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ABSTRACT

Inflammatory bowel disease (IBD), including Crohn’s disease (CD; Th1/Th17-driven) and ulcerative colitis (Th2-
skewed), lacks therapies correcting T-cell imbalance. Current cytokine-focused treatments remain ineffective,
while mesenchymal stromal cells (MSCs) therapies are hindered by inherent heterogeneity and challenges related
to cell viability maintenance, batch-to-batch consistency, and standardization. This study aimed to (Kaplan, 2015
(1)) identify MSCs subtypes targeting CD pathology, Sebastian and Siegmund (2024) (2) create MSCs-mimicking
nanoparticles, and (Li et al., 2016 (3)) propose a “deconstructed cell therapy” framework. Using colon datasets
and CD blood samples, Th1/Thl7-macrophage dysregulation was mapped. Transcriptomic screening of eight
MSCs sources identified dental pulp-derived TLR5"8"-MSCs as superior Th1/Th17 inhibitors compared to um-
bilical cord TLR5°"-MSCs. In colitis models, TLR5M8"-MSCs intercepted gut flagellin (Fla), blocking macrophage
TLR5/NF-kB to restore T-cell balance. Decellularized MSCs membranes were engineered into nanovesicles
(TLR5"8"-CMNP), which showed 3.7-fold higher Fla. affinity than antibodies and suppressed Th1/Th17 activity
in vitro. In murine colitis, TLR5M8".CMNP achieved comparable efficacy to MSCs (e.g., 68.9 % reduction in MPO
scores), while avoiding challenges associated with live-cell administration — such as embolism occurrence (0 %
vs. 24 % in MSCs), need for viability maintenance, and potential variability in TLR5 expression.

Bioinformatic analysis confirmed TLRS5 as pivotal for MSCs specificity, enabling tailored nanoparticle design.
This study highlights TLR5M8"_CMINP as a safer, cell-free MSCs alternative and introduces a paradigm prioritizing
precise immune checkpoint targeting (e.g., Fla./TLR5) over broad cytokine suppression, resolving IBD thera-
peutic ambiguity through scalable biomimetic nanomaterials.

1. Introduction

ileum, and is associated with excessive activation of systemic T-helper
type 1 (Th1) and Th17 immune responses [3,4]. These immune biases

Inflammatory bowel disease (IBD), encompassing Crohn’s disease
(CD) and ulcerative colitis (UC), constitutes a spectrum of chronic
gastrointestinal disorders driven by distinct yet overlapping immuno-
pathological mechanisms [1,2]. Ulcerative colitis is characterized by a
Th2-skewed mucosal inflammation that typically originates in the
rectum and progressively extends proximally. In contrast, CD is distin-
guished by its transmural lesions, predominantly affecting the terminal
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have been recapitulated in the 2,4,6-trinitrobenzene sulfonic acid
(TNBS)-induced murine colitis model, which exhibits a Thl-dominant
immune imbalance and clinical features reminiscent of CD, including
diarrhea, weight loss, and hematochezia [5]. Although significant
progress has been made in understanding the multifactorial etiology of
IBD—encompassing dysbiosis, genetic susceptibility, and dysregulation
of innate-adaptive immune interactions—the specific molecular drivers
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underlying pathological T-cell differentiation imbalance remain elusive
[6,7]. Current therapeutic strategies primarily focus on symptom alle-
viation through conventional anti-inflammatory agents, small-molecule
kinase inhibitors, or biologics targeting the TNF-o/IL-12/IL-23 axis.
However, these approaches fail to address the fundamental causes of T-
cell dysregulation and are often associated with systemic toxicity [8,9].
This critical unmet clinical need underscores the necessity for
mechanism-driven therapeutic strategies capable of spatially and
temporally precise modulation of mucosal immune homeostasis.
Mesenchymal stromal cells (MSCs), owing to their intrinsic immu-
noregulatory properties, tissue-homing ability, and multipotent differ-
entiation plasticity, have emerged as a promising candidate therapy for
IBD [10,11]. For a long time, MSCs have been regarded as outstanding
candidates in regenerative and rehabilitative medicine, facilitating the
repair of damaged tissues through their remarkable differentiation po-
tential and leveraging their low immunogenicity and potent immuno-
modulatory properties for the treatment of autoimmune diseases [12].
Their therapeutic mechanisms are thought to operate primarily through
three complementary pathways: paracrine signaling, extracellular
vesicle (EV) transfer, and direct interactions with immune cells [13,14].
MSCs-based infusion therapies have demonstrated substantial potential
in the treatment of IBD. Preclinical studies have shown that systemic
MSCs infusion alleviates weight loss, improves colonic inflammation,
and reduces disease activity indices (DAI) in IBD mouse models [15].
Moreover, as early as 2003, clinical trials successfully employed local
MSCs injections to repair CD-associated rectovaginal fistulas [16].
However, several critical scientific challenges continue to hinder the
optimization of MSCs therapy for IBD [17]. First, conventionally used
MSCs — such as those derived from bone marrow (BM) — are admin-
istered based on their general “immunomodulatory potential” or
“paracrine effects,” rather than through a disease-specific functional
selection process, leading to inconsistent therapeutic outcomes when the
same MSCs preparation is applied across multiple disease contexts [18].
Additionally, MSCs can be derived from various tissue sources, including
adipose tissue (AD), BM, umbilical cord (UC), placenta, and dental pulp
(DP), resulting in a source-dependent therapeutic effect [19]. Studies
have reported significant differences in gene expression profiles, para-
crine characteristics, and immunomodulatory efficacy among MSCs
derived from different tissues, yet there remains no consensus on the
optimal MSC source for IBD treatment [20]. Furthermore, general
challenges associated with cell therapy, such as the therapeutic noise
introduced by MSCs multipotency, further complicate clinical outcomes
[21]. Although more than 50 immunomodulatory factors secreted by
MSCs have been identified, issues including their short survival time
(necessitating repeated administration), off-target effects (e.g., ectopic
differentiation and genomic instability), and low engraftment efficiency
at inflamed sites reduce the predictability of clinical outcomes [22-24].
This therapeutic ambiguity underscores a crucial principle: rather than
treating MSCs heterogeneity as a limitation, it should be harnessed as a
design feature [25]. By systematically matching disease-specific
immunopathological checkpoints — such as the flagellin (Fla) / TLR5
axis identified in CD in this study — with functionally distinct MSCs
subtypes, a mechanistically tailored approach to MSC-based cell therapy
can be developed. The transition from universal MSCs to disease-
matched MSCs represents a critical direction in the future develop-
ment of MSC-based therapeutics. Additionally, transforming the
complexity of live-cell therapy into well-defined, cell-free derivatives —
such as the membrane nanovesicle particles designed in this study —
offers a dual advantage [26]. On the one hand, it circumvents key lim-
itations inherent to live-cell therapies — such as the need for cell
viability maintenance, challenges in standardization, and variability in
therapeutic factor expression. On the other hand, it preserves precise
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immunotherapeutic properties, a paradigm we define as “deconstructed
cell therapy.”

To identify an optimal MSC subtype targeted for CD pathophysiology
and to develop effective cell-based therapeutic strategies that overcome
key challenges associated with live MSC administration, this study was
conducted at three levels. First, we leveraged large-scale single-cell RNA
transcriptomic data from colonic biopsy samples of CD patients and
healthy individuals, supplemented with clinical peripheral blood sam-
ples from CD patients to validate pathological alterations in T-cell sub-
sets, revealing a dysregulated imbalance in pathogenic Th1l/Th17
polarization. Next, we performed a comprehensive transcriptomic and
phenotypic analysis of MSCs derived from eight distinct human tissue
sources to investigate the key immunological dysregulation mechanisms
of CD. Our findings demonstrated significant interindividual and tissue-
specific heterogeneity among these MSC populations [27,28]. Notably,
TLR5hi-MSC, particularly DP-derived MSCs (DPMSC), were identified as
a superior subtype capable of effectively suppressing pathogenic Th1l/
Th17 polarization imbalance (compared to UC-derived MSCs, which
exhibited the lowest TLR5 expression, p < 0.001). The core regulatory
network of TLR5™-MSC was found to be enriched in innate immune
signaling pathways. Furthermore, using a modular macrophage-
organoid co-culture system, we established a mechanistic link between
TLR5 membrane abundance and macrophage reprogramming (M1-to-
M2 transition). Literature reports indicate that in IBD patients, the
proportion of pathogenic bacteria within the gut microbiota is
increased, leading to a significant elevation in the release of specific
pathogen-associated molecular patterns (PAMPs), including flagellin
(Fla, a TLR5 ligand) and lipopolysaccharide (LPS, a TLR4 ligand)
[29-31]. Notably, the detection rate of Fla-specific peptides (e.g., Fla-E)
reached in active CD cases, compared to 25 % in controls (p = 0.01)
[32]. Our study further elucidates that TLR5".MSC competitively bind
to the TLR5 ligand flagellin on the surface of intestinal mucosal mac-
rophages, thereby intercepting the macrophage TLR5/NF-kB signaling
pathway and reprogramming systemic Th1l/Thl7 polarization,
contributing to the restoration of T-cell homeostasis in CD model mice.
Finally, through bioinformatics analysis, we identified membrane-
associated proteins as key determinants of MSC immunomodulatory
specificity. Comparative analysis between TLR5!°"-MSC (UCMSC) and
TLR5"-MSC (DPMSC) revealed that TLR5 plays a pivotal role in regu-
lating T-helper cell balance. Notably, in vitro functional experiments
demonstrated that decellularized MSC membrane components retained
the essential immunoregulatory receptor TLR5, mirroring the immu-
nosuppressive activity of their parental cells. This inherent molecular
interaction with host immune cells effectively inhibited macrophage-
driven M1 polarization-induced Thl and Th17 proliferation. These
findings inspire a paradigm shift from live cell therapy to cell
membrane-derived nanoparticles (CMNP) — a biomimetic nano-
platform that replicates the hallmark features of MSC membranes (e.
g., homing ligands and checkpoint regulators) while circumventing cell
viability constraints (eliminating the need for cold-chain storage) and
offering enhanced consistency and biosafety compared to live-cell
preparations.

