32]. Nonetheless, conventional 3D vascular organoid platforms lack these essential 882 

stimuli, thereby limiting HSPC emergence and expansion. To bridge these deficits, we 883 
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leveraged EHT principles to conceptualize a 3D "vascular-hematopoietic co-884 

development" strategy. By introducing a specialized hematopoietic cytokine cocktail 885 

into BVOs during critical developmental windows, we established a modified BVO 886 

platform that concurrently sustains 3D microvascular networks and hematopoietic 887 

differentiation. 888 

During the hematopoietic specification window, Wnt signaling provides essential 889 

instructive cues for definitive hematopoietic differentiation of mESCs [33], with β-890 

catenin acting as the central downstream effector that translocates into the nucleus to 891 

execute the corresponding transcriptional programs [34]. On the other hand, during in 892 

vitro mESC culture, stabilization of the Wnt/β-catenin cascade is indispensable for 893 

maintaining their undifferentiated self-renewal state [35]. Capitalizing on this dual role, 894 

we validated that its overexpression at the mESC stage successfully preserves 895 

undifferentiated stemness during in vitro culture, while significantly enhancing the 896 

generation efficiency of CHPCs during subsequent BVO induction, thereby 897 

highlighting the distinct methodological advantages of pluripotent-stage genetic 898 

engineering. 899 

Wnt/β-catenin signaling in dendritic cells serves as an important regulator of 900 

immune function by controlling inflammatory responses, tolerance programs, and T-901 

cell priming capacity [36]. Its immunological effects, however, appear to be highly 902 

context- and stage-dependent. In differentiated or tumor-associated DCs, β-catenin 903 

activation has been shown to induce IL-10- and Tim-3-associated tolerogenic programs 904 

that limit CD8⁺ T-cell cross-priming and antitumor immunity [37, 38]. Meanwhile, the 905 

clinical translation of DC-based therapies remains constrained by the limited expansion 906 

capacity, short-term viability, and challenges associated with the genetic manipulation 907 

of primary DCs in vitro [39, 40]. Rather than directly manipulating β-catenin signaling 908 

in terminally differentiated DCs, we introduced β-catenin overexpression at the mESC 909 

stage, allowing its effects to be propagated through hematopoietic specification and 910 

subsequent DC differentiation. This strategy generated β-catOE BVO-DCs that 911 

enhanced CD8⁺ T-cell responses through MHC-II-dependent CD4⁺ T-cell activation and 912 

CD40L-mediated DC licensing.  913 

Accumulating evidence indicates that DC functional identity is progressively 914 

programmed during development rather than fixed at terminal maturation. Early 915 
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developmental cues can durably shape DC phenotypes and functional states [41], while 916 

PU.1-dependent chromatin remodeling and sequential activation of Irf8 enhancers 917 

establish lineage-specific transcriptional programs [42]. In parallel, subset-specific 918 

metabolic programs regulate DC differentiation, survival, antigen presentation, and T-919 

cell priming [43]. Against this background, our transcriptomic profiling indicated that 920 

mESC-stage β-catenin overexpression developmentally programmed BVO-derived 921 

DCs by restoring Wnt/β-catenin transcriptional activity and enhancing DC 922 

differentiation and antigen-presentation programs. These persistent changes suggest 923 

that mESC-stage β-catenin overexpression may establish a durable developmental state 924 

through chromatin remodeling, lineage-defining transcriptional networks, or metabolic 925 

adaptation. As this inference is based on terminal-stage transcriptomics, longitudinal 926 

multi-omic studies across the mESC-to-CHPC-to-DC trajectory are required for 927 

validation. 928 

CD8⁺ T-cell exhaustion, characterized by sustained expression of inhibitory 929 

receptors, impaired effector function, and reduced proliferative capacity, represents a 930 

critical mechanism underlying immune dysfunction during chronic infections and 931 

severe inflammatory disorders [44]. In sepsis, persistent antigen exposure and 932 

inflammatory stress drive CD8⁺ T-cell exhaustion [45], contributing to impaired 933 

pathogen clearance, increased susceptibility to secondary infections, and poor clinical 934 

outcomes [46, 47]. Restoring CD8⁺ T-cell function has therefore emerged as a potential 935 

strategy to reverse sepsis-associated immunosuppression and improve host immune 936 

competence. Capitalizing on this concept, our study demonstrates that β-catOE BVO-937 

