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Abstract
Background  Idiopathic pulmonary fibrosis is a progressive lung disorder, presenting clinically with symptoms such 
as shortness of breath and hypoxemia. Despite its severe prognosis and limited treatment options, the pathogenesis 
of idiopathic pulmonary fibrosis remains poorly understood. This study aims to investigate the therapeutic potential 
of mesenchymal stromal cells in treating idiopathic pulmonary fibrosis, focusing on their ability to modulate 
regulatory T cells through the low tumor necrosis factor superfamily member 4 (TNFSF4) pathway. The goal is to 
identify mesenchymal stromal cells subtypes with optimal immunomodulatory effects to enhance regulatory T cells 
functions and ameliorate fibrosis.

Methods  We identified the immune characteristics of idiopathic pulmonary fibrosis by mining and analyzing 
multiple public datasets and detecting regulatory T cells in the blood and lung tissues of idiopathic pulmonary 
fibrosis patients. An extensive examination followed, including assessing the impact of mesenchymal stromal cells on 
regulatory T cells proportions in peripheral blood and lung tissue, and exploring the specific role of TNFSF4 expression 
in regulatory T cells modulation. Whole-genome sequencing and cluster analysis were used to identify mesenchymal 
stromal cells subtypes with low TNFSF4 expression.

Results  Mesenchymal stromal cells characterized by TNFSF4 expression (TNFSF4low-MSCs) demonstrated enhanced 
ability to regulate regulatory T cells subpopulations and exhibited pronounced anti-fibrotic effects in the bleomycin-
induced idiopathic pulmonary fibrosis mouse model. These mesenchymal stromal cells increased regulatory T cells 
proportions, reduced lung fibrosis, and improved survival rates. TNFSF4–tumor necrosis factor receptor superfamily 
member 4 (TNFRSF4) signaling was identified as a critical pathway influencing regulatory T cells generation and 
function.
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Background
Idiopathic pulmonary fibrosis (IPF) represents a per-
sistent, advancing condition of the lungs marked by the 
transformation and scarring of fibrous tissues, which is 
clinically manifested by shortness of breath, hypoxemia, 
prominent pulmonary infiltrates on radiography, and 
the persistent accumulation of fixed fibrosis [1, 2]. The 
pathogenesis of IPF is complex and unclear. Environmen-
tal, genetic and other unknown factors lead to fibroblast-
to-myofibroblast transformation, damage to alveolar 
epithelial cells accompanied by interstitial inflammation, 
an increase in fibroblast numbers, an abnormal accu-
mulation of collagen within the extracellular matrix and 
subsequent functional decline [3]. Individuals diagnosed 
with IPF have a dismal prognosis with a median survival 
of 5 ∼ 6 years from the symptom onset and 2 ∼ 4 years 
after diagnosis [2, 3]. Lung transplantation is currently 
the only curative treatment available for people with IPF, 
but it is not a realistic option for the majority of patients 
[4]. Innovative treatments such as stromal cell-based 
therapy are required to manage this complex progressive 
disease.

Mesenchymal stromal cells (MSCs) possess pluripo-
tency, enabling them to differentiate into diverse cellular 
lineages, and their immunomodulatory, migratory, and 
low-immunogenic properties make them a promising 
option for treating a wide range of diseases [5, 6]. MSCs 
are particularly suited for treating complex diseases such 
as IPF due to their strong immunomodulatory and anti-
inflammatory properties [7]. MSCs can influence various 
subsets of adaptive immune cells, such as T lymphocytes, 
regulatory T cells (Tregs), T-helper cells (Th), B lympho-
cytes, and regulatory B cells through cell-to-cell interac-
tions and secretion of bioactive substances [8]. According 
to multiple studies, it has been shown that MSCs could 
play a therapeutic role in the bleomycin (BLM)-induced 
IPF model. Intravenous injection of MSCs can amelio-
rate the BLM-induced lung fibrosis by contributing to 
tissue repair through balancing the immune microenvi-
ronment, reducing inflammation, reducing fibrosis and 
extracellular matrix collagen deposition [9, 10]. MSCs 

intervention can reduce the ability of induced antigen-
specific T cell immune response in IPF models, promote 
the generation of Tregs and cytokines (IL-10), thus alle-
viating lung injury [11]. MSCs can maintain mitochon-
drial homeostasis in damaged lung epithelial cells of IPF 
mice by transferring their own mitochondria, thereby 
promoting tissue repair and reducing collagen deposi-
tion [12, 13]. However, in the whole MSCs-based therapy 
for IPF still confronted many challenges and satisfactory 
treatment results have not been achieved. Firstly, MSCs 
can originate from various tissues in the human body. 
Although they have universal characteristics of MSCs, 
the heterogeneity of MSCs, attributed to tissue origin and 
donor variability, may influence their therapeutic effects 
in fibrotic diseases, potentially related to variations in 
their immunomodulatory capacity. Numerous compara-
tive studies on MSCs heterogeneity have suggested that 
MSCs from different sources may have varying clinical 
therapeutic effects on specific diseases [14–16]. In our 
former study, treatment with umbilical cord-derived 
MSCs (UCMSCs) from different donor sources in a 
mouse model of liver fibrosis revealed that UCMSCs with 
a highly promoting Tregs differentiation phenotype were 
the optimal effective in treatment [17]. To our knowl-
edge, there are not enough animal models or clinic tri-
als to investigate the differential efficacies of MSCs from 
different sources to screen out optimal cell types for IPF 
treatment. Secondly, many current MSCs -based thera-
pies for IPF are based on the universal biological func-
tions of MSCs, such as factor secretion and/or immune 
regulation capability, and lack the specific target mol-
ecule or signaling of the main etiology or pathogenesis 
of diseases to elucidate the therapeutic mechanism. In 
addition, MSCs used in many experiments were isolated 
and expanded in common laboratory condition, and had 
not undergone strict quality control and testing. Some 
MSCs also were contaminated with imperceptible micro-
organism such as Chlamydia and Mycoplasma in ordi-
nary environments, and their biological activities were 
altered, resulting in incomparable results among different 
researches.

Conclusions  Our findings underscore the pivotal role of TNFSF4 in mesenchymal stromal cells mediated regulatory 
T cells modulation and highlight the therapeutic potential of selecting mesenchymal stromal cells subtypes based 
on their TNFSF4 expression for treating idiopathic pulmonary fibrosis. This approach may offer a novel avenue for the 
development of targeted therapies aimed at modulating immune responses and ameliorating fibrosis in idiopathic 
pulmonary fibrosis.

Trial registration  Our study involved collecting 10 mL of peripheral blood from idiopathic pulmonary fibrosis 
patients, and the Medical Ethics Committee of Nanjing Drum Tower Hospital approved our study protocol with the 
approval number 2023-675-01.

Keywords  Mesenchymal stromal cells, Regulatory T cells, TNFSF4, Idiopathic pulmonary fibrosis, Immunomodulation, 
Fibrosis therapy
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We first included multiple public peripheral blood (PB) 
mononuclear cells (PBMCs) datasets of IPF patients and 
healthy individuals from the Gene Expression Omnibus 
(GEO). By merging samples, we analyzed the immune 
cell characteristics and functions of Tregs in IPF patients 
using both array and sequencing data. Through the col-
lection and testing of clinical patient samples, we found 
that there was a remarked decrease in peripheral Tregs 
in blood and lung tissue in IPF patients compared with 
healthy people, consistent with previous studies [18, 
19]. Tregs are a class of cells that play an essential role 
in maintaining immune homeostasis and peripheral tol-
erance, and the deletion of Tregs leads to lethal autoim-
mune diseases in humans and mice [20]. The proportion 
and function of Tregs have been found to be relevant to 
a variety of fibrosis progression. Reduced proportions 
of Tregs have been observed in biliary atresia-associ-
ated liver fibrosis and pulmonary fibrosis [18, 21]. MSCs 
can interact with macrophages, recruit Tregs, and sup-
press inflammatory T cell subsets, thereby attenuating 
lung fibrosis [22, 23]. Transplantation of MSCs has been 
shown to increase Tregs proportions and alleviate fibro-
sis, thereby prolonging survival [24, 25]. Whether Tregs 
play the role of friend or foe in IPF depends on IPF pro-
gression stage. Previous reports have proven that the 
CXCL12/CXCR4 axis is crucial in IPF, with CXCR4+ 
fibroblasts being recruited to the lungs of IPF patients, 
while Tregs have been found to reduce the expression 
of CXCL12, thus potentially playing a key role in reduc-
ing the recruitment of fibroblasts [26]. Furthermore, 
Tregs have also been found to inhibit the recruitment of 
fibroblasts by suppressing FGF-9 and can prevent fibro-
sis induced by TGF-β1 through the release of IL-10 [27, 
28]. Therefore, in this study we designed a new strategy 
of MSCs-based therapy for IPF. We screened out opti-
mal subset of MSCs aiming to the main pathogenesis of 
IPF from clinic-grade MSCs derived from multiple tissue 
sources, and investigated their therapeutic efficacies to 
elucidate the definite therapeutic mechanism, providing 
reliable evidences for clinical application.