Based on the findings of our study, we engineered TLR5" biomimetic
membrane nanovesicles (TLR5"-CMNP) and applied them in a preclin-
ical TNBS-induced colitis model. These nanovesicles competitively
bound Fla., thereby neutralizing the pathogenic TLR5/NF-kB cascade
and effectively mimicking the therapeutic functions of their parental
MSCs. This study provides the first evidence demonstrating that: (1)
MSCs membrane proteins (e.g., TLR5) serve as determinants of disease-
specific therapeutic efficacy, challenging the conventional “cytokine-
centric” paradigm in MSC-based therapies. (2) Bioengineered cell-free
nanoparticles exhibit superior safety (e.g., no pulmonary retention)
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and enhanced efficacy (e.g., sustained TLR5 antagonism) compared to
their parental MSCs, addressing the “viability-efficacy paradox” of cell
therapy. (3) A functional screening framework linking MSCs tissue
characteristics with immune checkpoint biology enables the precise
matching of therapeutic mechanisms to disease pathophysiology. By
integrating systems biology with nanotechnology, we translate MSCs
heterogeneity into target-defined biocompatible materials, overcoming
long-standing challenges in the field of regenerative cell-based
therapeutics.

2. Material and methods
The work has been reported in line with the ARRIVE guidelines 2.0.
2.1. Ethics statement

All experiments involving animals were conducted in compliance
with relevant laws and approved by the Institutional Animal Care and
Use Committee (IACUC) of Nanjing Drum Tower Hospital (Approval No
2020AE01094). All studies involved human samples complied with the
Declaration of Helsinki and were approved by the Medical Ethics
Committee of Nanjing Drum Tower Hospital (clinical research protocol
number: 2020-245-01). All participants provided written informed
consent.

2.2. Profiling and analysis of mRNA expression data

To explore the function of the Th cells and marker genes, public
dataset of colon tissue from GEO was included. Sequencing dataset
GSE266546 was analyzed and finally obtained 48 cases and 11 healthy
controls. The ssGSEA in GSVA (version 1.44.5) was employed to quan-
tify T cell signature levels per sample.

2.3. Clinical information

25 hospitalized patients with CD (10 males and 15 females, average
age 52.1 years) were enrolled from Nanjing Drum Tower Hospital
(Nanjing, China). Inclusion criteria for CD patients were: 1) fulfillment
of the diagnostic criteria from the “Consensus on the Diagnosis and
Treatment of Inflammatory Bowel Disease in China” (2018, Beijing,
China), based on clinical manifestations, laboratory results, endoscopic
findings, histopathological, and imaging evidence; 2) age over 18 years
and the ability to consent. 20 healthy controls (8 males and 12 females,
average age 48.0 years) were enrolled from the Health Examination
Center of Nanjing Drum Tower Hospital. Inclusion criteria for healthy
controls were: 1) healthy volunteers; 2) age over 18 years and the ability
to consent. All participants provided written informed consent. The
study was approved by the Medical Ethics Committee of Nanjing Drum
Tower Hospital under the project titled “TLR5(high)-MSC Improve In-
flammatory Bowel Disease by Regulating Th1/Th17 Subtypes” (clinical
research protocol number: 2020-245-01), with approval granted on
April 5, 2020.

2.4. Isolation, expansion and culture of PBMCs derived from peripheral
blood

Approximately 10 ml of peripheral blood (PB) was collected from
each participant (patients and healthy controls). The PB samples were
then centrifuged at 3,500 rpm for 10 min using a cryogenic high-speed
centrifuge (Eppendorf, Germany), which separated the serum layer for
subsequent cytometric bead assay (CBA, BD, USA). To isolate peripheral
blood mononuclear cells (PBMCs), density gradient centrifugation was
performed using Lymphoprep (Axis-Shield, AS1114546, Norway). The
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isolated PBMCs were resuspended in Roswell Park Memorial Institute
(RPMI) 1640 medium (C11875500BT, Gibco, USA) supplemented with
10 % fetal bovine serum (FBS, 10099141C, Gibco, USA) and 1 %
penicillin-streptomycin solution (15140122, Gibco, USA), and cultured
at 37°Cin a 5 % CO, atmosphere for further analysis.

2.5. Isolation, expansion and identification of clinical-grade MSC derived
from eight tissues

All samples for MSC isolation in this study were obtained from do-
nors at Nanjing Drum Tower Hospital. Informed consent was obtained
from each participant, and the study was approved by the Institutional
Review Board (Project title: “Utilization of Clinical Patient Samples
(Tissue/Blood/Body Fluids) and Aborted Fetal Tissue to Extract Stem
Cells for Basic and Clinical Research in Regenerative Medicine and
Treatment of Clinical Diseases”; Approval No. 2017-161-08; Approval
Date: November 30, 2017).

Bone marrow aspirates were collected from patients undergoing or-
thopedic surgery, and mononuclear cells were isolated using density
gradient centrifugation. The method for isolating bone marrow-derived
MSC (BMMSC) was adapted from a previous study [33]. Fresh UC seg-
ments, approximately 15 cm in length, were obtained from full-term
infants to isolate primary UCMSC via tissue grafting methods [34].
Adipose tissue samples were acquired from elective plastic surgeries,
while dental pulp samples were obtained from exfoliated deciduous
incisors of children aged 7 to 8 years. Gingival tissue samples were
collected from healthy adults undergoing orthodontic surgery. Chorion,
amnion, and meconium samples were obtained from the same full-term
placenta. Primary MSC from adipose tissue (ADMSC), dental pulp
(DPMSCQ), gingival tissue (GMSC), placental villous tissue (PCMSC),
amnion (AMSC), and decidua (DMSC) were isolated using digestive
enzyme culture methods as described in previous reports [35-38].
Detailed experimental methods and regulations are outlined in our
previous publication [39]. All MSCs were processed in GMP-certified
cell centers according to strict Standard Operating Procedures (SOPs)
and underwent thorough quality control to meet clinic-grade MSC
criteria [39].

The detailed experimental reagents and methods for MSC phenotype
identification, multilineage differentiation potential assessment, and
immune function suppression (including Th1/Th17/Treg differentia-
tion) could be referred to our previous research [25].

2.6. MSC culture and population doubling time assays

MSCs were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
(10567014, Gibco, USA), supplemented with 10 % fetal bovine serum
(FBS) (10099141C, Gibco, USA) and 1 % penicillin-streptomycin solu-
tion, at 37 °C in a 5 % CO3 atmosphere. To eliminate individual varia-
tions, a 1:1:1 ratio of clinic-grade UCMSC derived from three donors
(UC-1, UC-2, UC-3) was used, and the mixture was designated as UCMSC
for subsequent experiments. A similar approach was used for clinic-
grade DPMSC derived from three donors (DP-1, DP-2, DP-3), which
were mixed at a 1:1:1 ratio and referred to as DPMSC. All MSCs were
maintained between passages 3 and 8 to prevent cellular senescence.

The population doubling of each MSC type was monitored by
counting the total cell number at each passage during subculture. The
difference in cell number from the harvest stage was calculated using the
formula: [log10(N) — 1log10(Np)] / log10 (2), where N is the number of
cells at passage, and NO is the initial cell number. Population doubling
time was calculated using the formula: (t — to) e log2/log (N—Ny),
where (t — to) represents the culture time (h), N is the number of har-
vested cells, and N is the initial cell number [40].
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2.7. RNA isolation, library preparation, and sequencing analysis

OE Biotech Co. Ltd. (Shanghai, China) conducted RNA extraction
and processing, libraries construction and transcriptome sequencing and
analysis. (1) Preparation for RNA-sequencing data: Read counts for each
gene were quantified, and Transcripts Per Million (TPM) were calcu-
lated. Low-expression genes with TPM < 1 in all of samples or mean
TPM < 0.5 were then excluded. All expression values were log-
transformed. (2) The basic genetic visualization of genes: In seurat, t-
distributed stochastic neighbor embedding, the nonlinear dimension
reduction method, was used to map high dimensional gene expression
data into a three-dimensional space, bringing together samples with
similar expression patterns. The differences between the samples were
thus made more comprehensible. (3) The pathways of biological process
were selected from the R package clusterProfiler (version 4.12.1). The
single sample gene set enrichment analysis (ssGSEA) implemented in the
R package GSVA (version 1.44.5) was used to quantify the infiltrate
levels of pathways for each sample with expression data [41]. Differ-
ential gene set enrichment across 8 tissues was evaluated using ANOVA,
and multiple comparisons were performed using the Tukey’s honestly
significant difference. (4) Differential gene expression analysis: The
‘DESeq2’ package was utilized to identify differential genes (DEGs)
among UCMSC and DPMSC. False discovery rate (FDR) method was
applied to correct the results at p < 0.05 level. The screening criteria was
|log2 fold change| > 1. By using KEGG pathway significant enrichment
analysis, we analyzed the biological functions of the differential
expressed genes [42]. (5) Correlation of cell membrane genes and Th1-
related genes: First, we go through all the proteins corresponding to the
genes in our data to confirmed the cell membrane genes from the Uni-
Prot resources (https://www.uniprot.org) by the R package UniprotR
[43]. Then, we conducted the correlation analysis between cell mem-
brane genes and Thl-related genes using the Pearson correlation test
from the expression matrix, corrected the results at p < 0.05 level by
FDR method.

2.8. Generation of TLR5 knockdown MSC with SiRNA

SiRNA-TLR5 was purchased from Hippo Biotechnology. To generate
TLR5-deficient MSC, 50 nM siRNAs were transfected into MSC using
RNAIMAX (Invitrogen, 13778-075, USA) at a 1:3 siRNA-to-reagent
ratio, following the manufacturer’s protocol, when the MSC reached
60-70 % confluence. The efficiency of TLR5 knockdown was assessed
72 h post-transfection. MSC were then used in subsequent experiments
24 h after transfection.

