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Abstract 

Background  Mesenchymal stem cells (MSCs) possess a variety of immunomodulatory functions that can vary 
depending on the MSC line. Investigating priming strategies is essential for increasing the immunomodulatory poten-
tial of MSCs.

Methods  Human clonal MSCs (cMSCs) were primed with TNF-α, IFN-γ, IL-1β, IFN-α, and vitamin B6. Their immu-
nomodulatory functions, including T-cell proliferation and cytokine production, were analyzed. The primed cMSCs 
were injected intravenously into a mouse model of ovalbumin-induced atopic dermatitis (AD), and their therapeutic 
effects were evaluated.

Results  We identified IFN-α and vitamin B6 as promising priming agents when they are combined with TNF-α 
and IFN-γ. The primed cMSCs showed expression of galectin-9 (Gal-9), IL-1Ra, and PDL-1. Gal-9 facilitates the induction 
of regulatory T cells (Tregs) and apoptosis. Treatment with primed cMSCs significantly alleviated pathological changes 
in an AD mouse model. Notable improvements included a reduction in epidermal thickness (p  < 0.05), a decreased 
number of mast cells and eosinophils in the dermis (p  < 0.01), restored expression of claudin-1 in the epidermis (p  < 
0.0001), and lower serum levels of IgE (p  < 0.05).

Conclusions  This novel combination of priming factors significantly promotes the immunomodulatory functions 
of cMSCs by inducing Gal-9. Consequently, Gal-9 may serve as an excellent biomarker for screening primed cMSCs 
for their immunomodulatory capabilities, facilitating a more accurate assessment of their therapeutic effectiveness.
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Background
Mesenchymal stem cells (MSCs) modulate the innate and 
adaptive immune systems primarily through the secre-
tion of cytokines, chemokines, and growth factors and 
through direct interactions with immune cells [1, 2]. 
MSCs represent a promising cell-based therapy for clini-
cal applications in treating inflammatory diseases, includ-
ing graft-versus-host disease (GVHD), asthma, Crohn’s 
disease, and atopic dermatitis (AD), owing to their anti-
inflammatory, immunosuppressive, immunomodulatory, 
and regenerative properties [3–6]. Given the heteroge-
neity of the immunomodulatory profiles of MSCs, we 
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previously developed a subfractionation culture method 
(SCM) to isolate clonal MSCs (cMSCs) from human bone 
marrow [7–9]. This method allows us to separate distinct 
cMSC lines that exhibit notable variations in their immu-
nomodulatory capabilities. Some cMSCs possess strong 
immunomodulatory functions, whereas others exhibit 
limited capabilities [10].

Increasing the efficacy of cMSCs with low immu-
nomodulatory ability is essential for improving the 
efficacy of clinical trials. We aimed to promote the 
functionality of cMSCs by priming them in inflamma-
tory environments that mimic disease conditions. This 
priming process is crucial for optimizing the efficacy of 
MSC-based therapies, which have shown promise in 
treating various diseases. Various priming techniques 
have been developed, including pro-inflammatory 
cytokines, growth factors, pharmacological or chemical 
agents, hypoxic conditions, and three-dimensional (3D) 
culture environments [11–14]. Among these, cytokines 
have been shown to increase the immunosuppressive and 
immunomodulatory functions of MSCs more effectively 
than other approaches. Among the various cytokines, 
MSCs stimulated with a combination of TNF-α and 
IFN-γ (T/I) exhibit the most significant improvement 
in immunomodulatory capacity [15]. Notably, the 
expression of immunosuppressive molecules, including 
indoleamine 2,3-dioxygenase (IDO), prostaglandin E2 
(PGE2), intracellular adhesion molecule-1 (ICAM-1), and 
galectin-9 (Gal-9), is upregulated [16–20]. Furthermore, 
these primed MSCs promote the expression of immune 
checkpoints such as programmed death ligand-1 (PD-1) 
and CTLA-4 on T cells, further diminishing their activ-
ity [15, 17, 20, 21]. IFN-α has been used to treat various 
tumors, including leukemia, melanoma, and lymphoma, 
due to its ability to inhibit cell proliferation, restrict 
tumor angiogenesis, and induce apoptosis [22–24]. 
IFN-α-overexpressing mouse MSCs effectively sup-
pressed tumor growth via infiltrating CD8+ T cells and 
even stronger anti-tumor immunity in combination with 
PD-L1 blockade [25]. MSCs express PD-L1 on their sur-
face, and interacting with PD-1 on T cells inhibits T cell 
activation, proliferation, and cytokine secretion, thereby 
contributing to an immunosuppressive environment [26].