DCs exhibited prolonged retention within septic lungs and conferred protection against 938 

CLP-induced sepsis by preserving alveolar integrity, restoring pulmonary barrier 939 

function, attenuating inflammatory responses, and reestablishing CD4⁺ and CD8⁺ T-cell 940 

homeostasis. 941 

Despite the therapeutic potential of our platform, several limitations remain to be 942 

addressed for future clinical translation. First, our study was performed in a murine 943 

system using mESC-derived BVO-DCs and a CLP-induced sepsis model; therefore, 944 

validation in human pluripotent stem cell–derived systems and humanized models will 945 

be necessary to account for interspecies differences in immune regulation and Wnt 946 

signaling responses. Second, although intranasal delivery enabled efficient pulmonary 947 
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targeting and protection against ALI, further studies are required to evaluate the 948 

systemic distribution and therapeutic efficacy of β-catOE BVO-DCs in the context of 949 

sepsis-associated multi-organ dysfunction. Finally, although RNA-seq revealed that β-950 

catenin overexpression enhances dendritic cell differentiation and MHC class I/II 951 

antigen presentation programs in β-catOE BVO-DCs, the precise molecular mechanisms 952 

linking these transcriptional changes to DC–T cell communication remain to be further 953 

defined. 954 

Conclusions 955 

In conclusion, our engineered 3D BVO system with mESC-stage β-catenin 956 

modification provides a developmental strategy to address the limited cellular 957 

availability and functional vulnerability of conventional DC preparations. In vitro 958 

blockade experiments support the involvement of the MHC-II/CD4⁺ T-cell/CD40L axis 959 

in the enhanced T-cell responses induced by β-catOE BVO-DCs, while in vivo treatment 960 

restored pulmonary CD4⁺/CD8⁺ balance, attenuated lung injury, and improved survival 961 

in CLP-induced sepsis. This biomimetic platform supports further preclinical 962 

evaluation of developmentally engineered BVO-DCs for sepsis-associated 963 

immunosuppression. 964 
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Figure Legends 1224 

Figure 1. β-Catenin overexpression enhances hematopoietic progenitor generation 1225 

during blood vessel organoid differentiation. 1226 

A) Generation of empty-vector (EV) and β-catenin-overexpressing (β-catOE) blood 1227 

vessel organoids (BVOs) from mouse embryonic stem cells (mESCs): embryoid body 1228 

formation and mesodermal induction (Days 0–2), hematoendothelial specification 1229 
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(Days 2–5), endothelial sprouting (Days 5–8), and vascular tubulogenesis with 1230 

hematopoietic emergence (Days 8–11). B) Phase-contrast images of BVO development. 1231 

Red arrows indicate phase-bright hematopoietic-like cells. Scale bars: 200 μm (Days 0, 1232 

2, and 5) and 100, 200, and 50 μm (Day 8, left to right). C) Whole-mount confocal 1233 

images of Day 8 BVOs stained for CD31 (red), PDGFR-β (green), collagen IV (Col IV; 1234 

red), and DAPI (blue). Scale bars, 200 μm. D) Flow-cytometric identification of Flk-1235 

1⁺VE-cadherin⁺ hemogenic endothelial cells, PDGFR-β⁺ perivascular cells, CD31⁺ 1236 

endothelial cells, and CD117⁺Lin⁻CD43⁺CD45⁺ hematopoietic progenitor cells (HPCs) 1237 

in Day 8 BVOs. E) Frequencies of the indicated populations among 7-AAD⁻ live cells 1238 

in Day 8 BVOs (n = 4). F) RT-qPCR analysis of Ctnnb1 expression in EV and β-catOE 1239 

mESCs (n = 4). G) Western blot and densitometric analysis of β-catenin in EV and β-1240 

catOE mESCs; β-actin was the loading control (n = 3). H) Phase-contrast images of Day 1241 

11 EV and β-catOE BVOs. Red arrows indicate hematopoietic-like cells. Scale bars: 50, 1242 

200, and 100 μm (left to right). I,J) Flow-cytometric identification of hemogenic 1243 

endothelial, perivascular, endothelial, and hematopoietic populations in Day 11 BVOs. 1244 