In compliance with current Good Manufacturing Prac-
tice (cGMP) standards, as outlined in our prior research, 
we produced clinical-grade MSCs from a variety of 
sources including healthy human bone marrow (BM), 
UC, adipose tissue (AD), dental pulp (DP), gingival tissue, 
placental villi, amnion, and meconium, all within sterile 
conditions [29]. These MSCs were subject to thorough 
safety, quality, and efficacy assessments, meeting not just 
the foundational criteria for biological products but also 
adhering to cell therapy regulations and contemporary 
testing methodologies, setting quality benchmarks for 
MSC-based clinical treatments [30, 31]. Then we found 
subtype of MSCs characterized by low tumor necro-
sis factor superfamily member 4 (TNFSF4) expression 

demonstrated a marked capability to regulate Tregs sub-
populations and pronounced anti-fibrotic effects of IPF. 
Our research highlights the significance of MSCs sub-
population in Tregs regulation and the novel pivotal role 
of TNFSF4 in this process, offering new insights into the 
therapeutic potential of MSCs in treating IPF.

Materials and methods
The work has been reported in line with the ARRIVE 
guidelines 2.0. Profiling and analysis of mRNA expression 
data
To explore the function of the Tregs and marker genes, 
multiple public datasets of PBMCs from GEO were 
included. Three array datasets sharing the same plat-
form, GSE28221, GSE33566 and GSE15197 were inte-
grated, to increase the reliability of the data by merging 
the sample, and finally obtained 186 cases and 62 con-
trols. Another sequencing dataset GSE134692 was ana-
lyzed alone. The ComBat method was used to adjust for 
batch effects among different datasets using the R pack-
age sva. Immune cell signatures and infiltration features 
were analyzed via databases [32, 33], employing ssGSEA 
in GSVA (version 1.44.5) to quantify T cell signature lev-
els per sample. The differentially expressed genes (DEGs) 
were analyzed by function in the Limma and DESeq2 R 
package, separately for array and sequencing data.

Clinical information
Patients with hospitalized IPF [n = 21, 16 males and 5 
females, mean age = (53.8 ± 10.3) years] were enrolled 
from Nanjing Drum Tower Hospital (China). Inclusion 
criteria for patient: (1) The American Thoracic Society, 
the European Respiratory Society, the Japanese Respi-
ratory Society, and the Latin American Thoracic Soci-
ety all published diagnostic criteria for IPF patients in 
2011, (2) IPF patients had not received any prior treat-
ment before completing the examination. Exclusion cri-
teria for patients: Patients with other known causes of 
interstitial lung disease (e.g., exposure to harmful envi-
ronments, connective tissue diseases, drug-induced 
interstitial changes) were excluded. Healthy controls 
[n = 23, 15 males and 8 females, mean age = (50.8 ± 8.9) 
years] were enrolled from the Health Examination Cen-
ter of the Nanjing Drum Tower Hospital. Every partici-
pant was required to submit written informed consent, 
and the Medical Ethics Committees of Nanjing Drum 
Tower Hospital approved our project titled " TNFSF4low-
MSCs Improve IPF by Regulating Tregs Subtypes” clini-
cal research protocol with the number 2023-675-01, 
with an approval date of March 20, 2023. Approximately 
10 mL of PB was collected from each participant. The 
PB samples were centrifuged at 3,000  rpm for 10  min 
using a cryogenic high-speed frozen centrifuge (Eppen-
dorf, Germany). This centrifugation step separated the 
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upper serum layer for subsequent enzyme-linked immu-
nosorbent assay (ELISA). The ration of T cell subtypes 
was assessed by flow cytometry (FCM) and the relative 
mRNA level was determined by real-time quantitative 
polymerase chain reaction (qPCR).

ELISA
ELISA detection was used for LN-5 (MyBioSource, USA) 
and HAase (Sangon Biotech, China) determination in 
human PB. All the procedures were performed according 
to the manufacturer’s instructions.

RNA isolation and qPCR
RNA was isolated from MSCs and PBMCs employing the 
RNA easy isolation solution provided by Vazyme (China). 
The quantity of the extracted RNA was determined, and 
a total of 1  µg of RNA was converted into cDNA using 
the Hiscript III reverse transcriptase from Vazyme. The 
composition of the qPCR mix included 2 µL of cDNA, 1 
µL of gene-specific forward and reverse primers, 10 µL of 
SYBR Green I qPCR Master Mix, and 6 µL of ddH2O, cul-
minating in a 20 µL reaction volume. Primer sequences, 
crafted by Genscript Biotechnology Corporation in Nan-
jing, China, are detailed in Table S1.

BLM-IPF model and MSCs transplantation
Animal studies were conducted strictly in accordance 
with the protocols and standards set by the Institutional 
Animal Care and Use Committee (IACUC) of Nanjing 
Drum Tower Hospital (DWSY-22047178). The animal 
protocol is titled “Research on the Mechanism of MSCs 
in Treating Pulmonary Fibrosis,” with an approval date 
of April 7, 2022. Furthermore, the care and handling of 
laboratory animals were in strict compliance with the 
National Institutes of Health’s Guide for the Care and 
Use of Laboratory Animals, as outlined in NIH publica-
tion No. 8023, revised most recently in 1978. A total of 
80 mice, equally divided between females and males, 
were used in this study. C57BL/6J mice aged 6 to 8 
weeks were anesthetized using 1% isoflurane (RWD, 
R510-22-10, China). Pulmonary fibrosis was induced by 
administering 5  mg/kg of BLM dissolved in phosphate-
buffered saline (PBS) via non-invasive (using catheter). 
The mice with receiving BLM tracheal injection were 
arbitrarily assigned into different treatment groups. A 
total of 5 × 105 MSCs in 300 µL PBS were intravenously 
injected into the tail vein of each mouse at 7 and 14 days 
after BLM injection. For the control group, 300 µL PBS 
was intravenously injected into the tail vein. The tis-
sue samples were collected 21 days after BLM injection. 
The mice were placed in an automated CO2 euthanasia 
chamber (YUYAN INSTRUMENTS, China), with a CO2 
flow rate set at 2  L/min. The euthanasia process lasted 
for 3–5  minutes, until the mice were fully euthanized, 

after which tissue collection was performed including 
the lungs, blood, lymph nodes, and spleen. The schematic 
diagrams of the treatment in the mouse IPF model were 
shown in Fig. 1a and m. 

Tregs depletion
For the purpose of Tregs depletion, mice received two 
intraperitoneal injections containing 30 µg of anti-mouse 
CD25 antibody (clone PC61 from BioLegend, USA) dis-
solved in 200 µL of PBS, administered on days 9, 13, and 
17 following BLM OA exposure. Conversely, the control 
group was administered a solution of rat isotype IgG1 
(BioLegend, USA).

Hydroxyproline assay and collagen measurements
To assess lung fibrosis biochemically, the hydroxyproline 
levels in the left lungs of mice were analyzed. The lung 
sections were weighed, homogenized, and then subjected 
to incubation in 6  M HCl at 110  °C ranging from 2 to 
6 h. Post-hydrolysis, the sample’s pH was neutralized to 
a neutral range of 6–8 using NaOH. The concentration 
of hydroxyproline in these samples was ascertained by 
recording the absorbance at 560  nm using a microplate 
reader from Molecular Devices, and the results were 
calibrated against standard curves provided by Solarbio, 
China. Additionally, the collagen content was quantified 
utilizing the Sircol® soluble collagen assay from Biocolor, 
UK, with right lung biopsies being employed for the 
analysis.