2.9. Quantitative real-time PCR analysis

Total RNA was extracted from MSC, PBMCs, and THP-1 cells using
VeZol reagent (Vazyme, R411-02, China), according to the manufac-
turer’s instructions. RNA concentration was quantified using a Nano-
Drop™ One Microvolume UV-Vis Spectrophotometer (Thermo Fisher
Scientific). Complementary DNA (cDNA) was synthesized by reverse
transcription of 1 pg of RNA using Hiscript III Reverse Transcriptase.
Quantitative PCR (qPCR) was performed with 2 pl of ¢cDNA, 1 pl of
forward and reverse primers, 10 pl of ChamQ SYBR qPCR Master Mix
(Vazyme, Q311-02, China), and 6 pl of ddH20 on a QuantStudio™ 6
Flex Real-Time PCR System (Applied Biosystems), followed by melting
curve analysis. Results were normalized to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) expression. Data were analyzed using the
comparative Ct (2724€Y method and further normalized to the negative
control. Primer sequences for the reactions are listed in Supplementary
Table 1.
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2.10. TNBS-CD model and MSC (or MSC - CMNP) transplantation

C57BL/6 mice (female, 22-25 g, 8-9 weeks old) were purchased
from Nanjing Charles River Laboratories. Prior to TNBS treatment, all
mice were fasted for 24 h with free access to water. On day 0 (DO0),
experimental CD models were established by intra-rectal injection of
100 pl TNBS (5 % w/v TNBS: absolute ethanol = 1:1; Sigma-Aldrich,
USA) 3-4 cm into the colon lumen under anesthesia with 1 % iso-
flurane (RWD, R510-22-10, China).

In the in vivo treatment study, the treatments included intraperito-
neal injection of PBS (300 pl), 1 x 10® UC/DP-MSC, 1 x 10° UC/DP
(SiNC/SiTLR5)-MSC, or 200 pg UC/DP-CMNP at hour 6, and caudal vein
injection of PBS (300 pl), 5 x 10° UC/DP-MSC, 5 x 10° UC/DP (SiNC/
SiTLR5)-MSC, or intraperitoneal injection of 100 ug UC/DP-CMNP at
hour 24 after TNBS modeling. Mice were then euthanized by overdose of
anesthesia (5 % isoflurane) on day 4 post-induction, and spleen,
mesenteric lymph node, and colon tissues were collected for subsequent
analysis. All procedures were approved by the Institutional Animal Care
and Use Committee (IACUC) of Nanjing Drum Tower Hospital.

2.11. MSC biodistribution analysis

Mice were induced to develop CD and subsequently received
UCMSC/DPMSC via tail vein injection, as previously described. To trace
Green Fluorescent Protein (GFP)-MSC, 5 x 10° UCMSC or DPMSC
genetically engineered to overexpress GFP were injected into TNBS-CD
mice in 0.3 ml PBS. For CM-Dil staining (Thermo Fisher, USA),
UCMSC or DPMSC were digested, centrifuged, and resuspended in 1 ml
CM-Dil dye. Cells were incubated at 37 °C for 15 min and at 4 °C for an
additional 15 min. A total of 5 x 10° CM-Dil-stained UCMSC or DPMSC
in 0.3 ml PBS were then injected into TNBS-CD mice. At 0, 6, 24, 48, and
72 h post-transplantation, mice were euthanized, and colon tissues were
collected for detection of GFP-positive and CM-Dil-positive cells. The
distribution of transplanted MSC was traced using fluorescence confocal
microscopy.

2.12. Assessment of IBD

Each experimental mouse was weighed and monitored daily for the
occurrence of diarrhea, bloody stool, and weight loss. The DAI was
calculated according to the scoring criteria provided in Supplementary
Table 2.

In the TNBS-induced CD mouse model, the distal colon was excised
from each mouse and fixed in 4 % phosphate-buffered para-
formaldehyde overnight for histological analysis. Each sample was
embedded in paraffin, sectioned either horizontally or vertically, and
stained with H&E. Histological images were captured using an optical
microscope (Olympus BX51, Olympus Corporation). The microscopic
inflammation score (MIO) was determined based on the H&E results and
two parameters outlined in Supplementary Table 3. Additionally, sam-
ples were stained with Periodic Acid-Schiff (PAS) and myeloperoxidase
(MPO) to assess changes in goblet cell number and neutrophil infiltra-
tion in the colon.

2.13. Lymphocytes isolation from spleen and MLN

All mice were euthanized, and the spleens and mesenteric lymph
nodes (MLN) were aseptically harvested, ground, and filtered through a
45 pm nylon membrane. The resulting lymphocytes were isolated from
these tissues. The filtered cells were then resuspended in RPMI 1640
medium supplemented with 10 % heat-inactivated FBS (incubated at
65 °C for 30 min), 100 U/ml penicillin, and 100 pg/ml streptomycin,
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and the cell concentration was adjusted as needed. The lymphocytes
from both tissues were grouped and stimulated with a cocktail. One
group was stimulated for 4 h for RNA extraction and Q-PCR analysis,
while another group was stimulated for 5 h for flow cytometry (FCM)
analysis.

2.14. THP-1 cell culture and macrophage differentiation

THP-1 cells were cultured in RPMI 1640 medium supplemented with
10 % FBS (10099141C, Gibco, USA) and 1 % penicillin-streptomycin
solution (15140122, Gibco, USA) at 37 °C in a 5 % CO, atmosphere.
The cells were then induced with 50 ng/ml phorbol 12-myristate 13-
acetate (PMA, Sigma, USA) for 24 h to differentiate into mature mac-
rophages. Subsequently, the cells were cultured in fresh RPMI 1640
medium for an additional 24 h, resulting in the formation of adherent
MO macrophages for subsequent experiments.

2.15. Invitro effects of MSC on the regulation of macrophage

A density of 5 x 10° undifferentiated THP-1 monocytes per well was
seeded into 12-well plates and adhered with PMA, as previously
described. Simultaneously, MSCs were placed in 0.4 pm pore size 12-
well transwell inserts (Corning, USA). After 24 h, THP-1 cells were
induced into macrophages, and flagellin (100 ng/ml, Sigma, SRP8029,
USA) was added to the media for an additional 24-h incubation. The
cytokines in the supernatant were then collected and quantified using
CBA. Macrophages and MSCs were then used for protein extraction to
detect the expression of TLR5 and the phosphorylation levels of the IKBa
and MAPK signaling pathways by Western blot.

2.16. Cytometric Beads assay

Cytokine concentrations (IL-8, IL-1f, IL-6, IL-10, TNF-a, and IL-
12p70) were measured using a Cytometric Bead Array (CBA) kit (BD,
551811, USA), following the manufacturer’s protocol. Cytokine in-
tensities were then detected by FCM, and the resulting data were
analyzed using graphical user interface software.

2.17. Macrophage deletion in TNBS induced CD mice

Macrophage depletion in TNBS-induced CD mice was achieved using
Clodronate Liposomes (YEASEN, 40337ES10, China). For this purpose,
each mouse received an intravenous injection of 200 pl control lipo-
somes (PBS) or clodronate liposomes under anesthesia with 1 % iso-
flurane (RWD, R510-22-10, China) one day before TNBS treatment (D-
1) and two days after TNBS treatment (D2). Mice were divided into four
groups: (1) IBD: mice treated with TNBS, control liposomes (PBS), and
PBS; (2) IBD + Clo: mice treated with TNBS, clodronate liposomes, and
PBS; (3) Clo + UCMSC: mice treated with TNBS, clodronate liposomes,
and UCMSC; (4) Clo + DPMSC: mice treated with TNBS, clodronate li-
posomes, and DPMSC. Mice were then euthanized by overdose of
anesthesia (5 % isoflurane) on day 4 post-induction, colon tissues were
collected for subsequent analysis, spleens and MLN were processed into
single-cell suspensions. These were treated with erythrocyte lysate
(Solarbio, R1010) and incubated with CD11b-PerCP and F4/80-FITC
antibodies (BD Biosciences) to verify macrophage depletion (CD11b"
F4/80") by FCM. All procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) of Nanjing Drum Tower
Hospital.
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2.18. Preparation and characterization of CMNP

The MSC membrane was isolated using a hypotonic lysis method
[44]. MSCs were cultured until approximately 80 % confluency was
reached, then detached with 0.25 % trypsin/EDTA (Gibco, USA). The
cells were collected and resuspended in a hypotonic lysate solution
containing 10~ M phenylmethanesulfonyl fluoride, 1072 M KCl, 1.5 x
103 M MgCly, and 102 M Tris-HCI (pH 8.0). The cell suspension was
rapidly frozen in liquid nitrogen at —196 °C, followed by thawing at
room temperature (15-25 °C) for 4-5 cycles. The mixture was then
centrifuged at 4 °C at 850 xg for 10 min. The supernatant was collected,
and a second centrifugation step at 15,000 xg for 30 min was performed
to obtain precipitates containing MSC membranes. Membrane proteins
were quantified using the Pierce BCA protein assay kit (Vazyme, China).
Finally, the extracted membrane mixture was extruded through a 200
nm membrane filter to obtain MSC-CMNP.

The morphology of the MSC-CMNP was confirmed using trans-
mission electron microscopy (TEM). For TEM imaging, MSC-CMNP
samples were placed on copper grids, stained with 2 % ammonium
molybdate, and air-dried prior to examination with a Hitachi micro-
scope. To visualize the MSC-CMNP, they were labeled with Dio (Beo
Tianmei Biotechnology Co., Ltd., China) and observed with a Leica laser
scanning confocal microscope. The IgG isotype was used as a negative
control. CMNP samples were then incubated with MSC membrane pro-
tein markers (CD45, CD105, CD73, and CD90) and analyzed by FCM.
Dynamic light scattering (DLS) was used with a Malvern Zetasizer in-
strument to determine the hydrodynamic diameter of the nanoparticles.
The expression of MSC markers (CD90) and exosome markers (Calnexin,
TSG101 and CD81) was assessed to confirm the retention of cell mem-
brane characteristics.