K) Frequencies of the indicated populations among 7-AAD⁻ live cells (n = 4). L) Total 1245 

Day 11 cell yields (n = 4). For E–G and K,L, n denotes independent biological replicates. 1246 

Data are mean ± SD. Two-group comparisons used two-tailed Student’s t-tests; cell type 1247 

× BVO group comparisons used two-way ANOVA with Šídák’s multiple-comparisons 1248 

test. ns, not significant; **P < 0.01; ***P < 0.001; ****P < 0.0001. 1249 
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Figure 2. Stepwise generation and phenotypic characterization of EV and β-catOE 1250 

BVO-derived dendritic cells. 1251 

A) Schematic of positive immunomagnetic enrichment of CD45⁺ hematopoietic cells 1252 

from dissociated EV and β-catOE BVOs, followed by early (Days 1–4) and late-stage 1253 

(Days 4–8) dendritic cell (DC) differentiation and flow-cytometric and Western blot 1254 

analyses. B) Representative flow-cytometric characterization of CD45-enriched cells 1255 
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from EV and β-catOE BVOs, showing sequential identification of CD43⁺CD45⁺, 1256 

lineage-negative (Lin⁻), and CD117⁺ and CD117⁻ fractions. The resulting 1257 

Lin⁻CD43⁺CD45⁺ population containing both CD117⁺ and CD117⁻ cells was 1258 

operationally designated the committed hematopoietic progenitor cell (CHPC)-1259 

enriched population. C) Quantification of Lin⁻CD117⁺/⁻CD43⁺CD45⁺ cells relative to 1260 

the total 7-AAD⁻ live-cell population (n = 4 independent biological replicates). D and 1261 

E) Western blot and densitometric analysis of β-catenin expression in EV and β-catOE 1262 

BVO-CHPCs; β-actin served as the loading control (n = 3 independent biological 1263 

replicates). F) Representative flow-cytometric profiles of CD11b and CD11c 1264 

expression on Day 4 and of CD11b, CD11c, MHC-II, CD86, and CD80 expression 1265 

following CD11c⁺ enrichment and late-stage differentiation on Day 8. G) 1266 

Quantification of CD11b⁺CD11c⁺MHC-II⁺, CD11b⁺CD11c⁺CD86⁺, and 1267 

CD11b⁺CD11c⁺CD80⁺ cells relative to the total 7-AAD⁻ live-cell population on Day 8 1268 

(n = 4 independent biological replicates). H, I) Western blot and densitometric analysis 1269 

of β-catenin expression in Day 8 EV and β-catOE BVO-derived DCs; β-actin served as 1270 

the loading control (n = 3 independent biological replicates). Data are presented as 1271 

mean ± SD. Two-group comparisons were performed using two-tailed Student’s t-tests, 1272 

and comparisons involving marker and BVO group were performed using two-way 1273 

ANOVA with Šídák’s multiple-comparisons test. ns, not significant; *P < 0.05; **P < 1274 

0.01; ****P < 0.0001. 1275 
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Figure 3. β-catOE BVO-DCs enhance OVA-specific T-cell proliferation and 1276 

activation through the MHC-II/CD4⁺ T-cell/CD40L axis. 1277 

A) Schematic of LPS-induced dendritic cell (DC) maturation, DC/OT-II CD4⁺ T-cell 1278 

co-culture, and DC/OT-II CD4⁺/OT-I CD8⁺ T-cell tri-culture assays using full-length 1279 

ovalbumin (OVA). B) Representative phase-contrast images of EV BVO-DCs, primary 1280 

bone marrow-derived DCs (BM-DCs), and β-catOE BVO-DCs cultured with or without 1281 

LPS for 48 h. Scale bars, 100 μm. C) Representative MHC-II histograms within the 7-1282 

AAD⁻CD11b⁺CD11c⁺ population under −LPS and +LPS conditions. D) Frequencies of 1283 

MHC-II⁺ cells within the CD11b⁺CD11c⁺ population (n = 4 matched independent 1284 
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experiments). E) Representative histograms and frequencies of CD40L⁺ cells among 7-1285 