Immunohistochemical staining
Lung tissues from healthy individuals and IPF patients, 
procured from Nanjing Drum Tower Hospital’s Pathol-
ogy Department, underwent immunohistochemical 
staining on paraffin sections to evaluate Tregs infiltra-
tion, specifically detecting Foxp3+ cells using a kit (Absin, 
China), with nuclear staining via 4’,6-diamidino-2-phe-
nylindole (DAPI).

Experimental mice’s lungs were dissected, PBS washed, 
fixed in 4% paraformaldehyde, paraffin-embedded, 
dewaxed, and sectioned at 10  μm for staining. Sections 
were heated (65 ∼ 80  °C), processed through xylene and 
graded alcohols, then water rinsed. Endogenous peroxi-
dase was quenched with 3% hydrogen peroxide, followed 
by antigen retrieval in diluted solution and blocking with 
5% serum. Primary antibodies (α-SMA, diluted 1:200; 
ColI, diluted 1:5000) were incubated overnight at 4  °C, 
followed by incubation of the secondary antibody at 
room temperature for 2  h. Tissue sections were stained 
with hematoxylin, developed with diaminobenzidine, 
dehydrated in alcohols, cleared in xylene, and sealed with 
neutral resin for microscopic analysis.
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Isolation and expansion of clinic-grade MSCs derived from 
eight tissues
All samples used for MSCs isolation in this study were 
obtained from donors at Nanjing Drum Tower Hospital. 
Prior to participation, informed consent was obtained 

from each subject with the approval of the Institutional 
Review Board (Project title: Utilization of Clinical Patient 
Samples (Tissue/Blood/Body Fluids) and Aborted Fetal 
Tissue to Extract Stromal Cells for Basic and Clinical 
Research in Regenerative Medicine and Treatment of 

Fig. 1 (See legend on next page.)
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Clinical Diseases; Approval No. 2017-161-08; Date of 
approval: 2017-11-30).

BM aspirates were collected from patients undergo-
ing orthopedic surgery. Mononuclear cells were isolated 
through density gradient centrifugation. The specific 
method for isolating BM-derived MSCs (BMMSCs) was 
referenced from a previous report [34]. Fresh UC seg-
ments, approximately 15  cm in length, were obtained 
from full-term infants to obtain primary UCMSCs using 
tissue grafting methods [35]. Human adipose tissue 
samples were acquired from elective plastic surgery pro-
cedures. DP samples were obtained from normally exfo-
liated deciduous incisors of children aged 7 to 8 years. 
Gingival tissue samples were obtained from healthy adult 
patients who underwent orthodontic surgery. Chorion, 
amnion, and meconium samples were collected from 
the same healthy full-term placenta. Digestive enzyme 
culture methods were employed to isolate primary AD-
derived MSCs (ADMSCs), DP-derived MSCs (DPM-
SCs), gingival-derived MSCs (GMSCs), placental villous 
MSCs (PCMSCs), amniotic MSCs (AMSCs), and decidua 
MSCs (DMSCs), as reported in previous studies [36–39]. 
Detailed experimental methods and regulators can be 
found in our previous paper [29]. The MSCs obtained 
were manufactured in GMP cell centers following strict 
Standard Operating Procedures and underwent thorough 
quality control to ensure compliance with clinic-grade 
MSC criteria [29].

RNA isolation, library preparation, and sequencing analysis
OE Biotech Co., Ltd. (Shanghai, China) oversaw RNA 
extraction, library creation, and transcriptome analy-
sis. For RNA-seq data, gene read counts were deter-
mined, calculating Transcripts Per Million (TPM); genes 
with TPM < 1 across samples or mean TPM < 0.5 were 
removed, with expression values log-transformed. Using 
seurat, t-SNE plotted gene expression data in two dimen-
sions, clustering similar expression patterns. GSVA was 
used to calculated immune score as described above. Dif-
ferential gene set enrichment across tissues used ANOVA 
and Tukey’s test. DESeq2 identified DEGs between 
UCMSCs and DPMSCs, applying the false discovery rate 
(FDR) method for significance (P < 0.05), with |log2 fold 

change| > 1 criteria. KEGG pathway analysis elucidated 
the biological functions of these DEGs [40].

Cell culture
MSCs were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM) (Gibco, USA) with the addition of 10% 
MSCs-qualified fetal bovine serum (FBS) (Gibco, USA) 
at 37 ℃ in an incubator with 5% CO2. In our studies, to 
eliminate individual variations, clinic-grade UCMSCs 
derived from three donors (UC-1, UC-2, UC-3) were 
mixed in a 1:1:1 ratio for subsequent experiments named 
as UC-Mix. Similarly, clinic-grade DMSCs derived from 
three donors (D-1, D-2, D-3) were mixed at 1:1:1 ratio 
named as D-Mix. All MSCs used in the study were within 
passages 4 to 8 to avoid the cellular senescence.

Human fetal lung fibroblasts (Helf ) were cultured and 
then diluted in DMEM supplemented with 10% FBS, 100 
IU/ mL penicillin, and 100 mg/ mL streptomycin before 
being used for culture and dilution.

Quality examination of MSCs
All types of MSCs undertook the systematic quality 
examination and met the general quality requirements for 
MSC clinic therapy. The detailed experimental reagents 
and methods for surface marker expression, multilineage 
differentiation and immune modulation function test of 
MSCs could be referred to our previous research [29].

FCM
Lymphocytes were extracted from human PB and 
diverse mouse lymphoid tissues, stained with fluores-
cence-tagged antibodies acquired from BD Biosciences 
and Thermo Fisher Scientific at room temperature for 
30 min. These antibodies include BD Biosciences’ CD3-
PERCP (SK7), CD8-APC (SK1), IFN-γ-FITC (25723.11), 
IL17α-PE (N49-653), CD38-BV605 (HB7), HLA-DR-PE-
cy7 (G46-6), CD45RA-PE-cy7 (HI100), CCR7-BV421 
(150503), Ki67-BV421 (B56), and from Thermo Fisher 
Scientific, CD4-FITC (RPA-T4, GK1.5), CD25-APC 
(CD25-4E3, PC61.5), and Foxp3-PE (236 A/E7, FJK-16s). 
For the detection of intracellular cytokines, lymphocytes 
underwent a 4-hour stimulation using a cell activation 
mixture with 50 ng/ml phorbol 12-myristate 13-acetate 
(PMA) and 1 mM ionomycin, in the presence of brefeldin 

(See figure on previous page.)
Fig. 1  UCMSCs with stronger Tregs-regulatory capacities have superior IPFtherapeutic effects compared to DMSCs. (a) Flowchart of UCMSCs/DMSCs 
treatment of BLM-induced IPF mice. (b-d)Representative immunohistochemistry images for a-SMA,Col I and quantification; scale bar, 20um. (e) The-
Hydroxyproline levels in the lungs. (f) The Collagen content in thelungs using Sircol® soluble collagen assay kit. (g-h) The Tregs (CD4+CD25+Foxp3+) 
levels in the blood of BLM-induced IPF mice treatedwith UC-Mix and D-Mix, determined by FCM. (i-j) The Tregs (CD4+CD25+Foxp3+)levels in the thoracic 
lymph nodes of BLM-inducedIPF mice treated with UC-Mix and D-Mix, determined by FCM. (k-l) The Tregs(CD4+CD25+Foxp3+) levels in the spleen 
ofBLM-induced IPF mice treated with UC-Mix and D-Mix, determined by FCM. (m) Flowchartof PC61 antibody administration in BLM-induced IPF mice-
treated with UC-Mix. PC61 mAb (anti-murine CD25 ratIgG1) was used to deplete Tregs. (n-q) The levels of Tregs in the blood and lymph nodes of mice 
afterblockade with the PC61 antibody, as determined by FCM. (r-s) The effectof PC61 antibody blockade on the efficacy of UC-Mix treatment in IPF 
mice vialung hydroxyproline and collagen levels. (UC-Mix/D-Mix: Clinical-gradeUCMSCs/DMSCs derived from three donors were mixed in a 1:1:1 ratio to 
eliminateindividual variations.) 3
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A. The stained specimens were examined using an FAC-
SAria™ III flow cytometer (BD Biosciences, USA) with 
FACSDiva software. A kit from BD Biosciences, adher-
ing to the supplier’s instructions, facilitated the intra-
cellular cytokine staining. FCM analysis quantified the 
proportions of Tregs (CD4+CD25+Foxp3+), Th1 cells 
(CD4+IFN-γ+), and Th17 cells (CD4+IL-17A+).