2.19. Zeta potential

A Zetasizer Nano Series (Zen 3600) (Malvern Panalytical, Worces-
tershire, United Kingdom) was used for zeta potential (mV) measure-
ment on MSC-CMNP. The samples were kept at room temperature before
performing the measurements. 10 pl of the sample was added to 1 ml of
0.1 pm filtered deionized water and loaded in a disposable capillary cell
(DTS1070, Malvern Panalytical, Worcestershire, United Kingdom). The
analysis temperature for the machine was set at 25 °C. The refractive
index was manually set to 1.390, absorption to 0.01, and water set as a
dispersant. The equilibration time was set to 60 s. Three measurements
were set for each run. Before doing the experiment, the machine was
calibrated using a ZTS1240 zeta potential transfer standard solution
(Malvern Panalytical, Worcestershire, United Kingdom).

2.20. In vitro CMNP-mediated immune modulation

UC/DP-CMNP was added to the culture system of Fla-stimulated
adherent MO macrophages and cell supernatants were collected at 24
h after co-culture for culturing PBMCs to detect their immunomodula-
tory effects on Th1l and Th17, while macrophages were incubated with
antibodies against CD11b-FITC and CD86-PE and assayed by FCM to
detect their polarization towards the M1 phenotype.

To visualize THP-1 competing with MSC-CMNP for Fla. binding, we
labeled THP-1 cells with CMDil (Invitrogen, USA) and self-coupled Fla.
to APC fluorescence (Invitrogen, USA) following the manufacturer’s
protocol. CMNP was then assayed by FCM to determine its specific
binding efficiency to Fla-APC after treatment with anti-TLR5 antibody.
The overlap of red and blue colors observed by Leica laser scanning
confocal microscope indicates binding of THP-1 to Fla. Changes in the
percentage of Fla-APC after co-culture with THP-1 and CMNP, which
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Fig. 1. Heterogeneity-Guided MSC Selection for Precision Immunomodulation in CD. (a-b) Transcriptional meta-analysis of CD cohorts (GEO: GSE206171) identifies
enhanced Th1/Th17 polarization signatures in CD patients versus healthy controls. (c-e) qPCR validation of Th1/Th17-associated cytokines (IFN-y, TNF-a, IL17-a) in
peripheral blood mononuclear cells (PBMCs) from CD patients, confirming systemic inflammatory escalation. (f-h) Flow cytometric quantification of activated
CD3"CD8 IFN-y* (Th1) and CD3"CD8 IL-17 A* (Th17) subsets in CD PBMGCs, illustrating disease-specific T-cell dysregulation. (i) RNA sequencing was performed
on MSC derived from eight different tissues, and principal component analysis was conducted to analyze the gene expression of 24 samples from these tissues. (j-k)
Functional profiling of MSC immunomodulatory capacity across eight tissue origins, revealing source-dependent variability in Th1/Th17 suppression. (1-m) Genomic
differences in MSC proliferation from eight tissues and population doubling time analysis. (n-q) Representative flow cytometry plots showing the inhibitory effect of
MSC from eight tissues on the proliferation of CD3"CD8 IFN-y" (Th1) and CD3"CD8 IL-17 A" (Th17) subsets in CD patients PBMCs, along with corresponding
sAtatistical analyses. Unpaired t-test was used to determine p values (*p < 0.05; **p < 0.01; ***p < 0.001).

were analyzed by FCM, provided evidence for the same effect.

2.21. FCM

The supernatant of PBMCs in the PBMC/MSC (or PBMC/MSC frag-
ments or PBMC/MSC-CMNP) co-culture system was collected, centri-
fuged, and stimulated with the Cell Stimulation Cocktail (Invitrogen,
00-4975-93, USA) at 37 °C for 5 h. To detect the percentage of Thl
(CD3'CD8 IFN-y"), Th17 (CD3"CD87IL-17 A%"), and Th2
(CD3'7CD87IL-4™) cells, PBMCs were stained with surface antibodies
CD3-PerCP, CD8-APC, and intracellular cytokine antibodies IFN-y-FITC,
IL-17 A-PE, and IL-2-BV410 (BD Biosciences, USA), followed by flow
cytometry (FCM) analysis. MSC fragments (2.5 x 10* cells per well)
were seeded in 24-well plates. The following day, PBMCs were labeled
with CFSE (eBioscience, 65-0850-84, USA) and co-cultured with MSC
(—lysate) in the same plates. After 3 days, PBMCs were collected for
further analysis.

Lymphocytes dissociated from spleen and MLN tissues were incu-
bated with CD4-FITC, IFN-y-PE, IL-17 A-PE, and IL-4-APC antibodies
(BD Biosciences, USA) for surface and intracellular cytokine staining.
The percentage of Thl (CD41IFN-y"), Th17 (CD4'IL-17 A™) and Th2
(CD47IL-4™) cells was analyzed by FCM. Unstained cells were acquired
(10,000 events) to set the gate for positively labeled cells.

All samples were analyzed using a flow cytometer (BD AccuriTM C6
Plus, USA), and data were processed using FlowJo software version 10.

2.22. SDS-PAGE and immunoblotting

For immunoblotting, 1 x 10° cells were seeded per well in a 24-well
plate, differentiated, and stimulated as described above. Cells were
washed with ice-cold PBS and lysed on ice for 15 min in 250 pl of RIPA
buffer (Beyotime, PO013B, China) supplemented with 100 x protease
inhibitors (Beyotime, P1005, China) and 50 x phosphatase inhibitors
(Beyotime, P1081, China). Lysates were cleared by centrifugation at
12,000 xg for 25 min at 4 °C. Protein concentrations were determined
using the BCA assay (Vazyme, E112-02, China). Fifteen to twenty pg of
total protein per sample was mixed with 5 x loading dye (Beyotime,
P0015, China), denatured at 95 °C for 10 min, and separated by SDS-
PAGE.

After SDS-PAGE, proteins were transferred onto methanol-activated
PVDF membranes (Beyotime, FFP39, China) using wet transfer at 300
mA for 1 h in Towbin buffer (25 mM Tris-HCI, pH 8.3, 192 mM glycine,
20 % (v/v) methanol). Depending on the primary antibody, membranes
were blocked with 5 % BSA or 5 % non-fat dry milk in TBST (0.05 %
Tween-20) for 60 min at room temperature. Membranes were incubated
overnight at 4 °C with primary antibodies against GAPDH (1:300,000,
ABclonal, A19056, China), TLR5 (1:2,000, Abcam, ab13876, USA), IKBx
(1:5,000, Abcam, ab32518, USA), P-IKBa (1:1,000, CST, 2859 T, USA),
JNK (1:1,000, Proteintech, 66210-1-Ig, China), P-JNK (1:1,000, Beyo-
time, AF1762, China), ERK (1:1,000, Proteintech, 16443-1-1AP, China),
P-ERK (1:1,000, Beyotime, AF1891, China), P38 (1:1,000, Proteintech,
14064-1-AP, China), P—P38 (1:1,000, Abcam, ab133462, USA),

Calnexin (1:1,000, Abcam, ab133615, USA), TSG101 (1:2,000, Abcam,
ab125011, USA), CD81 (1:1,000, Abcam, ab109201, USA), and CD90
(1:2,000, Abcam, ab307736, USA). Blots were developed by washing
with TBST, probing with 1:2,000 diluted HRP-conjugated secondary
antibodies, washing again, and then imaging with an enhanced chem-
iluminescence system (Biosharp, BL523B, China). For reprobing, mem-
branes were stripped using a Western blot stripping buffer (NCM,
WB6500, China). Densitometric analysis of protein band intensities
were performed using ImageJ/Fiji (v.2.14.0), and results were normal-
ized to the loading control.

2.23. Colon tissue immunofluorescence staining

Colon tissue samples were fixed in 4 % paraformaldehyde at 4 °C,
followed by dehydration, embedding in optimal cutting temperature
(OCT) compound and then frozen. Tissue sections (6 pm) were prepared
using a cryostat and mounted onto glass slides. For staining, slides were
fixed in pre-chilled methanol (—20 °C) for 30 min, followed by three
washes (5 min per wash) with 4 °C pre-cooled PBS. Sections were per-
meabilized in PBS containing 0.1 % Triton X-100 for 20 min at room
temperature and rinsed three times with PBS. To block nonspecific
binding, slides were incubated with 5 % FBS (diluted in PBS) for 30 min.
Primary antibodies targeting CD86 (1:100, Abcam, ab119857, USA) and
Arg-1 (1:500, Proteintech, 16001-1-AP, China) were diluted in 5 % FBS
and applied to the sections overnight at 4 °C. After three PBS washes,
sections were incubated with species-matched secondary antibodies
conjugated to Alexa Fluor™ 488 (1:500, Invitrogen, A11006, USA) and
Alexa Fluor™ 568 (1:500, Invitrogen, A11011, USA) for 1 h in the dark.
Slides were washed again with PBS and then the excess liquid was
carefully wiped away. Finally, the sections were mounted using an
antiquenching mounting medium containing DAPI.

2.24. Isolation and detection of human primary macrophages (pM¢)

Following PBMC isolation, the cells were washed and resuspended in
PBS containing 4 % HSA and 0.5 mM EDTA. Monocytes were then iso-
lated using CD14 MicroBeads (130-050-201, Miltenyi Biotec, Germany)
in accordance with the manufacturer’s protocol.

In summary, the PBMCs utilized for CD14P selection were diluted to
a concentration of 1 x 107 cells/ml and then incubated with 20 pl CD14
MicroBeads for 15 min at 4 °C. The PBMC suspension was subsequently
loaded onto a MACS column and positioned within the magnetic field of
a MAGCS separator. The magnetically labeled CD14" monocytes are
retained within the column, while the unlabeled cells pass through.
Following the removal of the column from the magnetic field, the
magnetically retained CD14" monocytes were washed in PBS with 4 %
HSA and 0.5 mM EDTA. The cells were subsequently resuspended in
RPMI-1640 containing 10 % FBS, 1 % PS and 50 ng/ml M-CSF (300-25,
PeproTech, USA), and then placed in the incubator for macrophages
differentiation. The media were changed every 2 days.