AAD⁻CD3⁺CD4⁺ OT-II T cells cultured without DCs or with the indicated DCs and 1286 

full-length OVA, including MHC-II blockade. The upstream gating strategy is shown 1287 

in Additional file 1: Figure S8 (n = 4 matched independent experiments). F) 1288 

Representative plots and frequencies of proliferating CellTrace Violet-low 7-1289 

AAD⁻CD4⁻CD8⁺ OT-I cells in the indicated full-length OVA-containing tri-cultures, 1290 

including CD4⁺ T-cell omission and CD40L blockade. The upstream gating strategy is 1291 

shown in Additional file 1: Figure S9A (n = 4 matched independent experiments). G,H) 1292 

Representative histograms and frequencies of CD25⁺ (G) and PD-1⁺ (H) cells within 1293 

the gated OT-I population. CD25 and PD-1 were measured in separate staining tubes 1294 

using parallel tri-cultures without CellTrace Violet; the upstream gating strategy is 1295 

shown in Additional file 1: Figure S9B (n = 4 matched independent experiments). 1296 

Short-term PD-1 upregulation was interpreted as activation-associated checkpoint 1297 

induction rather than T-cell exhaustion. Data are mean ± SD. Panel D was analyzed by 1298 

two-way repeated-measures ANOVA with Tukey’s multiple-comparisons test. Panels 1299 

E–H were analyzed by one-way repeated-measures ANOVA with Geisser–Greenhouse 1300 

correction and Tukey’s multiple-comparisons test. ns, not significant; *P < 0.05; **P < 1301 

0.01; ***P < 0.001; ****P < 0.0001. 1302 
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Figure 4. β-Catenin overexpression reprograms BVO-DCs toward dendritic cell 1303 

differentiation and antigen-presentation-associated transcriptional states. 1304 

A) Unsupervised hierarchical clustering heatmap of the 1,000 most highly variable 1305 

genes in EV BVO-DCs, primary BM-DCs, and β-catOE BVO-DCs. Expression values 1306 

were variance-stabilized and standardized to row-wise Z-scores. B) Volcano plot 1307 

showing differentially expressed genes in EV BVO-DCs relative to BM-DCs. C) Gene 1308 

Set Enrichment Analysis (GSEA) showing negative enrichment of the Wnt signaling, 1309 

dendritic cell differentiation, MHC class I antigen-presentation, and MHC class II 1310 

antigen-presentation gene sets in EV BVO-DCs relative to BM-DCs. D) Principal 1311 
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component analysis of the global transcriptomic profiles. Shaded ellipses indicate the 1312 

distribution of samples within each group. E) Volcano plot showing differentially 1313 

expressed genes in β-catOE BVO-DCs relative to EV BVO-DCs. In B and E, red and 1314 

blue indicate significantly upregulated and downregulated genes, respectively, whereas 1315 

gray indicates genes that did not meet the differential-expression thresholds. 1316 

Differentially expressed genes were defined by an adjusted P value < 0.05 and |log₂ fold 1317 

change| ≥ 1. F) Gene Ontology Biological Process enrichment analysis of genes 1318 

significantly upregulated in β-catOE BVO-DCs relative to EV BVO-DCs. Bubble size 1319 

represents gene count, the horizontal axis represents rich factor, and color represents 1320 

−log₁₀-adjusted P value. G) Row-wise Z-score-normalized heatmaps showing selected 1321 

genes associated with Wnt signaling, dendritic cell differentiation, and MHC class I and 1322 

II antigen presentation. Four independently prepared biological replicates were 1323 

analyzed per group. Differential-expression testing was performed using DESeq2 with 1324 

the Wald test, and P values were adjusted using the Benjamini–Hochberg method. 1325 

GSEA and Gene Ontology enrichment P values were also adjusted using the 1326 

Benjamini–Hochberg method. HVG, highly variable gene; PCA, principal component 1327 

analysis; GO, Gene Ontology. 1328 
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Figure 5. β-catOE BVO-DC treatment improves survival and attenuates CLP-1329 

induced acute lung injury and pulmonary inflammation. 1330 

A) Representative in vivo bioluminescence images of mice receiving intranasal 1331 

luciferase-expressing EV BVO-DCs (Luc-EV BVO-DCs) or β-catOE BVO-DCs (Luc-1332 

β-catOE BVO-DCs) at 4, 24, 48, or 72 h after administration. Independent cohorts were 1333 

imaged at each time point (n = 4 mice per group per time point). The pseudocolor scale 1334 

represents radiance. B) Fiji-derived integrated density of thoracic bioluminescence 1335 

signals. Values were divided by 10⁵ for graphical presentation and are expressed in 1336 

arbitrary units (a.u.). Data were analyzed using ordinary two-way ANOVA followed by 1337 
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Šídák’s multiple-comparisons test. C) Kaplan–Meier survival curves of Sham, CLP, 1338 