MSCs are exposed to oxidative and nitrosative stress 
due to elevated levels of reactive oxygen species (ROS) 
and reactive nitrogen species (RNS) during in  vitro 
expansion and after in  vivo transplantation, potentially 
compromising their function and viability [27]. Vitamins, 
such as vitamin C and E, can serve as effective antioxi-
dants [27, 28]. Antioxidant supplementation has been 
shown to increase cell survival, promote proliferation, 
and inhibit senescence in MSCs [27, 29]. Adipose-derived 
MSCs preconditioned with pyridoxal-5’-phosphate 

(PLP), the active form of vitamin B6, significantly inhib-
ited T cell proliferation [30].

Thus, this study aimed to investigate the potential 
promotion of AD alleviation by priming weak immu-
nomodulatory MSCs with a combination of cytokines 
and vitamins.

Methods
cMSC culture and priming of cMSCs
Bone marrow-derived cMSCs were used in this study. 
Bone marrow samples were obtained from five healthy 
donors. One sample was purchased from AllCells (Alam-
eda, CA, USA), while the other four were donated by the 
Catholic University of Korea, Seoul St. Mary’s Hospital. 
Informed consent was obtained from all participants, and 
all procedures were approved by the Institutional Review 
Board (IRB) of the Catholic University of Korea, Seoul St. 
Mary’s Hospital (IRB No. KC15CSSE0336) and AllCells 
(IRB No. 949–542-3882).

Clonal MSCs (cMSCs) were isolated from bone mar-
row via a subfractionation method [8]. This technique 
involves multiple transfers of bone marrow culture 
supernatants, facilitating the separation of single-cell-
derived MSC colonies [8]. cMSCs were seeded at a den-
sity of 0.26 × 106 cells per 175  T flask (Nunc, Roskilde, 
Denmark) in MEM-alpha medium. After 6 days, approxi-
mately 2 to 3 × 106 cMSCs were harvested. The cMSCs 
were then reseeded at a density of 1.1 × 106 cells per 75 T 
flask (Nunc) for priming. The following day, the cMSCs 
were primed for 24  h under the following stimulation 
conditions: 20  ng/mL IL-1β (R&D Systems, Minneapo-
lis, MN, USA), 20  ng/mL IFN-α (Abcam, Cambridge, 
UK), 50  μg/mL vitamin B6 (Sigma‒Aldrich, St. Louis, 
MO, USA), 10 ng/mL TNF-α (R&D Systems), and 10 ng/
mL IFN-γ (BD Biosciences, Franklin Lakes, NJ, USA). 
pcMSC1 cells were primed with a combination of IFN-α 
and vitamin B6, along with IL-1β. T/I cMSCs were 
primed with TNF-α and IFN-γ (T/I), while pcMSC2 were 
primed with IFN-α and vitamin B6, in addition to T/I.

All MEM-alpha media contained 4% human platelet 
lysate (hPL; Mill Creek Life Sciences, Rochester, MN, 
USA) as a substitute for fetal bovine serum, 20  μg/mL 
gentamicin (Gibco), and 0.25 × mycoplasma elimina-
tion reagent (MycoZap™ Prophylactic, Lonza, Rockville, 
MD, USA) to prevent potential bacterial and mycoplasma 
contamination during cell passaging. The hPL from Mill 
Creek Life Sciences was pretreated with an anticoagulant, 
so no additional heparin was added during cell culture.