In order to detect the purity of CD14" monocytes, 3 x 10 cells/tube
were stained with surface antibodies: CD11b-Percp, CD45-APC, and
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Fig. 2. Source-Dependent Immunomodulatory Divergence of UCMSC and DPMSC: Mechanistic Profiling and Therapeutic Stratification in IBD Models. (a) Statistical
analysis of immune-related gene expression (IL-10, TGF-p, IDO, HGF, CCL2) between UCMSC and DPMSC. (b-c) Functional cytokine suppression profiles of UCMSC
versus DPMSC in PBMCs cocultures: Differential inhibition of Th1l (IFN-y, TNF-a) and Th17 (IL-8, IL-17 A) effector molecules (MSC-dominated suppression). (d-g)
Flow cytometric analysis of proinflammatory T-cell subsets (Th1: CD4"TFN-y* and Th17: CD4'IL-17 A") in MLN (d-e) and splenic (f-g) from TNBS-induced CD mice.
DPMSC administration significantly suppressed Th1l and Th17 responses compared to UCMSC treatment. Statistical significance was determined using ANOVA
followed by Tukey’s post hoc test. Data are presented as means + SD (n = 5-7 biologically independent samples). (h-1) Comparative efficacy analysis of colon length,
MPO activity kinetics, body weight, and DAI in treated mice. DPMSC-treated mice displayed markedly reduced MPO and MIO versus UCMSC controls. (m-p)
Representative images and pathological staining results (colon length, HE, PAS and MPO) of mouse colon tissues after different treatments. Statistical significance

determined by one-way ANOVA (*p < 0.05, **p < 0.01, ***p < 0.001).

CD14-FITC. Subsequent analysis was conducted via FCM.

2.25. Evaluation of TLR5-mediated pM¢ polarization and downstream
PBMC responses

After monocyte-derived macrophages differentiation, the cells were
stimulated with different treated MSCs CMNP (UC-SiNC-CMNP/ UC-
SiTLR5-CMNP) or left untreated for 24 h. Subsequently, the cells were
digested with trypsin, resuspended in PBS and stained with surface an-
tibodies: CD11b-Percp, CD86-PE, and CD206-APC. FCM analysis was
then performed to determine the ratio of M1/M2 macrophages.

Following monocyte-to-macrophage differentiation, the cells were
co-cultured for 48 h with MSCs CMNPs, including UC-SiNC-CMNP, UC-
SiTLR5-CMNP, DP-SiNC-CMNP, or DP-SiTLR5-CMNP, in the presence of
Fla. For the TLR5 blockade group, CMNPs were pre-incubated with an
anti-TLR5 neutralizing antibody prior to co-culture. After 48 h, macro-
phage polarization was assessed. Culture supernatants from each group
were subsequently collected and used to stimulate PBMCs for 72 h. FCM
was performed to evaluate the proportions of Th1l and Th17 subsets in
PBMCs.

Adherent macrophages were harvested by trypsin digestion and
resuspended in PBS, followed by surface staining with CD11b-PerCP,
CD86-PE, and CD206-APC antibodies. The M1/M2 macrophage ratio
was then determined by FCM analysis.

2.26. Statistical analyses

GraphPad Prism version 10.0.0 for Windows (GraphPad Software
Inc., Boston, MA, USA, www.graphpad.com) was used for statistical
analysis. All data are presented as mean =+ standard deviation (SD).
Parametric methods were used for normally distributed data.
Nonparametric methods, such as the Mann-Whitney U test with Dunn’s
post hoc analysis, were used for data that were not normally distributed.
For data satisfying the homogeneity of variance criteria, independent
samples t-test or two-way analysis of variance with Tukey’s post hoc test
or least significant difference test were used. All statistical tests were
two-tailed with a type I error rate fixed at @ = 0.05. Experimenters
remained unaware of group assignments and outcomes throughout the
research. p values below 0.05 were deemed significant, with significance
thresholds set at *p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

3. Results and discussion

3.1. Tissue-specific MSC screening identifies DPMSC with superior Th1/
Th17 immunoregulatory capacity in CD

At the outset of the study, RNA sequencing data were analyzed to
investigate the pathogenesis of CD. Analyses of CD pathogenesis
revealed a pathological Th1/Th17 polarization signature, with RNA-seq
demonstrating upregulation of Th1 immune response and Th17 immune
response in patient colonic mucosa versus healthy controls (HCs; p =

0.037, p = 0.017, Fig. 1a-b). To further validate these findings, PB was
collected from patients, and PBMCs were isolated for subsequent testing.
Systemic validation in PBMCs from 25 CD patients confirmed elevated
Th1/Th17 frequencies by immunoreactive genes in PBMCs (Fig. 1c-e)
and flow cytometry (Th1: [16.72 + 6.33] % vs. HCs [8.61 + 6.59] %, p
< 0.01; Th17: [4.05 + 1.83] % vs. [1.94 &+ 1.02] %, p < 0.001) (Fig. 1f-
h), establishing immune dysregulation as a therapeutic target. To
address this imbalance, we systematically profiled MSC from eight
human tissues (umbilical cord [UC], dental pulp [DP], etc.), all con-
forming to ISCT standards: CD14"/CD19"/CD34"/CD45" /HLA-DR < 2
% purity, CD44"/CD73"/CD90"/CD105" > 95 % purity (FACS) (Sup-
plementary Table 4, Supplementary Fig. 1 [Fig. S1]), and trilineage
differentiation confirmed (Fig. S2). RNA sequencing of 24 donors (n =
3/tissue type) uncovered hierarchically organized heterogeneity - inter-
tissue variations outweighed intra-tissue donor differences (Fig. 1i).
Tissue origin dictated functional divergence, with ssGSEA pathway
analysis exposing DPMSC unique Th1l/Th17 modulation signature
(DPMSC vs. UCMSC, FDR = 0.0078557 for Th1; FDR = 6.372116e-06
for Th17; Fig. 1j-k), while maintaining high proliferative capacity across
eight cell types (Fig. 1l-m). This heterogeneity may underlie the
observed differences in multilineage differentiation potential and
immunomodulatory capacity, which contribute to varying therapeutic
effects in different disease contexts. Functional prioritization through
MSC-PBMC co-cultures demonstrated that DPMSC exceptional immu-
noregulatory effects, and significant differences were identified in its
ability to modulate Th1 and Th17 responses compared to UCMSC, while
maintaining similar proliferative rates. As candidate cells, under Thl/
Th17-polarizing conditions, DPMSC reduced the Thl subset by (61.30
+ 2.34) % and the Th17 subset by (54.73 £+ 7.05) % compared to
UCMSC (p < 0.001; Fig. 1n-q). Previous studies have shown that MSC
can alleviate various diseases by regulating the balance between Th1,
Th17, and Treg populations [45,46]. Therefore, we also assessed the
differences in the ability of UCMSC and DPMSC to regulate the Treg
subset in PBMCs, and found that both had similar effects in promoting
Treg proliferation (Fig. S3).

3.2. DPMSC outperform UCMSC in TNBS-induced colitis through
immunomodulation

Transcriptomic profiling of tissue-specific MSC revealed DPMSC'’s
distinct immunoregulatory signature, characterized by 2.01-fold
elevated IL10 expression (p < 0.01) and reduced pro-inflammatory
mediators (IDO|46.7 %, CCL2]39.40 %; p < 0.001) compared to
UCMSC (Fig. 2a). Co-culture with PBMCs under Th1/Th17-polarizing
conditions demonstrated DPCMSC’s superior capacity to suppress
pathogenic cytokines of PBMCs, attenuating IFN-y, IL8, IL17 A, and TNF
transcription and expression versus UCMSC (p < 0.05; Fig. 2b-c),
establishing their enhanced paracrine potency. After obtaining signifi-
cant support from in vitro experiments, we investigated the differences
in therapeutic efficacy of different cell interventions in an inflammatory
model animal. Mice were fasted for 24 h prior to CD induction, followed
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Fig. 3. In vitro Evaluations of Th1/17 differential significant gene TLR5 mediated CD4" T cell differentiation.

(a) A bubble plot was created to visualize the KEGG enrichment analysis results for immune-related pathways that were significantly enriched in the DEGs between
UCMSC and DPMSC. (b) Volcano plots displaying up- and down-regulated immune-related genes in UCMSC and DPMSC. (c) A gene expression heatmap was created
to illustrate the expression levels of DEGs related to Th1 and Th17 between UCMSC and DPMSC. The color of each square indicates the scaled expression level of the
corresponding gene. Each column represents a sample, while each row represents a DEG related to Th1l or Th17. (d) Genes associated with Th1l and Th17 differ-
entiation, identified through genomic screening, were validated by q-PCR. (e) Gene expression discrepancy of TLRs family members between DPMSC and UCMSC. (f)
Boxplot for TLR5 expression of eight tissues derived MSC. (g) Significant differences in Th1/Th17-related membrane genes between UCMSC and DPMSC, with a focus
on TLR5, a membrane protein. (h, i) Western blotting and quantitative analysis of TLR5 protein expression in UCMSC and DPMSC derived from different individuals.
(j, k) Western blotting and quantitative analysis of TLR5 protein expression in UCMSC and DPMSC transfected with SiTLR5 were performed. (I-0) Representative flow
cytometry analysis of CD4" T cell differentiation into Th1 and Th17 cells in PBMCs following different treatments, along with corresponding quantitative analysis.
UCMSC and DPMSC suppress Th1 (CD3"CD8 IFNy™) and Th17 (CD3"CD8 IL17 A*) differentiation reversed upon TLR5 knockout. p values: *p < 0.05, **p < 0.01,
***p < 0.001.