CLP + EV BVO-DC, and CLP + β-catOE BVO-DC groups monitored for 96 h (n = 15 1339 

mice per group). Survival curves were compared using the log-rank (Mantel–Cox) test 1340 

with Bonferroni adjustment for pairwise comparisons. D) Representative hematoxylin 1341 

and eosin-stained lung sections collected 48 h after CLP or sham surgery. Scale bars, 1342 

100 μm. E) Histopathological lung injury scores. F) Lung wet-to-dry weight ratios. G) 1343 

Total protein concentrations in bronchoalveolar lavage fluid (BALF). H) Lung 1344 

myeloperoxidase (MPO) activity. I–K) BALF concentrations of IL-1β (I), IL-6 (J), and 1345 

TNF-α (K). For D–K, n = 5 mice per group. Histopathological scoring was performed 1346 

in a blinded manner across multiple fields for each animal, with the animal-level mean 1347 

used as one biological replicate. Data are presented as mean ± SD. Panels E–K were 1348 

analyzed using one-way ANOVA followed by Tukey’s multiple-comparisons test. ns, 1349 

not significant; *P < 0.05; **P < 0.01; ****P < 0.0001. CLP, cecal ligation and puncture. 1350 
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Figure 6. β-catOE BVO-DC treatment restores pulmonary T-cell abundance and 1351 

CD4⁺/CD8⁺ balance in CLP-induced lung injury. 1352 

A) Representative multiplex immunofluorescence confocal images of lung sections 1353 

collected 48 h after CLP or sham surgery. DAPI, blue; CD4, green; CD8, red. Scale 1354 

bars, 100 μm. B,C) Quantification of CD8⁺ (B) and CD4⁺ (C) T-cell densities (n = 5 1355 

mice per group). Three non-consecutive lung sections were examined per animal, with 1356 

five randomly selected, non-overlapping fields analyzed per section. Measurements 1357 

from the 15 fields were averaged to obtain a single biological value for each animal. D) 1358 

Representative flow-cytometric gating strategy for bronchoalveolar lavage fluid 1359 

(BALF)-derived cells. Singlets were sequentially gated as 7-AAD⁻ live cells and CD3⁺ 1360 

T cells, after which CD4⁺ and CD8⁺ subsets were resolved within the CD3⁺ population. 1361 

E) Frequency of 7-AAD⁻ live cells among singlets. F) Frequency of CD3⁺ T cells within 1362 
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the 7-AAD⁻ live-cell gate. G,H) Frequencies of CD4⁺ (G) and CD8⁺ (H) T cells within 1363 

the CD3⁺ population. I) CD4⁺/CD8⁺ ratio, calculated separately for each mouse from 1364 

the corresponding CD4⁺ and CD8⁺ frequencies before group-level analysis. For E–I, n 1365 

= 4 mice per group. Data are presented as mean ± SD and were analyzed using one-1366 

way ANOVA followed by Tukey’s multiple-comparisons test. ns, not significant; *P < 1367 

0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. BALF, bronchoalveolar lavage fluid; 1368 

CLP, cecal ligation and puncture. 1369 

Figure 7. Schematic of β-catenin-driven BVO-DC development and immune 1370 

restoration in sepsis-induced acute lung injury. 1371 

β-Catenin-overexpressing mESCs were sequentially differentiated through BVO and 1372 

CHPC stages into BVO-derived DCs. The resulting β-catOE BVO-DCs enhanced CD4⁺ 1373 

T-cell CD40L expression and CD8⁺ T-cell proliferation and activation-associated 1374 
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phenotypes in vitro. Following intranasal administration, β-catOE BVO-DC treatment 1375 

was associated with increased pulmonary CD8⁺ T-cell abundance, attenuated lung 1376 

injury, and improved survival in CLP-induced sepsis. 1377 
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