Cell surface expression of PD-L1 (BD Biosciences) 
and intracellular proteins of IL-1Ra (Invitrogen, Carls-
bad, CA. USA) and Gal-9 (Biolegend, San Diego, CA, 
USA) were analyzed using the BD FACS Verse™ instru-
ment. Intracellular proteins were stained using the 
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Cytofix/Cytoperm™ Fixation/Permeabilization Kit (BD 
Biosciences) according to the manufacturer’s instruc-
tions. The data were analyzed using FlowJo software 
(BD Biosciences). All antibodies were obtained from BD 
Biosciences.

Quantitative reverse transcription‒polymerase chain 
reaction (qRT‑PCR) and RNA sequencing analysis
mRNA was isolated from cMSCs via a MiniBEST RNA 
extraction kit (TaKaRa, Shiga, Japan), and cDNA was 
synthesized with the PrimeScript™ RT Reagent Kit 
(TaKaRa) according to the manufacturer’s instructions. 
The cDNA products were amplified using TB Green 
Premix EX Taq™ (TaKaRa) and analyzed via a StepO-
nePlus Real-Time PCR System (Applied Biosystems, 
Waltham, MA, USA). The target genes for qRT-PCR 
were as follows. ICOSLG (Inducible T-cell Costimulator 
Ligand), IDO1 (Indoleamine 2,3-Dioxygenase 1), PTGS2 
(Prostaglandin-Endoperoxide Synthase 2, also known 
as TSG-6), LGALS9 (Galectin-9), IL1RN (Interleukin-1 
Receptor Antagonist), IL6 (Interleukin-6), CD274 (Pro-
grammed Death-Ligand 1, PD-L1), PDCD1LG2 (Pro-
grammed Death-Ligand 2, PD-L2), VCAM1 (Vascular 
Cell Adhesion Molecule 1), ICAM1 (Intercellular Adhe-
sion Molecule 1), EGF (Epidermal Growth Factor), HGF 
(Hepatocyte Growth Factor), VEGFA (Vascular Endothe-
lial Growth Factor A), LGALS1 (Galectin-1), TGFB1 
(Transforming Growth Factor Beta 1), CXCL12 (C-X-C 
Motif Chemokine Ligand 12), CXCL1 (C-X-C Motif 
Chemokine Ligand 1), CCL7 (C–C Motif Chemokine 
Ligand 7), MDK (Midkine), IL4 (Interleukin-4), IL5 
(Interleukin-5), IL13 (Interleukin-13), CD8A (CD8 Alpha 
Chain). All primers were supplied by QIAGEN (Hilden, 
Germany), which does not disclose the sequences of the 
primers. The PCR conditions included an initial hot start 
at 95  °C for 5 min to activate the DNA polymerase, fol-
lowed by cycling at 95 °C for 15 s and 60 °C for 1 min for 
40 cycles.

Total RNA from harvested pcMSCs was sent to eBio-
Gen (Seoul, Republic of Korea) for RNA sequencing 
analysis using QuantSeq 3’ mRNA-Seq. Before RNA 
sequencing, quality control processes were performed 
to evaluate RNA quality. The results were analyzed using 
ExDEGA and ExDEGA GraphicPlus tools provided by 
eBioGen (Seoul, Republic of Korea).

Coculture of PBMCs and pcMSCs under PHA‑stimulated 
conditions
Blood samples were collected from healthy donors to 
isolate peripheral blood mononuclear cells (PBMCs). 
Informed consent was obtained from all participants, and 
all procedures were approved by the Institutional Review 
Board (IRB) of Inha University Hospital (IRB No. 10–51). 