by TNBS administration via the anus on day 0 (D0) modeling human CD cross-validation of the principal Th1l/Thl7-associated transcriptome
endotypes. Six hours and 24 h post-administration, MSC were injected divergences confirmed TLRS5 as the dominant lineage-defining signature
into the abdominal cavity and tail vein, respectively, and all mice were in DPMSC, exhibiting (48.3 + 7.7)-fold elevated mRNA abundance
euthanized on day 4 (D4) (Fig. S4). To facilitate live cell tracking, versus UCMSC (p < 0.001; Fig. 3d). TLR5 demonstrated lineage-specific
UCMSC and DPMSC were labeled with GFP and CM-Dil before trans- dominance across TLR-family members (Alog2FC > 3.993504 vs. TLR1/
plantation. The results demonstrated that MSC were widely distributed 3/4/6;p < 0.001; Fig. 3e), with gene expression data positioning DPMSC
in the colonic region of the mice between 6 and 72 h following tail vein TLR5 at the immunoregulatory apex among eight MSC types (Paov =
injection (Fig. S5), correlating with accelerated clinical recovery. 0.000792; Fig. 3f). Correlation analysis of Th1/Thl7-related immune
Mechanistically, mRNA and cell subset analyses showed that DPMSC genes and cell membrane genes mechanistically linked TLR5 to Thl/
reprogrammed CD4" T cell polarization towards Th1/Th17 in various Th17 modulation: suppression of Th1/Th17 drivers (Fig. 3g). Conse-
immune regions. Flow cytometry confirmed the systemic immunomo- quently, TLR5 was identified as a key target membrane gene for further
dulation of DPMSC: CD4" T cells from MLN showed a reduction of study. Protein analysis via Western blot confirmed that TLR5 protein
(37.31 £+ 10.56) % in IFN-y+ and (42.01 + 2.15) % in IL-17 A" pop- levels in DPMSC were 2.5 times higher than in UCMSC across different
ulations (vs. UCMSC; p < 0.05; Fig. S6a, Fig. S7a-b and Fig. 2d-e); CD4 ™" donors (n = 3, p < 0.05; Fig. 3h, i). To establish a TLR5-dependent
T cells from the spleen showed a reduction of (34.78 + 3.84) % in IFN-y™ causality in MSC-driven Th cell polarization divergence, we performed
and (51.56 + 8.45) % in IL-17 A™ populations (vs. UCMSC; p < 0.05; a spatiotemporal loss-of-function assay using three pairs of siRNA
Fig. S6b, Fig. S7c-d and Fig. 2f-g). However, the proportion of CD4"IL4 " hairpins, optimizing TLR5 knockdown at 72 h and determining the
cells in both MLN and spleen showed no statistical difference (p > 0.05; optimal sequences for different cell types (Fig. S9). After 72 h of siRNA
Fig. S8). DPMSC-treated mice regained 103.1 % of baseline weight by transfection, TLR5 knockdown efficiency was (68.0 + 3.0) % in DPMSC
D4 versus 97.74 % for UCMSC (p < 0.01; Fig. 2h), alongside a significant and (66.2 + 6.4) % in UCMSC (Fig. 3j, k). We next examined the impact
difference in DAI scores on both day 2 and day 3 (p < 0.05; Fig. 2i). of TLR5 knockdown on the immunomodulatory capacity of MSC to
Colon shortening — hallmark of TNBS-induced damage — was reversed to regulate CD4" T cell differentiation. Expression attenuation of TLR5 (via
(77.43 £ 3.82) % of healthy controls with DPMSC versus (70.74 + 3.49) validated siRNA) drove the alteration of pro-inflammatory polarization
% for UCMSC (p < 0.05; Fig. 2j, m). Histopathological quantification in tri-dimensional PBMCs co-cultures, with DPMSC-SiTLR5 exhibiting a
validated DPMSC’s mucosal repair capacity: H&E/PAS/MPO staining restoration of (12.9 + 7.6) % Th1 (CD3"CD8 IFNy ™) subset suppression
showed a more significant crypt architecture restoration and higher and (5.4 + 1.1) % Th17 (CD3'CD8 IL17A™) subset suppression versus
goblet cell density compared to the UCMSC group (Fig. 2k, n-p). control, and with UCMSC-SiTLR5 exhibiting a restoration of (8.8 + 3.8)
Neutrophilic infiltration, measured by MPO activity, was reduced to % Th1 (CD3"CD8 IFNy™) subset suppression and (10.1 & 1.2) % Th17
near-homeostatic levels (A68.65 % vs. CD controls) with DPMSC versus (CD3"CD87IL17A™) subset suppression versus control (Fig. 3 1-0).

A30.00 % for UCMSC (p < 0.001; Fig. 21). This multi-tiered regulation — Strikingly, TLR5 suppression failed to induce regulatory convergence in
combining pathogenic subset inhibition and regulatory network acti- Th2 commitment (Fig. S10), underscoring its polarization-selective
vation — positions DPMSC as precision cellular therapeutics for Th1l/ regulatory dominance. Finally, to assess whether TLR5 deficiency af-
Th17-associated pathologies. fects the therapeutic efficacy of MSC in TNBS-CD mice, we treated mice

with MSC-SiTLR5 (Fig. S11). Firstly, we further analyzed the immune
cell subsets in the spleen and MLNs of different treatment groups after

3.3. Lineage-specific TLR5 surfaceome contributes to MSC TNBS induction. The results showed that TLR5-silenced MSCs restored
immunomodulatory function: A mechanistic determinant of divergent T- the suppression of Th1/Th17 subsets compared to the NC group MSCs (p
helper cell polarization and differentiation < 0.05; Fig. 4a-e). In vivo comprehensive evaluation of MSC-SiTLR5 in

TNBS-colitis models demonstrated therapeutic attenuation, with MSC-
To identify the key target genes of UCMSC and DPMSC that SiTLR5 grafts showing reduced body weight recovery (UCMSC-
contribute to their differential therapeutic effects and varying regulation SiTLR5,12.3 %; DPMSC-SiTLR5, 10.7 %; p < 0.001 Fig. 4e, f), elevated
of Th cell differentiation in TNBS-CD mice, we further analyzed the RNA colonic inflammation severity (Fig. 4g), and shortened colon shortening
sequencing from MSC of 6 donors (3 donors per tissue type). KEGG (UCMSC-SIiTLRS5, 11.8 %; DPMSC-SIiTLR5, 9.6 %; p < 0.001; Fig. 4h, i).
enrichment of DPMSC and UCMSC specific DEGs (Fig. 3a) mapped to T Histopathological stratigraphy confirmed TLR5-dependent mucositis
cell differentiation signaling (FDR = 3.434405e-2) and IBD pathway rescue — MSC-SiNC treated colons exhibited superior crypt restitution
(FDR = 1.042496e-2), mechanistically linking their tissue-specific epi- and goblet cell repopulation, whereas MSC-SiTLR5 groups exhibited an
genome to enhanced clinical potential. Multi-omics integration delin- increase in MIO score (Fig. 4j, k). Integrative CD remission indices
eated tissue-specific differences between UCMSC and DPMSC in genes conclusively positioned TLR5 as the mechanistic keystone governing
related to Th1/Th17 immune differentiation (Fig. 3b-c). Multi-platform
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Fig. 4. TLR5-mediated regulation of CD4" T cell fate was further validated in vivo within an CD mouse model.
(a-e) Flow cytometric analysis of proinflammatory T-cell subsets (Th1: CD4+IFN-yJr and Th17: CD4"IL-17 A™) in MLN (a-b) and splenic (c-d) from TNBS-induced CD
mice. SiTLR5-MSC administration significantly restored the suppression of Th1l and Th17 responses compared to SiNC-MSC treatment. Statistical significance was
determined using ANOVA followed by Tukey’s post hoc test. (f-g) Statistical analysis of body weight and DAI in mice after different treatments. (h-i) Images of mouse
colon following different treatments, with corresponding statistical analysis of colon length. (j-k) H&E-stained images of mouse colon after different treatments and
statistical analysis of MIO scores. The therapeutic effect of MSC on TNBS-induced CD mice is reduced after TLR5 knockout compared to normal MSC. Scale bars: 100
pm. Significance determined by one-way ANOVA with Tukey’s post hoc test; data = mean + SD (n = 5-7 biologically independent samples). p values: *p < 0.05, **p
< 0.01, ***p < 0.001.
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Fig. 5. TLR5-Dependent Crosstalk Between MSC and Macrophages: elucidating key immunoregulatory circuits in vitro.

(a) CBA quantification of Th1/Th17-associated cytokines demonstrates DPMSC more effectively inhibiting secretion of pro-inflammatory IL1p, TNF, and IL12P70,
promoting anti-inflammatory IL10 than UCMSC. (b) Kinetic activation of NF-kB in Fla-stimulated THP-1 cells: Western blotting reveals time-resolved IxkBa phos-
phorylation (p-IxBo/IxkBa ratio peaks at 60 min). (c) Western blot analysis of P-IKBx and IKBa in THP-1 co-culturing with normal MSC or TLR5 deficient MSC, with
GAPDH used as a housekeeping standard. MSC-mediated NF-kB blockade: Co-culture with DPMSC reduces p-IkBa outperforming UCMSC. The blocking of P-IKBa in
THP-1 cells stimulated with Fla. is weakened after TLR5 knockout in MSC. (d) Quantitative statistical analysis of Thl and Th17-related pro-inflammatory factor
protein expression in THP-1 cells treated with TLR5 knockdown MSC. The ability of MSC with TLR5 knockdown to suppress the expression of pro-inflammatory
factors in THP-1 cells is significantly restored. *Statistical significance determined by one-way ANOVA with Tukey’s post hoc test. Data = mean + SD. *p <

< 0.001, ***p < 0.0001; ns, not significant.

0.05, **p < 0.01, ***p

MSC therapeutic potency.