In vitro Tregs activation, subtyping, and proliferation assay
Human PBMCs were separated and enriched for CD4+ T 
cells using CD4 microbeads from Miltenyi Biotec, Ger-
many. These CD4+ T cells underwent expansion and were 
subsequently incubated with various MSCs. To induce 
Tregs differentiation, IL-2 was incorporated into the 
medium at a concentration of 50 U/ml. After a period 
of 72  h, cells in single-cell suspension were harvested 
for analyses focused on Tregs activation, utilizing a mix 
of antibodies: CD38-BV605 (HB7), HLA-DR-PE-cy7 
(G46-6), CD4-FITC (RPA-T4), and CD25-APC (CD25-
4E3). Further, Tregs subtyping was conducted using a set 
of antibodies: CD45RA-PE-cy7 (HI100), CCR7-BV421 
(150503), CD4-FITC (RPA-T4), and CD25-APC (CD25-
4E3), alongside Tregs proliferation assessment with 
Ki67-BV421 (B56), CD4-FITC (RPA-T4), CD25-APC 
(CD25-4E3), and Foxp3-PE (236  A/E7). Analysis of the 
stained cells was performed on a BD Aria III system, with 
data interpretation via FlowJo software.

Cytometric beads assay (CBA) to detect the cytokines in 
intracellular
Cytokine concentration (IL-6 and IL-10) was measured 
using a CBA kit (BD, USA) following the manufacturer’s 
protocol. Subsequently, the intensity of these cells was 
measured with a flow cytometer. The data was analyzed 
using graphical user interface software FCAP Array.

Immunoblotting analysis
Total proteins were extracted using a radioimmunopre-
cipitation assay buffer with added protease and phos-
phatase inhibitors, then heated in 5 × SDS loading buffer 
(Beyotime, China) at 100  °C for 10  min. Subsequently, 
15  µg of protein from each specimen was subjected to 
SDS-PAGE, followed by transfer onto PVDF membranes 
activated with methanol. These membranes were then 
incubated with 5% skim milk at ambient temperature for 
one hour before being exposed to primary antibodies tar-
geting GAPDH, α-SMA, Foxp3 (Cell signalling technol-
ogy, USA), collagen-1α (Thermo Fisher Scientific, USA), 
TNFSF4, Helios, and GTIR (Abcam, UK) overnight at 
4  °C. After washing with PBST, they were treated with 
secondary antibodies for an hour at room temperature 
and visualized using enhanced chemiluminescence on a 
Vazyme (China) imaging system.

Lentiviral ShRNA vectors transfection
Lentiviral vectors containing TNFSF4-shRNA-LV3 
(pGLV-h1-GFP-puro) for knockdown and TNFSF4-LV8 
(EF-1a/mCherry&Puro) for overexpression were syn-
thesized by Genepharma (Shanghai, China). The virus 
titer of TNFSF4-shRNA-LV3 (or TNFSF4-LV8) was 
9 × 108 TU/ mL. In addition, a TNFSF4-LV8 lentivirus 
with red fluorescent protein (RFP) tag was constructed 
to verify successful transfection and overexpression. 
To achieve knockdown or overexpression of TNFSF4 
in MSCs, viral transfection was performed when MSCs 
reached 60 ∼ 70% confluence, using a multiplicity of 
infection (MOI) of 50, as determined by pre-test results 
and following the manufacturer’s protocol. Fluorescence 
microscopy was used to observe MSCs expressing green 
fluorescent protein (GFP) or RFP at 48  h post-trans-
fection. Harvesting of MSCs for TNFSF4 interference 
efficiency analysis was conducted at 72 ∼ 96 h post-trans-
fection. Puromycin selection (1 ∼ 2 µg/mL) was initiated 
at 72  h post-transfection to screen and obtain stable 
transfected cells. The transfected cells were passaged and 
lyophilized for subsequent experiments.

Induction of the FMT cell model
HELF cells were plated in 6-well dishes at a concentra-
tion of 1 × 106 cells/mL. Upon achieving the necessary 
confluence, the initial growth medium was removed, and 
the cells underwent overnight starvation in a serum-free 
medium for synchronization. Following adhesion, the 
cells were treated with TGF-β1 at a final concentration 
of 10 ng/mL to induce stimulation for a duration of 24 h. 
The supernatants from PBMCs co-cultured with different 
MSCs (including UC-Mix-LV, UC-Mix-TNFSF4, D-Mix-
sh-LV, and D-Mix-sh-TNFSF4) for 5 days were added to 
the TGF-β1-stimulated Helf cells for conditional stimu-
lation culture for 72 h. Total protein was extracted from 
each group of Helf cells, and the protein expression levels 
of α-SMA and collagen-1α were determined by Western 
blot analysis.

In vitro blockade experiment of TNFSF4-TNFRSF4
Within a rigorously established co-culture paradigm 
comprising PBMCs and DMSCs (for detailed experimen-
tal protocol, please refer to our previously published arti-
cle [29]), targeted interventions were introduced through 
the administration of Oxelumab (anti-TNFSF4, 10  µg/
mL), Amlitelimab (anti-TNFSF4, 150 µg/mL), or Telazor-
limab (TNFRSF4, 10  µg/mL, a monoclonal antibody 
that targets TNFRSF4), aiming to obstruct the TNFSF4-
TNFRSF4 signaling axis. Subsequent to a cultivation 
period extending to the sixth day, flow cytometric analy-
sis was conducted on the harvested PBMCs, focusing on 
quantifying alterations in the proportionality of Tregs 
relative to CD4+ T lymphocytes.
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Statistical analyses
Statistical evaluations were performed with GraphPad 
Prism 9.0 software (GraphPad Software Inc.). Normal 
distribution led to the use of parametric methods; in their 
absence, nonparametric methodologies like the Mann-
Whitney tests, supplemented by Dunn’s post hoc analy-
sis, were employed. For data meeting the homogeneity of 
variance criterion, the analysis proceeded with either an 
unpaired t-test or a two-way ANOVA, complemented by 
Bonferroni’s post hoc analysis. In cases of variance non-
homogeneity, Welch’s t-test and Welch ANOVA tests 
with Dunnett T3 post hoc analysis were applied.

To calculate the relative gene expression levels, the 
2−ΔΔCt method was utilized, with gene expression quanti-
fied in terms of fold change against GAPDH. This relative 
level of mRNA expression was assessed by comparing the 
experimental to the control levels.

All statistical tests were two-tailed with a type I error 
rate fixed at α = 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.

Results
Tregs in PB and lung tissue are reduced among IPF patients
We analyzed gene expression profiles from the GEO 
database including GSE28221, GSE33566, and GSE15197, 
which contain IPF samples and healthy controls to esti-
mating immune infiltration. Tregs score was significantly 
decreased in IPF (Fig. 2a). CD25/IL2RA was significantly 
decreased in IPF in both array data and sequencing data 
(Fig.  2b-c). The Tregs-associated negative marker gene 
CD127 was significantly increased in IPF in the sequenc-
ing data (Fig. 2d).

PB was collected from healthy individuals and patients 
diagnosed with IPF (Fig. 2e). The concentrations of fibro-
sis-related proteins in the PB were determined by ELISA. 
IPF patients had significantly higher levels of HAase and 
LN-5 in serum compared to health individuals (Fig. 2f ). 
The relative mRNA expressions of genes associated 
with Th1 (IFN-γ and TNF-α, Fig.S1a-b), Th17 (Fig.S1c), 
and Tregs were determined by qPCR (IL-10, Foxp3 

and CTLA4, Fig.  2g-i). The mRNA expression levels of 
Tregs-related genes in the PBMCs of IPF patients were 
significantly lower compared with the healthy persons. 
Consistently, the FCM analysis also found the percentage 
of Tregs present in the PB of IPF patients was markedly 
lower than that of healthy individuals (Fig. 2j-k), whereas 
there was no significant difference in the proportions of 
Th1 and Th17 (Fig.S1d-f ). Between the expressions of 
HAase and the proportion of Tregs, we performed a cor-
relation analysis, which showed a negative correlation 
(Fig.  2l). Immunofluorescence staining results showed 
that the number of Tregs in the lung tissue of IPF patients 
also exhibited a statistically significant decrease com-
pared to healthy individuals (Fig. 2m-n).