T-cell proliferation was analyzed using carboxyfluores-
cein succinimidyl ester (CFSE; Invitrogen). CFSE-stained 
PBMCs were cultured with pcMSCs at a 10:1 ratio. A 
total of 1 × 106 PBMCs were stimulated with 5  μg/mL 
phytohemagglutinin (PHA; Sigma‒Aldrich) in the pres-
ence of 1 × 105 pcMSCs in 1  mL of medium (HyClone, 
Cytiva, Logan, UT, USA) in a 24-well plate. After 4 days, 
CD3+ T cells were identified using anti-CD3-PE (OKT3, 
BioLegend), and both CFSE-positive and CFSE-neg-
ative T cells were analyzed using flow cytometry (BD 
FACSVerse, BD Biosciences) and FlowJo software (BD 
Biosciences). The supernatants collected for ELISAs 
were stored at − 80  °C in a storage box and used within 
10  days. With an ELISA kit, the levels of human IFN-γ, 
TNF-α, IL-2, IL-5, IL-10, IL-17A (R&D Systems), and 
galectin-9 (Abcam) in the supernatants were quantified 
with a Synergy H1 Multimode Reader (Agilent BioTek, 
Santa Clara, CA, USA). The optical density (O.D.) range 
of the microplate reader was 0–4.0.

Differentiation of regulatory T cells and Th17 cells
For the differentiation of regulatory T cells (Tregs), CD4 
T cells were isolated from PBMCs via a CD4 T cell iso-
lation kit (STEMCELL, Vancouver, Canada) accord-
ing to the manufacturer’s instructions. The wells of a 
48-well plate were coated overnight at 4  °C with 500 µL 
of a 1  µg/mL solution of anti-CD3 (OKT3, Invitrogen). 
Purified CD4 T cells (5 × 105) were stimulated for 2 days 
with 3  µg/mL anti-CD28 (CD28.2, Invitrogen) antibod-
ies, 1  ng/mL IL-2, 5  ng/mL TGF-β (R&D Systems), and 
0.1  µM of all-trans retinoic acid (Sigma‒Aldrich) in the 
presence or absence of pcMSCs (5 × 104 cells/well) [31]. 
The cells were stained for CD4, CD25, and FOXP3 using 
the Transcription Factor Fixation/Permeabilization Con-
centrate and Diluent Kit (Invitrogen) and analyzed by 
flow cytometry. For induction of Th17 differentiation [32, 
33], the wells of a 96-well plate were coated overnight 
at 4  °C with 200 µL of a 1  µg/mL solution of anti-CD3 
(OKT3; Invitrogen). CD4 T cells (2 × 105) were stimulated 
with 1  µg/mL anti-CD28 (CD28.2; Invitrogen), 20  ng/
mL IL-23 (R&D Systems), and 20  ng/mL IL-1β (R&D 
Systems) in the presence or absence of pcMSCs (5 × 104 
cells/well). After 7  days, the concentration of IL-17A in 
the supernatant was analyzed via ELISAs. For neutraliza-
tion, 4 µg/mL anti-PD-L1 (R&D Systems), 5 µg/mL anti-
galectin-9 (BioLegend), or 10  µg/mL anti-IL-1Ra (R&D 
Systems) was added to the culture media.

Measurement and analysis of T‑cell apoptosis induction
PBMCs (1 × 106) were cocultured with pcMSCs (1 × 105) 
at a 10:1 ratio in a 24-well plate under stimulation con-
ditions with 1  µg/mL soluble anti-CD3 (OKT3, Inv-
itrogen) and 1  µg/mL soluble anti-CD28 (CD28.2, 
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Invitrogen). After 72 h, the harvested cells were stained 
with a CD4 antibody (RPA-T4, Invitrogen), washed, and 
finally stained with Annexin V/propidium iodide (PI) in 
Annexin V buffer (BD Biosciences). An apoptosis detec-
tion kit (BD Biosciences) was used according to the man-
ufacturer’s instructions. Apoptotic CD4+ T cells were 
immediately analyzed by flow cytometry.