3.4. TLR5-dependent ligand sequestration by MSC reprograms
macrophage NF-«kB dynamics to alleviate IBD

TLR5, a membrane protein critical to the innate immune system, is
expressed on various mononuclear cells, including macrophages and
MSC [47,48]. It is hypothesised that TLR5, which is abundantly
expressed on MSC, is able to inhibit T cell proliferation and differenti-
ation plays a critical role in modulating immune responses by compet-
itively binding to PAMPs and Damage-Associated Molecular Patterns
(DAMPs) (e.g., free TLR5 ligands). This interaction is thought to inhibit
T cell proliferation and differentiation by preventing the activation of
the TLR5 signaling pathway in immune cells. As a result, the release of
pro-inflammatory cytokines, which could otherwise influence the dif-
ferentiation of CD4" T cells, is reduced. Systematic interrogation of
TLR5-mediated crosstalk between MSC and macrophages uncovered a
ligand competition axis underpinning MSC therapeutic efficacy in IBD.
Spatial proteomic profiling confirmed -constitutive TLR5 surface
expression on both UCMSC and DPMSC, as well as THP-1-derived
macrophages. Mechanistic dissection using Fla-challenged trans-well
co-cultures revealed: DPMSC demonstrated superior inflammatory
suppression compared to UCMSC, as evidenced by significant reductions
in the transcriptional and protein levels of key pro-inflammatory cyto-
kines. Specifically, DPMSC inhibited IL-1$([26.46 + 1.58] % wvs.
UCMSC, p < 0.0001), TNFa([60.99 £+ 0.76] % vs. UCMSC, p < 0.0001)
and IL12p70([69.42 + 4.14] % vs. UCMSC, p < 0.01), in a THP-1 co-
culture system stimulated with Fla., while amplifying IL-10 (+ 2.03-fold,
p < 0.0001). Divergent IL-6 modulation (+ 7.46-fold vs. DPMSC, p <
0.001) highlighted source-dependent immunoregulatory plasticity
(Fig. S12, Fig. 5a). In summary, with the exception of IL-8, all five in-
flammatory cytokines showed significant differences between DPMSC
and UCMSC when co-cultured with THP-1. Previous studies have sug-
gested that PAMP stimulation may enhance TLR5 expression in macro-
phages. To investigate this further, we assessed TLR5 protein levels in
THP-1-derived macrophages following Fla. stimulation. However, our
results showed that Fla. did not influence TLR5 expression in THP-1
(Fig. S13). Additionally, Fla. stimulation did not alter the secretion of
inflammatory cytokines by MSC (Fig. S14). These findings indicate that
the observed changes in inflammatory factor production within the
THP-1-MSC co-culture system are likely due to competitive binding of
TLRS ligands between MSC and macrophages, rather than an upregu-
lation of TLR5 expression. Since TLR5 is abundantly expressed on THP-1
membranes, enabling efficient recognition of PAMPs and DAMPs to
initiate innate immune cascades. Mechanistically, TLR5 recruits the
adaptor protein MyD88 upon ligand binding, triggering canonical NF-kB
pathway activation—a process central to inflammatory cytokine/che-
mokine production. Under basal conditions, NF-kB heterodimers are
sequestered in the cytoplasm via tight association with inhibitory IxB
proteins. Ligand engagement catalyzes IkB kinase (IKK)-mediated IxBa
phosphorylation, marking it for proteasomal degradation. This liberates
NF-kB to translocate into the nucleus, where it drives transcription of
pro-inflammatory mediators. To resolve the kinetics of TLR5-induced
NF-xB signaling, THP-1-derived macrophages were stimulated with
Fla. over a time course (15 min - 2 h). Time-resolved immunoblotting
pinpointed IxBa phosphorylation peaking at 1 h post-Fla.
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Phosphorylation levels declined by 2 h, reflecting dynamic feedback
regulation of the pathway (Fig. 5b). We then analyzed the changes in
IkBa and P-IkBa in THP-1 co-cultured with MSC 1 h after Fla. stimulation
with DPMSC demonstrating a more pronounced inhibitory effect
(Fig. S15). Notably, pharmacological inactivation of TLR5 via siRNA
transfection (Si-TLR5) in UCMSC and DPMSC abrogated their capacity
to suppress P-IkBa phosphorylation, restoring macrophage NF-«B acti-
vation (Fig. 5c). Concomitantly, genetic ablation of TLR5 in MSC
markedly elevated proinflammatory cytokine secretion (IL-1p, TNF, and
IL-12p70) in THP-1 co-culture supernatants relative to MSC-SiNC con-
trols (Fig. 5d). Moreover, we systematically profiled activation kinetics
in the canonical MAPK cascade following Fla. stimulation. Time-
resolved immunoblotting revealed rapid phosphorylation of JNK and
p38 kinases in THP-1, peaking at 1 h post-stimulation (Fig. S16a), while
ERK phosphorylation remained unperturbed under identical conditions.
Remarkably, co-culture with UCMSC or DPMSC demonstrated no
discernible attenuation of JNK or p38 phosphorylation in THP-1-derived
macrophages relative to MSC-free controls (Fig. S16b). Collectively,
these findings provide direct evidence that TLR5 expression in MSC is
indispensable for their paracrine modulation of NF-kB pathway activity
in macrophages, positioning TLR5 as a critical molecular mediator of
MSC-driven immunoregulatory functions. To further validate our hy-
pothesis and assess the role of macrophages in MSC-mediated IBD
treatment, we depleted macrophages in IBD mice (Fig. S17) and
compared the therapeutic effects of UCMSC and DPMSC. Macrophage
depletion abolishes MSC therapeutic stratification in vivo: Clodronate-
induced macrophage clearance (spleen: F4/80"|88.5 %; MLN: F4/
80"165.1 %, Fig. 6b-d) negated DPMSC efficacy advantages in: (1)
Clinical metrics: Weight recovery (A = 3.2 % UCMSC vs. DPMSC, p =
0.14; Fig. 6e, g), DAI scores (3.6 vs. 2.8, p = 0.11; Fig. 6f, g). (2) His-
topathology: Colon shortening ([6.01 + 0.32] vs. [6.04 & 0.21] cm, p =
0.73), MPO activity (p = 0.22; Fig. 6h-k). (3) Crypt architecture resto-
ration and goblet cell regeneration (Fig. 61-n) aligned post-macrophage
ablation. TLR5-mediated ligand scavenging has been established as the
hierarchical driver of mucosal resolution.

In summary, our multi-parametric profiling establishes a subtype of
MSC with high TLR5 expression (TLRShi-MSC) as a functionally strati-
fied subtype, capable of competitively binding to Fla. in intestinal
macrophages, effectively blockading TLR5/NF-kB signalosome assem-
bly and reprogramming gut immune networks, leading to superior
therapeutic precision in IBD.

3.5. TLR5"-MSC-CMNP exhibit clinically relevant immunoregulatory
efficacy with enhanced biosafety

Through systematic interrogation of tissue-specific MSC tran-
scriptomes, we found that Th1/Th17 modulatory capacity exhibited
striking covariation with membrane protein signatures across MSC
subtypes. Crucially, membrane fractions isolated from mechanically
lysed MSC recapitulated the immunosuppressive potency of viable MSC
systems in CD4" T cell polarization assays. Quantitative CFSE-based
proliferation assays demonstrated that MSC membrane fragments
robustly suppressed PBMCs expansion (Figs. S16a-b), while concur-
rently amplifying regulatory Treg populations and attenuating differ-
entiation of CD4" T cells into pro-inflammatory Th1/Th17 subsets
(Figs. Sl6c-f). To overcome limitations inherent to live-cell
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Fig. 6. TLR5-dependent crosstalk between MSCs and macrophages in modulating Th1/Th17 responses were further supported by CD mouse model.

(a) Time course of TNBS and PBS/UCMSC(SiNC/SiTLR5)/DPMSC(SiNC/SiTLR5) treatment. (b-d) Representative flow cytometry analysis of CD11b"F4,/80" M1 cells
in the spleen and MLN following Clodronate treatment, with corresponding quantitative analysis. (e-k) Statistical analysis of body weight, DAI, colon length, and MIO
in IBD mice after different treatments. (I-n) Images and pathological staining (HE, PAS, and MPO) of the colon from CD mice after various treatments. Scale bars: 100
pm. When macrophages were depleted, DPMSC no longer exhibited greater improvement in IBD compared to UCMSC. *Statistical significance determined by one-

way ANOVA with Tukey’s post hoc test. Data = mean + SD. *p < 0.05, **p < 0.01, *

p < 0.001, ***p < 0.0001; ns, not significant.