Tissue heterogeneity of MSCs in regulating Tregs 
differentiation
MSCs derived from various tissue sources have sig-
nificant tissue heterogeneity. In our previous study, two 
strains of UCMSCs that differed in their ability to regu-
late Tregs differentiation were used to treat liver fibro-
sis and the therapeutic efficacy was proportional to the 
Tregs regulatory capacity [17]. When these two strains 
of UCMSCs were applied to the treatment of IPF mouse 
models, they also exhibited the same efficacy correlation 
(Fig. S2). We manufactured eight types of MSCs from 
various tissue sources in accordance with the require-
ments of current GMP guidelines. All strains of MSCs 
used in this study were strictly evaluated their surface 
markers, biological characteristics, and microbial con-
tamination, in line with the basic criteria of biological 
products. The surface marker expression of the MSCs 
were determined by FCM (Table S2). All types of MSCs 
consistently expressed high levels of positive surface 
markers, including CD73, CD90 and CD105 (over than 
95%), while displaying minimal expression of negative 
surface markers, such as CD45, CD14, CD19, CD34, and 
HLA-DR (less than 2%). Representative flow cytomet-
ric phenotyping data for UCMSCs and DMSCs are pre-
sented in Fig. S3a. All types of MSCs had multilineage 
potentials of osteogenic, adipogenic, and cartilage dif-
ferentiation and representative multilineage differentia-
tions of UCMSCs and DMSCs were confirmed through 

(See figure on previous page.)
Fig. 2  Tregs in PB and lung tissue were significantly lower than IPF patients. (a) We evaluated immune infiltration using gene expression profiles from the 
GSE28221, GSE33566, and GSE15197 datasets from the GEO database, which include IPF samples and healthy controls. The results showed a significant 
decrease in Tregs scores in IPF compared to healthy controls. (b-c) The expression of the CD25/IL2RA gene was significantly decreased in IPF compared 
to healthy controls in both array and sequencing data. (d) The Tregs-associated negative marker gene CD127 showed a significant increase in IPF patients 
in the sequencing data. (e) PB was collected from healthy individuals and patients with IPF. The fibrosis-related proteins in serum were analyzed by ELISA. 
The expression of relevant genes in PBMCs was analyzed using qPCR. Additionally, CD4+ T cells in PBMCs was analyzed using FCM. (f) The protein expres-
sion levels of HAase and LN-5 in PB were analyzed by ELISA. (g-i) QPCR was used to analyze the relevant gene expression of the Tregs, including IL-10, 
Foxp3 and CTLA4. (j-k) Flow cytometric analysis was performed on PBMCs to determine the percentages of Tregs (CD4+ CD25+ Foxp3+). Contour plots 
showing the cell populations from the indicated gates. (l) Correlation analysis between the expression of HAase and the proportions of Tregs. (m-n) By 
using immunofluorescence to stain human lung tissue paraffin sections with Foxp3 and DAPI, Tregs number in the lung tissues of healthy individuals and 
IPF patients was counted, followed by statistical analysis between the two groups
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Alizarin Red, Oil red O, and Alcian Blue staining, respec-
tively (Fig. S3b). Collectively, our established MSCs met 
the clinic criteria for MSC identification.

To screen out optimal subtype of MSCs which targeted 
to the Tregs differentiation regulation in IPF patients, the 
above eight types of MSCs derived from different tissues 
were performed RNA-seq analysis (Fig.  3a). The basic 
genetic visualization of genes was achieved by t-SNE 
(t-distributed stochastic neighbor embedding), the non-
linear dimension reduction method that clusters samples 
with similar expression patterns. The results showed both 
inter-organizational and intra-organizational heteroge-
neities in the samples (Fig. 3b). The ssGSEA was used to 
quantify the infiltrate levels of four T cell immune sig-
natures for each sample with expression data. Through 
significant enrichment analysis of the KEGG pathway, 
we examined the biological roles of genes expressed dif-
ferentially. We assessed the enrichment of diverse gene 
sets across eight tissues utilizing ANOVA, followed by 
multiple comparisons executed via Tukey’s honestly sig-
nificant difference method. The results indicated that 
DMSCs, GMSCs, and UCMSCs had higher prolifera-
tion scores among the eight types of MSCs (Fig.  3c). A 
pairwise multiple comparison was conducted to analyze 
the capacity of eight types of MSCs in regulating Tregs, 
and the MSCs have been ranked in order of Tregs score, 
from highest to lowest. Significant differences were found 
between UCMSCs and DMSCs in their ability to regulate 
Tregs (Fig. 3d-e).

To validate whether the differential regulation of Tregs 
differentiation is consistent with the sequencing results, 
UCMSCs and DMSCs were co-cultured with PBMCs 
and their ability to immunomodulate Tregs, Th1, and 
Th17 were assessed by flow cytometric analysis. Upon 
IL-2 stimulation, UCMSCs significantly increased the 
percentage of anti-inflammatory Tregs derived from 
co-cultured PBMCs compared with DMSCs (Fig.  3f-g). 
UCMSCs coculture also markedly increased the expres-
sion levels of Tregs-related cytokines (IL6 and IL10) 
and proteins (Foxp3) compared with DMSCs coculture 
(Fig.  3h-k). Both UCMSCs and DMSCs could down-
regulated the pro-inflammatory subsets of the Th1 and 
Th17 population differentiation derived from co-cultured 
PBMCs upon cocktail stimulation (Fig. S3c-d), but with-
out significant difference. These results confirmed the 
different Tregs-regulatory capacities between UCMSCs 
and DMSCs by RNA sequencing analysis. Based on these 

results, UCMSCs and DMSCs were selected as the thera-
peutic cells to explore their efficacies in treatment of IPF. 
To eliminate individual variation, clinic-grade UCMSCs/
DMSCs from three donors were mixed in a 1:1:1 ratio, 
termed UC-Mix/D-Mix, for subsequent experiments.

Tregs induced by MSCs play a critical role in the treatment 
of IPF, and UCMSCs with higher Tregs-regulatory capacities 
significantly increase the proportion of Tregs in vivo and 
improve the therapeutic efficacy of IPF
To establish the mouse model of IPF, BLM (5 mg/kg) was 
dissolved in PBS and administered to the mice by tra-
cheal injection. A total of 5 × 105 UC-Mix or D-Mix in 
300 µl PBS were injected intravenously into the tail vein 
of each mouse at 7 and 14 days after BLM injection. Mice 
were sacrificed 21 days after BLM injection (Fig. 3a). In 
the treatment of BLM-induced IPF mice, UC-Mix and 
D-Mix showed differential therapeutic efficacy. We mea-
sured the levels of hydroxyproline, collagen, α-SMA, and 
ColI in the lungs. The levels of ColI and α-SMA in the 
UC-mix group were lower than in the D-mix group, with 
statistical significance (Fig.  1b-d). The results showed 
that, compared to the D-mix, the UC-mix significantly 
reduced the levels of hydroxyproline and collagen 
(Fig.  1e-f ). These findings indicate that both UCMSCs 
and DMSCs have therapeutic effects on IPF, but the sub-
type of MSCs with a high capability of regulating Tregs 
differentiation has a better repair efficacy. This suggests 
that the recovery of Tregs homeostasis is closely related 
to the repair effect on IPF. We determined the propor-
tions of Tregs (CD4+CD25+Foxp3+) in the blood, spleen 
and thoracic lymph nodes of the BLM-induced IPF mice 
treated with MSCs. Both UC-Mix and D-Mix treatment 
could improve the decreased Tregs proportions in blood, 
spleens and thoracic lymph nodes of BLM-induced IPF 
mice. In addition, the group treated with UC-Mix exhib-
ited a significant increase in Tregs proportions in all 
three types of tissue samples compared to the D-Mix 
treatment group (Fig. 1g-l). To deplete Tregs, PC61 mAb 
(rat anti-murine CD25 IgG1) was administered in BLM-
induced IPF mice treated with UC-Mix. 30  µg of puri-
fied PC61 antibody was injected intraperitoneally with 
200 µL of PBS on days 9, 13 and 17 after BLM injection. 
Rat isotype IgG1 was used as a control (Fig.  3m). After 
PC61 antibody blockade, the proportion of Tregs in the 
blood and lymph nodes of the mice was significantly 
reduced and approached close to zero, indicating Tregs 