AD animal model
The work has been reported in line with the ARRIVE 
guidelines 2.0. The animals used in this experiment were 
six-week-old female and specific pathogen-free BALB/c 
mice, each weighing between 15 and 20  g. The animals 
were supplied by Orient Bio (Seongnam, Republic of 
Korea). The experiment commenced following a 5  days 
acclimation period in the animal facility, a crucial step 
to ensure that the mice adapted to their new environ-
ment and to reduce stress. The housing conditions at the 
Center for Animal Care and Use (CACU) at Gachon Uni-
versity Gil Medical Center included a temperature range 
of 22–25 °C, humidity levels between 40 and 60%, and a 
12 h light–dark cycle from 7:00 to 19:00. The mice were 
housed in groups of five in cages under lighting condi-
tions of 150 to 300  lx, with ad  libitum access to sterile 
distilled water and solid feed. The study was designed 
and conducted according to the regulations of the Insti-
tutional Animal Care and Use Committee (IACUC) of 
Gachon University (IACUC No. LCDI-2023–0054).

AD was induced as previously described with modifi-
cations [34, 35]. Seven-week-old female BALB/c mice 
were immunized with 10  μg of ovalbumin (grade V; 
Sigma–Aldrich), mixed with 4 mg of aluminum hydrox-
ide as an adjuvant (Thermo Fisher Scientific, Waltham, 
MA, USA), in a total volume of 200 μL. This mixture was 
administered three times at one-week intervals (on Days 
0, 7, and 14), with two doses given intraperitoneally and 
one administered subcutaneously. On Day 21, the mice 
were sensitized epicutaneously using ovalbumin (OVA) 
patches. Each patch contained 60  µg of OVA prepared 

in 60 µL of PBS and was made from a 1.2 × 1.2 cm piece 
of sterile gauze. The patch was applied to the shaved 
backs of the mice and secured to the skin with a trans-
parent dressing (Tegaderm™; 3  M, St. Paul, MN, USA). 
The patches were changed two to three times per week, 
ensuring that the skin remained in contact with the OVA 
for 10  days. On Day 30, blood sera were collected to 
measure IgE levels (BD Biosciences), an AD marker, via 
an ELISA kit (BD Biosciences). The mice induced with 
AD (n = 60) were randomly assigned to groups based 
on their IgE levels (Supplementary Fig. S1). Mice whose 
IgE levels were significantly lower or higher than aver-
age were excluded from the study. The IgE levels were 
comparable across all the AD-induced groups (n = 10 per 
group). Several mice died during the experiment, result-
ing in the following final counts for each group: naive 
(n = 5), vehicle (n = 9, PBS), Group 1 (n = 10, nonprimed 
cMSCs), Group 2 (n = 9, pcMSC1), Group 3 (n = 8, T/I-
primed cMSCs), and Group 4 (n = 10, pcMSC2). cMSCs 
(3.3 × 105 cells) in 200  μL of PBS were intravenously 
injected into the mice on Days 42, 44, and 49. The skin 
was subsequently re-exposed to OVA for 10 days. On Day 
59, all the animals were euthanized using inhaled isoflu-
rane (Kyungbo Pharmaceutical Co., Ltd., Asan, Repub-
lic of Korea) anesthesia. Sera and skin biopsy samples 
were obtained for ELISA and histological examination, 
respectively [36]. As described above, the overall process 
for inducing the AD model is summarized as a graphical 
schematic in Fig. 1. Mouse IgG1 and IgG2a serum levels 
were measured using ELISA kits (Abcam).

Histopathology
Skin tissue from each mouse was harvested and fixed in 
10% formalin (Sigma‒Aldrich) for 24 h at room tempera-
ture (RT). The tissues were dehydrated through a graded 
series of ethanol (70%, 80%, 90%, and 100%) and xylene, 
then embedded in paraffin. The tissues were sectioned 
to a thickness of 3 µm using a microtome (Microm HM 
355, Epredia, Kalamazoo, MI, USA). For staining, the 

Fig. 1  Graphical schematic for the AD model. A schematic diagram illustrating the cMSC injection process following the induction of AD 
in a mouse model
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sections were deparaffinized by incubation at 60  °C for 
1 h, followed by three washes in 100% xylene, each lasting 
5  min. The sections were rehydrated through a graded 
series of ethanol (100%, 90%, 80%, and 70%) and rinsed 
with tap water.