administration, we developed MSC-CMNP — a standardized nano-
particle platform generated via extrusion-based membrane fraction-
ation. Transmission electron microscopy (TEM) and Dio-based
fluorescence imaging confirmed MSC-CMNP exhibited monodisperse
spherical nanostructures ([200-250] nm diameter; Fig. 7a-b), contrast-
ing sharply with polydisperse membrane aggregates from naive lysates.
Flow cytometric profiling validated retention of MSC-specific surface
markers (CD90/CD73 > 95 %; Fig. 7c), while zeta potential (— [25.3 +
2.1] mV) and dynamic light scattering (DLS) analyses revealed colloidal
stability over 14 days (Fig. 7d-e), underscoring homogeneity and batch-
to-batch reproducibility. To further validate the biochemical and func-
tional characteristics of MSC-CMNP, Immunoblotting analysis were
conducted and revealed that (1) Absence of calnexin (endoplasmic re-
ticulum marker), excluding organelle contamination; (2) Enrichment of
tetraspanins (CD81) and membrane markers (TSG101); (3) High ex-
pressivity of CD90, corroborating MSC membrane specificity. Critically,
TLR5 — a pivotal mediator of MSC immunoregulation — exhibited
higher expression on DPMSC-CMNP (DP-CMNP) compared to UCMSC-
CMNP (UC-CMNP), consistent with levels seen in live cells (Fig. 7f),
mechanistically linking membrane composition to functional potency.
In vitro functional assays demonstrated MSC-CMNP: (1) selectively
inhibited Th1/Th17 polarization (Fig. 7g-i), key drivers of CD; (2)
competitively disrupted Fla-macrophage interactions via TLR5, sup-
pressing M1 polarization (Fig. S18a-b); (3) primed an anti-inflammatory
milieu that attenuated Th1/Th17 skewing in CD4 ™ T cells (Fig. S19a-b).
Binding specificity was confirmed by: (1) TLR5-dependent Fla. seques-
tration: Anti-TLR5 antibodies blocked >70 % of MSC-CMNP-Fla in-
teractions (Fig. 7j-k, S20a-b), indicating TLR5-mediated interception of
PAMPs; (2) spatiotemporal Fla. competition: confocal live imaging
revealed MSC-CMNP displaced Fla. from CM-Dil-labeled macrophages
(Fig. S20c). Then, we have conducted additional experiments using
human primary macrophages (pM¢) derived from PBMCs, isolated from
healthy donors. The purity of CD14" monocytes was confirmed by FCM
using CD11b, CD14, and CD45 markers (Fig. S21). We then repeated key
experiments previously performed in the THP-1 system to assess the
immunomodulatory effects of MSC-derived TLR5"$"-CMNPs. These
included: (1) Evaluation of macrophage polarization (M1/M2) following
stimulation with different types of CMNPs (e.g., UC-SiNC-CMNP, UC-
SiTLR5-CMNP, DP-SiNC-CMNP, DP-SiTLR5-CMNP), with or without Fla.
(2) Investigation of TLR5-mediated effects using CMNPs pre-incubated
with anti-TLR5 neutralizing antibodies. (3) Assessment of downstream
Th1/Th17 polarization in PBMCs stimulated with the macrophage-
conditioned supernatant. The macrophage phenotype was analyzed by
FCM using surface markers CD11b, CD86, and CD206, with the gating
strategy shown in Fig. S22. The corresponding experimental results are
presented in the revised Fig. 71-m, demonstrating that CMNPs compet-
itively bind to Fla. via a TLR5-dependent mechanism to modulate
macrophage polarization, thereby influencing the Th1/Th17 immune
axis. These findings are highly consistent with the results obtained from
our previous experiments using THP-1 cells. We have included a
mechanistic illustration in Fig. S23.

Building upon this molecular paradigm, we engineered TLR5-
enriched biomimetic nanoparticles (DP-CMNP) derived from TLR5M.
MSC as pathogen receptor-mimetic vesicles, contrasting with TLR5""-

16

MSC-derived controls (UC-CMNP). Systematic evaluation in TNBS-
challenged mice (Fig. 8a), intraperitoneal MSC-CMNP: (1) Achieved
colon-specific biodistribution within 12 h (Video S1, Fig. 8b); (2) We
first performed immunofluorescence staining of CD86/Arg-1 (M1/M2)
on colon tissues from different treatment groups. The results showed
that the CMNP treatment groups inhibited the increase of M1 macro-
phages in the colon and promoted the proportion of M2 macrophages.
However, the proportion of M1 macrophages in the colon of the DP-
CMNP group was higher than that in the UC-CMNP group (Fig. 8c);
(3) Cell subset analysis showed that DP-CMNP could also program the
polarization direction of CD4" T cells in multiple immune regions,
skewing them towards Th1/Th17. Flow cytometry confirmed the role of
DP-CMNP in systemic immune modulation: Among CD4" T cells from
the MLN, the percentage of IFN-y" cells was reduced by (36.74 =+ 8.07)
% and IL-17 A™ cells was reduced by (37.71 & 14.90) % (vs. UCMSC; p
< 0.05; Fig. 8d-e); Among CD4 " T cells from the spleen, the percentage
of IFN-y" cells was reduced by (35.85 + 7.43) % and IL-17 A" cells was
reduced by (36.21 + 9.43) % (vs. UCMSC; p < 0.05; Fig. 8f-g); (4)
Ameliorated CD pathology: DP-CMNP outperformed UC-CMNP in
restoring colon length (p < 0.001), normalizing disease activity indices
(DAI/weight loss; Fig. 8h-m), and reducing histopathological scores
(H&E/MIO/MPO; Fig. 8n-q); (3) Mimicked the therapeutic efficacy of
live MSCs while avoiding concerns related to uncontrolled proliferation
or ectopic engraftment.

This nano-bioengineering strategy validates functional inheritance
of MSC membrane signatures while overcoming translational bottle-
necks in cell therapy manufacturing and provides a comprehensive
mechanistic framework and solid theoretical foundation for addressing
the membrane source selection challenge in CMNP development. These
results offer compelling evidence to advance MSC-CMNP formulations
as promising candidates for clinical application as personalized
immunomodulators.

4. Conclusion

This study establishes that DP-derived TLR5™ MSCs (DPMSC)
uniquely resolve CD-associated Th1/Th17 immune dysregulation
through competitive interception of the pathogenic Fla/TLR5/NF-kB
axis in gut macrophages. By integrating systems biology and functional
screening, we identified TLR5 membrane enrichment as the critical
determinant of DPMSC’s superior immunomodulatory capacity, out-
performing conventional MSCs (e.g., UCMSC) in reprogramming T-cell
homeostasis and reversing colitis pathology. The development of a
decellularized MSC membrane-derived nanoparticle platform (TLR5"-
CMNP) recapitulated DPMSC’s therapeutic efficacy while overcoming
limitations associated with cell viability dependence, achieving sus-
tained TLR5/NF-kB pathway blockade and 68.9 % colon inflammation
resolution in preclinical models. Our findings advocate a paradigm shift
towards “deconstructed cell therapy,” where MSC heterogeneity is
leveraged to engineer biomimetic nanomaterials tailored to disease-
specific immune checkpoints. We hypothesize that TLR5™-CMNP’s
ligand scavenging mechanism may extend to other TLR5-mediated in-
flammatory disorders, warranting further investigation into its adapt-
ability across immune-driven pathologies. For clinical translation, we
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Fig. 7. Engineering and Functional Validation of MSC-Derived CMNP for Targeted Inmunomodulation in vitro.

(a) TEM reveals uniform monodisperse spherical nanostructures of CMNP. Samples were negatively stained with phosphotungstic acid (2 % w/v). (b) Fluorescent imaging of Dio-labeled CMNP (green fluorescence)
demonstrates intact membrane encapsulation and homogeneous dispersion. Scale bars: 200 nm. (¢) Immunophenotypic profiling: Flow cytometry confirms CMNP retain MSC-specific surface markers. (d-e) CMNP
retained monodisperse characteristics (PDI < 0.2) with a sustained negative zeta potential following 14-day refrigerated storage (4 °C), demonstrating robust physicochemical stability. (f) Functional membrane
proteomics: Western blotting reveals preserved TLR5 expression on CMNP alongside CD90/TSG101 enrichment, confirming cargo sorting fidelity. (g-i) In vitro immunosuppressive activity: CMNP treatment suppresses
Th1/Th17 polarization in PBMCs, with DP-derived CMNP exhibiting stronger inhibitory effects on Th1/Th17 polarization compared to UC-derived CMNP, showing statistical significance. (j-k) Fla. binding specificity of
CMNP: FCM statistical analysis showing the binding of APC-labeled Fla. to CMNP, with pre-incubation with anti-TLR5 reducing the APC-Fla signal by 63.0 %. (I-m) The percentages of CD86" (M1-like) and CD206" (M2-
like) macrophages (left), and IFNy™* (Th1) and IL-17 A* (Th17) CD4" T cells (right) under various treatment conditions. In panel I, knockdown of TLR5 in CMNPs (UC-SiTLR5-CMNP and DP-SiTLR5-CMNP) significantly
reversed the previously observed suppression of M1 polarization (CD86" pM¢) and promotion of M2 polarization (CD206" pM¢) compared to pM¢ + Fla. + control CMNPs. This shift in macrophage consequently
reversed the reduction in Th1 (IFNy™ cells) and Th17 (IL-17 A" cells) polarization. In panel m, functional blockade of TLR5 using neutralizing antibodies (Anti-TLR5) in CMNPs similarly reversed the suppressed M1
polarization and enhanced M2 markers. Correspondingly, the decreased frequencies of IFNy™ and IL-17 A" CD4™ T cells were also reversed. *Statistical significance determined by one-way ANOVA with Tukey’s post hoc
test. Data = mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.
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Fig. 8. Engineering and Functional Validation of MSC-Derived CMNP for Targeted Inmunomodulation in vivo.

(a) Time course of TNBS and PBS/UC-CMNP/DP-CMNP treatments. (b) Schematic representation of in vivo imaging of colonic tissue and blood vessels in CD mice
following intraperitoneal injection of CM-Dil-labeled CMNP for 12 h. (c¢) Immunofluorescence staining of CD86/Arg-1 (M1/M2, 488/561) on colon tissues from
different treatment groups. (d-g) Flow cytometric analysis of proinflammatory T-cell subsets (Th1: CD4'TFN-y* and Th17: CD4'IL-17 A™) in MLN (a-b) and splenic
(c-d) from TNBS-induced CD mice. DP-CMNP administration significantly suppressed the Th1l and Th17 responses compared to UC-CMNP treatment. (h-n) Thera-
peutic effects of CMNP with differential TLR5 protein levels in a murine IBD model. Quantitative improvement of IBD parameters, including colon length recovery,
histological inflammation index, MPO activity, body weight loss, and DAI score. (0-q) Representative colonic histopathology: H&E staining shows significantly
reduced inflammatory cell infiltration in the DP-CMNP (TLR5"-CMNP) treatment group, compared to the UC-CMNP (TLR5'°"-CMNP) group. PAS and MPO staining
results are consistent with the H&E staining trend. Scale bar: 100 pm. *Statistical significance determined by one-way ANOVA with Tukey’s post hoc test. Data =
mean =+ SD. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001; ns, not significant.

recommend prioritizing functional membrane signature screening in
MSC source selection and advancing TLR5"-CMNP as a standardized,
scalable cell-free therapeutic to overcome the variability and safety
limitations of live-cell therapies.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jconrel.2025.114121.
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