(See figure on previous page.)
Fig. 3  Bioinformatics reveals tissue heterogeneity of MSCs in regulating Tregs differentiation capability. (a) Schematic diagram of the acquisition and de-
tection of MSCs from eight tissue sources. (b) The cluster analysis, t-distributed stochastic neighbor embedding analysis of gene expression of 24 samples 
from eight tissues, supported the heterogeneity of mesenchymal stromal cell. (c) Box plot of proliferation comparison of mesenchymal stromal cell across 
eight tissues. (d) Forest plot of multiple comparisons across eight tissues for Tregs. (e) Box plot of Tregs-infiltrated fraction comparison of mesenchymal 
stromal cell across eight tissues. (f-g) UCMSC and DMSC were co-cultured with PBMCs induced by IL-2, and the percentage of Tregs was determined by 
flow cytometric analysis. (h-i) The protein levels of the Tregs marker Foxp3 were detected by western blotting and quantified in each group. (j-k) The 
levels of Tregs related cytokines IL10 and IL6 in the supernatants of each group were determined by CBA kit. Images of unedited full blots in Figure S8
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were effectively depleted (Fig.  3n-q). In BLM-induced 
IPF mice, administration of the PC61 antibody signifi-
cantly eliminated the therapeutic effects of UCMSCs 
treatment. Hydroxyproline and collagen are increased 
to pre-treatment levels in the lungs of mice after Tregs 
depletion (Fig. 3r-s). All the results indicated the recov-
ery of decreased T Tregs proportions played a critical 
role in rehabilitation of IPF mice after MSCs treatment.

TNFSF4 associated with heterogeneity of Tregs 
differentiation regulation between UCMSCs and DMSCs
Next, we investigated the critical gene was associated 
with the heterogeneity of Tregs differentiation regulation 
between UCMSCs and DMSCs. We further analyzed the 
DEGs between UCMSCs and DMSCs and the biologi-
cal functions of the DEGs by KEGG significant pathway 
enrichment analysis. A bubble plot was presented, which 
displayed the GO enrichment analysis of immune-related 
significant pathways of DEGs between UCMSCs and 
DMSCs. The plot showed substantial enrichments in 
T cell-related pathways, and a significant difference in 
pathways related to Tregs regulation (Fig. 4a). The heat-
map showed the expression levels of 21 Tregs-related 
genes between UCMSCs and DMSCs (Fig.  4b). The 
Tregs related DEGs between UCMSCs and DMSCs were 
listed in a bar chart, among which TNFSF4 was showed 
the highest significance with the largest fold changes 
(Fig. 4c). The mRNA expression level of TNFSF4 in UC-
Mix was significantly lower than that in D-Mix (Fig. 4d). 
Consistently, the protein level of TNFSF4 in UC-Mix was 
remarkedly lower than that in D-Mix by FCM and west-
ern blotting (Fig. 4e-h). We also examined the gene and 
protein expression of TNFSF4 in UCMSC and DMSC 
strains from different donors and came to the same con-
clusion, the expression levels of TNFSF4 were signifi-
cantly lower in UCMSC strains compared with DMSC 
strains (Fig. S4a-b).

To investigate whether differential expressions of 
TNFSF4 between UCMSCs and DMSCs lead to the 
discrepancy in Tregs differentiation regulation, we 
used shRNA-lentivirus targeting TNFSF4 to knock 
down the high expression of TNFSF4 in DMSCs, and 
lentiviral plasmids encoding TNFSF4 to overexpress 
TNFSF4 in UCMSCs. Three different plasmids were 
used to knock down TNFSF4 in DMSCs, of which 

TNFSF4-shRNA-LV3-1 with the most efficiency of 
TNFSF4 knocking-down confirmed by qPCR and west-
ern blotting in DMSCs was selected for further experi-
ments (Fig. S4c-d). The lentivirus TNFSF4-LV8 is tagged 
with a RFP, while TNFSF4-shRNA-LV3 lentivirus is 
tagged with a GFP. Therefore, the transfection efficiency 
was determined by calculating the proportion of trans-
fected MSCs expressing GFP/RFP under a fluorescence 
microscope 48 h after screening. (Fig. S5a-b).

The expression of TNFSF4 in D-mix after sh-TNFSF4 
transfection (D-mix-sh-TNFSF4) was detected by qPCR, 
FCM and western blotting, and the results showed that 
TNFSF4 was successfully knocked down (Fig.  5a-d). To 
assess the Tregs differentiation capability of D-mix-sh-
TNFSF4, we co-cultured them with PBMCs isolated from 
human bloods. We observed a significant increase in 
Tregs percentage in D-mix-sh-TNFSF4 group compared 
to the D-Mix-sh-LV group (sh RNAi control) (Fig.  5e), 
and Tregs-related cytokines (IL6 and IL10) were accord-
ingly increased in their supernatants (Fig.  5f-g). The 
protein levels of Foxp3 were also increased in PBMCs 
in the D-mix-sh-TNFSF4 group (Fig.  5h-i). The same 
assays were also performed on UC-Mix-TNFSF4 and the 
overexpression of TNFSF4 in UCMSCs was confirmed 
(Fig.  5j-m). We co-cultured UC-Mix-TNFSF4 with 
PBMCs and found a decrease in the percentage of Tregs 
compared to the UC-Mix-LV control group (Fig.  5n). 
The Tregs-related cytokines (IL6 and IL10) and protein 
(Foxp3) all were decreased accordingly (Fig.  5p-s). We 
also tested the effects of D-mix-sh-TNFSF4 and UC-Mix-
TNFSF4 on Th1/Th17 regulation and found that TNFSF4 
deficiency or over-expression did not significantly influ-
ence the differentiations Th1/Th17 (Fig. S5c-f ). Taken 
together, the results supported that TNFSF4 expression 
level was associated with heterogeneity of Tregs differen-
tiation regulation between UCMSCs and DMSCs.

The TNFSF4 expression level was negatively associated 
with anti-fibrotic activity of MSCs in vitro and in vivo
After we found TNFSF4 expression level of MSCs was 
negatively associated with Tregs differentiation regula-
tion, then we investigated whether TNFSF4 expression 
level of MSCs accordingly was attributed to the anti-
fibrotic activity. In vitro, fibrosis cell model was induced 
by TGF-β1 stimulation in Helf cells and the expressions 

(See figure on previous page.)
Fig. 4  Bioinformatics data analysis shows that the gene most associated with the heterogeneity of MSCs in regulating Tregs differentiation is TNFSF4. 
(a) Bubble plot showing the GO enrichment analysis of immune-related significant pathways of DEGs between UCMSCs and DMSCs, especially en-
riched in plenty of T cell related pathways. (b) Gene expression heatmap showing the expression levels of 21 Tregs-related genes between UCMSCs and 
DMSCs. The color of each square indicates the scaled expression level of each gene. The columns show each sample, while the rows show each DEGs 
related to Tregs. (c) Bar plot indicates the Tregs-related DEGs between UCMSCs and DMSCs. There was significant difference for TNFSF4 with the maximal 
foldchange. Compared to DMSCs, the orange represents Tregs-related genes that are upregulated in UCMSCs, while the blue represents those that are 
downregulated. (d) The expression levels of TNFSF4 in UC-Mix and D-Mix were determined by qPCR. (e-f) The proportion of TNFSF4+ cells in the UC-Mix 
and D-Mix were determined by flow cytometric analysis. (g-h) Protein levels of TNFSF4 in UC-Mix and D-Mix were determined by western blotting and 
quantified. Images of unedited full blots in Figure S9
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of fibrotic proteins such as α-SMA and Col I in Helf 
cells were determined. The supernatants from PBMCs 
co-cultured with different MSCs (including UC-Mix-
LV, UC-Mix-TNFSF4, D-Mix-sh-LV, and D-Mix-sh-
TNFSF4) were added to the TGF-β1-stimulated Helf 
cells. The results demonstrated that TNFSF4 knock-
down improved the anti-fibrotic activity of D-MSCs in 
TGF-β1-stimulated Helf cells and TNFSF4 over-expres-
sion significantly blocked the anti-fibrotic activity of UC-
MSCs (Fig. S6a-b). Consistent with the in vitro results, 
MSCs with lower TNFSF4 expression had better thera-
peutic outcomes when applied to BLM-induced IPF mice 
(Fig. S6c-d).