The tissue sections were incubated in 10  mM Tris–
EDTA buffer (pH 9.0) for antigen retrieval and subse-
quently heated in a microwave at a boiling temperature 
for 3  min. After heating, the sections were allowed to 
cool to room temperature (RT) for 1 h. The sections were 
washed three times with tap water following the cool-
ing period. For blocking of nonspecific binding, the sec-
tions were incubated with Protein Block (Cat. No. X0909, 
Dako, Glostrup. Denmark) at RT for 10 min, after which 
the blocking solution was removed without further 
washing. Claudin-1 (CLDN1) expression was analyzed 
through immunofluorescence (IF) staining. The CLDN1 
primary antibody (MH25; Thermo Fisher Scientific) was 
diluted 1:500 in Antibody Diluent (Cat. No. S3022, Dako) 
and incubated at room temperature for one hour in a 
humidified chamber. After three washes with TBST, the 
sections were incubated with Alexa Fluor Texas Red-con-
jugated goat anti-rabbit IgG (T2767; Invitrogen) diluted 
1:1000 in antibody diluent for one hour at room tempera-
ture in a humidified chamber. Following another set of 
three TBST washes, the nuclei were counterstained with 
VECTASHIELD Antifade Mounting Medium with DAPI 
(Vector Laboratories, CA, USA). CLDN1 expression after 
IF staining was analyzed using the Lionheart FX system 
(Agilent BioTek), and the mean fluorescence intensity 
(MFI) per unit area was measured in the epidermal layer.

Hematoxylin and eosin (H&E) staining was per-
formed to assess the lengths of the epidermis and 
dermis. Additionally, toluidine blue (Sigma‒Aldrich) 
staining was used to evaluate mast cell infiltration into 
the dermis, whereas Congo red (Sigma‒Aldrich) stain-
ing was used to quantify eosinophils. The stained slides 
were scanned using the Pannoramic SCAN II system 
(3DHistech Ltd., Budapest, Hungary) and analyzed with 
CaseViewer software (3DHistech Ltd.). Skin thickness 
analysis was conducted on H&E-stained photographs 
of individual mouse skin at 100 × magnification. Dermal 
thickness was defined as the distance from the epider-
mal-dermal junction to the adipose tissue of the hypo-
dermis, whereas epidermal thickness was defined as 
the distance from the epidermal-dermal junction to the 
stratum corneum. Five thickness measurements were 
taken per slide, and the pixel-based thickness meas-
urements were converted to micrometers. Mast cells 
and eosinophils were counted from three randomly 
selected fields per slide, with two slides examined per 
mouse. The three fields were initially identified by scan-
ning the entire slide at 100 × magnification. Positively 

stained cells were counted in a high-power field (HPF) 
at 200 × magnification.

Statistical analysis
All the data were statistically analyzed using GraphPad 
Prism version 8.4.3 (California, CA, USA). Most statis-
tical p values were evaluated using one-way analysis of 
variance (ANOVA). A t test was conducted to compare 
the two groups, and Tukey’s HSD post hoc test was 
applied when appropriate.

Results
Different immunomodulatory functions of cMSCs isolated 
from various donors
The immunomodulatory effects of the five cMSCs 
were evaluated by measuring T-cell proliferation and 
cytokine production. The inhibitory effects on T-cell 
proliferation and IFN-γ production varied among the 
different cMSCs. At a 10:1 ratio, the immunomodula-
tory functions were reduced compared with those at a 
5:1 ratio (Fig. 2). Notably, cMSC1 exhibited the lowest 
immunomodulatory capacity among the five cMSCs.