MSCs precisely modulating the subpopulations of Tregs via 
TNFSF4-TNFRSF4 axis
Following a comprehensive series of experiments validat-
ing the inverse correlation between MSCs’ Tregs modu-
latory capabilities and their TNFSF4 expression levels, 
we postulate that MSCs exhibiting diminished TNFSF4 
expression may lead to reduced binding to TNFRSF4 
ligands on immune cells. Consequently, this attenu-
ation could inhibit the TNFSF4-TNFRSF4 pathway, 
which negatively regulates Tregs differentiation. Conse-
quently, a cascade effect ensues, culminating in height-
ened expression and differentiation of Tregs-associated 
factors, thereby fostering enhanced therapeutic efficacy 
in treating IPF. To substantiate this hypothesis, we con-
ducted mechanistic investigations within IL-2-induced 
PBMCs and D-Mix co-culture systems, augmented with 
diverse monoclonal antibodies targeting the TNFSF4-
TNFRSF4 pathway blockade. Notably, administration of 
Oxelumab (anti-TNFSF4 monoclonal antibody), Telazor-
limab (anti-TNFSF4 monoclonal antibody), or Amlite-
limab (anti-TNFRSF4 monoclonal antibody) significantly 
elevated Tregs proportions (Fig.  6a-b). These findings 
corroborated the proposed inference regarding the inhib-
itory effect of the TNFSF4-TNFRSF4 negative regulatory 
pathway.

It is widely recognized that Tregs, characterized by 
their immunosuppressive properties, play a pivotal 
role in maintaining immune tolerance and homeosta-
sis within immune responses [41]. Recent investigations 

have unveiled the heterogeneity inherent within these 
classically defined Tregs, delineating distinct func-
tional and phenotypic subsets including quiescent Tregs 
(rTregs), activated Tregs (aTregs), and cytokine-secreting 
non-suppressive Tregs [42]. Consequently, our endeavor 
aims to delve deeper into the correlation between MSC-
derived TNFSF4 and the equilibrium, subtypes, and pro-
liferative capacity of Tregs subpopulations. This endeavor 
seeks to discern the specific Tregs subgroups or sub-
types regulated by MSCs via TNFSF4-TNFRSF4 axis, 
thereby augmenting the efficacy of therapeutic inter-
ventions in IPF. MSCs co-cultivated with IL2-induced 
PBMCs exhibited a marked elevation in the proportion 
of aTregs (CD4+ CD25+ CD38+ HLA-DR+) within the 
UC-Mix group compared to the D-Mix group (Fig. S7a-
b). Given the heterogeneous composition of immune 
cells within PBMCs and the imperative to delineate the 
precise target cells modulating Tregs differentiation by 
MSCs, we adopted a methodology of magnetic bead sep-
aration to isolate and enrich purified CD4+ T cells from 
PBMCs in blood. Subsequently, we executed the afore-
mentioned experimental paradigm, yielding congruent 
outcomes (Fig.  6c-d). Additionally, meticulous scrutiny 
was conducted on the mRNA and protein expression 
levels of Tregs subtype-associated genes (Foxp3, GTIR, 
and Helios) across each experimental group. Notably, a 
discernible upsurge in Foxp3 and GTIR expression was 
observed within the UC-Mix cohort, whereas Helios 
exhibited unaltered levels (Fig. 6e-i). These discernments 
intimate that TNFSF4 within MSCs may selectively 
orchestrate the regulation of distinct Tregs subtypes. 
Analogously, commencing with the co-cultivation of UC-
mix/D-mix alongside IL2-induced PBMCs, an examina-
tion of the percentage distribution of each Tregs subtype 
ensued. Evaluation of these samples encompassed an 
analysis of CD4, CD25, CD45RA, and CCR7 expres-
sions. Within this co-culture milieu, UC-Mix evinced a 
substantial augmentation in the proportions of TregCM 
(CD4+ CD25+ CCR7+ CD45RA−) and TregE (CD4+ 
CD25+ CCR7+ CD45RA+), while the ratios of TregEM 
(CD4+ CD25+ CCR7− CD45RA+) and Tregnaïve (CD4+ 
CD25+ CCR7− CD45RA−) remained unaltered. UC-Mix, 
distinguished by diminished TNFSF4 levels, exhibited a 

(See figure on previous page.)
Fig. 5  Gene editing technology demonstrate that the most significant gene associated with the heterogeneity of MSCs in regulating Tregs differentiation 
is TNFSF4. (a) Using virus plasmid transfection for gene knockout technology, the TNFSF4 gene in D-Mix cells was knocked out, and the stable cell line 
after puromycin selection was named D-Mix-sh-TNFSF4. The control group D-Mix cells were transfected with only the empty vector virus plasmid, and 
the stable cell line after selection was named D-Mix-sh-LV. QPCR to determine the mRNA expression of TNFSF4 in D-Mix-sh-TNFSF4 and D-Mix-sh-LV. (b) 
The proportion of TNFSF4+ MSCs in D-Mix-sh-TNFSF4 by flow cytometric analysis. (c-d) Protein levels of TNFSF4 in D-Mix-sh-TNFSF4 were determined by 
western blotting and quantified. (e) D-Mix-sh-TNFSF4 were co-cultured with PBMCs induced by IL-2, and the percentage of Tregs was determined by flow 
cytometric analysis. (f-g) The levels of Tregs related cytokines IL10 and IL6 in the supernatants of each group were determined by CBA kit. (h-i) The protein 
levels of the Tregs marker Foxp3 were detected by western blotting and quantified in each group. (j-s) Through virus plasmid transfection and gene over-
expression technology, the TNFSF4 gene was overexpressed in UC-Mix cells, and the stable cell line after puromycin selection was named UC-Mix-TNFSF4. 
For the control group UC-Mix cells, only the empty vector virus plasmid was transfected, and the stable cell line after selection was named UC-Mix-LV. 
The experiments described in this figure, i-t, were conducted on both UC-Mix-TNFSF4 and UC-Mix-LV cell lines. Images of unedited full blots in Figure S10
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more robust modulation of TregCM and TregE subtypes, 
in contrast to TregEM and Tregnaïve subtypes (Fig. S7c-d). 
Replication of these investigations with purified CD4+ T 
cells yielded consistent findings in Tregs subtype regula-
tion (Fig. 6j-k). Furthermore, the proliferative activity of 
Tregs was evaluated by analyzing the proportion of Ki67+ 
Tregs. Intriguingly, UC-Mix notably fostered Tregs pro-
liferation relative to D-Mix (Fig. 6l-m, and Fig. S7e-f ). In 
summary, MSCs evincing reduced TNFSF4 expression 
substantially modulate Tregs activation, subtypes, and 
proliferation.

Discussion
By integrating multiple array datasets from GEO and 
merging samples, we analyzed the immune cell charac-
teristics and infiltration features of 186 IPF patients and 
62 healthy individuals. Our preliminary findings revealed 
distinct characteristics of Tregs immune cells. Our study 
reveals a significant decrease in Tregs in both the PBMCs 
and lung tissues of IPF patients compared to healthy 
individuals. It is imperative to underscore the pivotal 
role of MSCs, renowned for their formidable immuno-
modulatory prowess. These cells promote the transdif-
ferentiation of other immune cells into Tregs, impacting 
the immune microenvironment and offering therapeutic 
benefits [43]. Intriguingly, this study, alongside our pre-
liminary investigations, unearthed that MSCs exhibiting 
augmented Tregs regulatory capabilities manifested a 
pronounced anti-fibrotic action (Fig.S1) [17]. Nonethe-
less, the mechanisms underpinning the heterogeneity in 
the MSC-mediated Tregs modulation remain to be elu-
cidated. Leveraging our Stem Cell Center, we procured 
MSCs from eight tissue types (sourced from three donors 
each) and subjected them to comprehensive whole-
genome sequencing. Through meticulous cluster analy-
sis, the enrichment analysis of immune-related significant 
pathways, and the comparative assessment of Tregs infil-
tration scores, we discerned that lower TNFSF4 expres-
sion in MSCs correlates with better Tregs regulation. 
This supports previous findings that TNFSF4-TNFRSF4 
signaling reduces Tregs generation by fostering the pro-
liferation of T cells [44]. Our research confirms this sig-
naling in MSCs and identifies a new MSC subtype with 

low TNFSF4 expression, improving Tregs generation, 
activation (CD38+HLA-DR+) and proliferation (Ki67+). 
This subtype not only augments the genesis of Tregs sub-
populations but also enhances Tregs, thereby recalibrat-
ing the distribution of Tregs subtypes. This breakthrough 
advances our knowledge of MSC immunoregulation and 
its therapeutic potential for fibrosis.

Stem cell research faces a key challenge due to lim-
ited cellular resources, hindering comparisons of differ-
ent cell types’ effectiveness against specific diseases and 
understanding treatment variability. Presently, using the 
same type of MSCs for various diseases is problematic, 
as it fails to consider each disease’s unique causes and 
changes, making this one-size-fits-all approach flawed 
[45]. Our investigation, has unearthed a significant nega-
tive correlation between the proportion of Tregs in the 
blood of IPF patients and the fibrosis marker HAase, 
insinuating the contributory role of Tregs deficiency 
in the advancement of fibrosis. A burgeoning corpus of 
evidence accentuates the pivotal role of the equilibrium 
between Tregs and pro-inflammatory cells, such as Th1 
and Th17 cells, in delicately modulating the dichotomy 
between alveolar repair and fibrogenesis [22]. The inher-
ent ability of MSCs to ameliorate the imbalance between 
Th17 and Tregs, alongside their capacity to foster the 
differentiation of type II alveolar epithelial cells and 
augment epithelial damage repair, heralds a promising 
avenue for the amelioration of pulmonary fibrosis [46]. 
While there’s growing agreement on the effectiveness 
of MSCs in treating IPF by modulating Tregs levels [7, 
47], identifying the best MSCs for this purpose remains 
unclear. Our research shows that changes in TNFSF4 
expression within MSCs directly impact their ability 
to regulate Tregs and affect the production of fibrosis-
related cytokines, IL6 and IL10 [48, 49], highlighting 
its importance in fibrosis severity. We’ve demonstrated 
TNFSF4’s crucial role in MSCs’ influence on Tregs dif-
ferentiation, activation, and proliferation, and how the 
TNFSF4-TNFRSF4 signaling pathway facilitates MSC-
immune cell interactions. By blocking TNFSF4 on MSCs 
and TNFRSF4 on inflammatory cells, we saw an increase 
in Tregs differentiation. This challenges previous beliefs 
that TNFSF4 is mainly expressed on antigen-presenting 

(See figure on previous page.)
Fig. 6  MSCs regulate the differentiation, subtype distribution, and proliferation of Tregs subpopulations through the TNFSF4-TNFRSF4 axis. (a-b) Flow 
cytometric analysis of Tregs after addition of Oxelumab (anti-TNFSF4), Telazorlimab (anti-TNFSF4) and Amlitelimab (TNFRSF4) to the D-Mix and PBMCs co-
culture systems. Contour plots showing the cell populations from the indicated gates. The percentage of Tregs (CD4+ CD25+ Foxp3+). (c-d) UC-Mix/D-Mix 
were co-cultured with purified CD4+ T cells induced by IL2. The proportion of activated Tregs (CD4+ CD25+ CD38+ HLA-DR+) was determined by FCM. (e-
g) The relative mRNA expression levels of Tregs subtype-related genes (Foxp3, GTIR and Helios) in each group were determined by qPCR. (h-i) The expres-
sion levels of Tregs subtype-associated proteins (Foxp3, GTIR and Helios) in each group were determined by western blotting. (j-k) UC-Mix/D-Mix were 
co-cultured with purified CD4+ T cells induced by IL2 and the percentage of each Tregs subtype was determined by FCM. The samples were analyzed for 
the expression of CD4, CD25, CD45RA and CCR7. Contour plots showing the cell populations from the indicated gates. The proportions of TregCM, TregE, 
TregEM and Tregnaive were counted. (l-m) FCM was used to analyze the proliferation of Tregs in each group. Representative FCM gating strategy correspond 
to Tregs (CD4+ CD25+ Foxp3+), and proliferated Tregs gating was further stratified by the expression of Ki67. The proportions of Ki67 Tregs were counted. 
Images of unedited full blots in Figure S11
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cells, including B cells, macrophages, and dendritic cells 
[50–52], showing its significant presence on MSCs. This 
suggests TNFSF4’s signaling is vital for T cell viabil-
ity during their late proliferation and effector phases, 
enhancing our understanding of MSCs’ immunomodula-
tory effects.

Our study highlights Tregs’ essential role in MSC ther-
apy for IPF in mice, showing that MSC administration 
increases Tregs systemically and is crucial for the thera-
py’s anti-fibrotic effect. This effect is significantly reduced 
when Tregs are depleted through anti-CD25 antibody-
mediated blockade, emphasizing their critical role in 
treatment [53]. Research has shown that Tregs levels [18], 
which are vital for controlling the body’s autoimmune 
response and are diminished in pulmonary fibrosis, cor-
relate with disease severity. Similarly, MSCs have been 
shown to increase Tregs levels in liver fibrosis, promot-
ing an immune-tolerant state and improving liver health 
[24]. Our investigations unveil a pronounced negative 
correlation between the expression levels of TNFSF4 in 
MSCs and the systemic Tregs levels, alongside the ther-
apeutic impact on fibrosis. Through viral transfection 
methodologies aimed at either silencing or overexpress-
ing TNFSF4 expression, we noted a negligible influence 
on Th1 and Th17 cells in vitro. In contrast, there was a 
substantial modulation of the Tregs subset proportions 
and the expression profiles of fibrosis-associated proteins 
and cytokines, culminating in significant fibrosis altera-
tion in vivo. This supports Piconese S, et al.‘s theory that 
TNFSF4 acts as a co-stimulatory molecule, reducing 
Tregs effectiveness and promoting their differentiation 
into other immune cells [54].

There are some limitations in present study. Although 
this study utilized multiple public datasets to analyze the 
immune characteristics of IPF patients, the sample size of 
patients is relatively limited and their heterogeneity may 
still impact the generalizability of the results. Our study 
has definitely demonstrated the effects of TNFSF4low-
MSCs in regulating Tregs and exhibiting anti-fibrotic 
properties in a IPF mouse model, we need to further ver-
ify the anti-fibrotic efficacy of TNFSF4low-MSCs in IPF 
patients. So, we next plan to use clinic-grade TNFSF4low-
MSCs to treat IPF patients in clinic trials, promoting our 
findings to translational research.

Furthermore, our research confirms that central mem-
ory and effector Tregs subtypes play key roles in com-
bating fibrosis, unlike effector memory and naive Tregs. 
This aligns with prior assertions regarding the constitu-
tive expression of its ligand TNFRSF4 on inflammatory 
cells, with potential implications for late-stage cellular 
proliferation and effector functionality, thereby enrich-
ing our comprehension of the immunological under-
pinnings critical to fibrosis progression and therapeutic 
intervention.

Conclusions
Traditionally, the immunosuppressive and tissue regen-
erative capacities of MSCs were attributed to their 
paracrine functions, characterized by the secretion of a 
plethora of cytokines, chemokines, and growth factors 
[55]. However, our research elucidates a novel immu-
noregulatory mechanism employed by MSCs, involving 
the precise modulation of Tregs subpopulations through 
direct cell surface protein interactions with immune cells. 
Moreover, we have identified a pivotal membrane protein 
pivotal in this Tregs subpopulation regulation, establish-
ing a direct correlation with the efficacy of IPF treat-
ment. This discovery offers a quantitative metric for the 
selection of superior IPF therapeutic cells among MSCs 
derived from various tissue origins and donor sources. 
In summary, originating from the pressing clinical needs 
for stromal cell therapies, our research transcends the 
prevailing limitations associated with employing a uni-
form stromal cell type across multiple disease treat-
ments without foundational selection criteria and quality 
benchmarks.
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