Fig. 2  Diversity of the immunomodulatory capacities of various 
cMSCs. A Flow cytometry analysis of T-cell proliferation. B IFN-γ 
levels measured by ELISA. N: negative control, P: positive control. The 
error bars indicate the standard deviation (SD). Two independent 
experiments were conducted. *p values were determined 
using one-way ANOVA. Significance levels: *p < 0.05, **p < 0.01, 
and ****p < 0.0001
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Promotion of the immunomodulatory properties of cMSCs 
through various combinations of priming factors
Our research revealed promising opportunities to 
enhance the immunomodulatory capacity of cMSCs. 
We used cMSC1, which exhibited the lowest immu-
nomodulatory capacity (Fig.  2), to screen a variety of 
cytokines, including IL-2, IL-6, and IFN-α, along with 
a selection of vitamins, such as vitamin B6, to opti-
mize the immunomodulatory functions of cMSC1 (data 
not shown). We identified IFN-α and Vit B6 as effec-
tive agents. These factors combine with either IL-1β 
or TNF-α and IFN-γ (T/I), resulting in two primed cell 
types: pcMSC1 (IL-1β, IFN-α, and Vit B6) and pcMSC2 
(T/I, IFN-α, and Vit B6).

The mRNA expression levels of ICOSL (p = 0.0029), 
IDO (p = 0.0465), TSG6 (p < 0.0001), IL-1Ra (p = 0.013), 
PD-L1 (p = 0.0025), ICAM-1 (p = 0.0004), and VCAM-1 
(p = 0.0011) were significantly elevated in T/I-primed 
cMSCs compared to those with stimulation with 
IFN-γ alone. Furthermore, compared with T/I-primed 
cMSCs (T/I), pcMSC2 exhibited an additional increase 
in TSG6 (p = 0.0027), Gal-9 (p = 0.0177), and IL-1Ra 
(p < 0.0001) levels (Fig.  3A). Priming factors did not 
affect the EGF, HGF, VEGF, Gal-1, TGF-β1, or CXCL12 
levels; however, IL-1β and TNF-α significantly elevated 
CXCL1 levels (Supplementary Fig. S2).

We evaluated the immunomodulatory functions of 
cMSCs under specific priming conditions by cocultur-
ing the primed cMSCs with CFSE-stained PBMCs stim-
ulated with PHA. Compared to non-primed cMSCs, 
primed cMSCs significantly inhibited cell prolifera-
tion and the secretion of IFN-γ and TNF-α. Notably, 
T/I-primed cMSCs (T/I) and pcMSC2 effectively sup-
pressed cell proliferation and the secretion of IFN-γ, 
TNF-α, IL-5, and IL-17 (p < 0.0001) (Fig.  3B–F). Since 
Th2 cytokine levels are low in human PBMCs, we used 
mouse splenocytes stimulated with anti-CD3 and anti-
CD28 antibodies in the presence of pcMSCs. Consist-
ent with the findings observed in human PBMCs, the 
IFN-γ and IL-17A levels were significantly reduced, 
whereas the IL-2 levels were increased in the presence 
of pcMSC2 (p < 0.0001). In addition, the levels of Th2 
cytokines, including IL-4 and IL-13, were significantly 
decreased by pcMSC2 (p < 0.0001) (Supplementary Fig. 
S3). These findings indicate that priming with IFN-α 

and Vit B6 with T/I markedly increased the immu-
nomodulatory capacity of cMSCs.

pcMSC2 retains the characteristics of cMSCs
The characteristics of pcMSC2 were evaluated through 
various in  vitro assays to determine whether they were 
maintained. Microscopic observation revealed that com-
pared with nonprimed cMSCs, pcMSC2 retained their 
morphology and did not lose their ability to differentiate 
into adipocytes, osteocytes, or chondrocytes (Supple-
mentary Fig. S4A and B). Additionally, during serial pas-
saging, cell viability, PDL, and PDT remained at similar 
levels (Supplementary Fig. S4C). Furthermore, karyotype 
analysis confirmed that pcMSC2 did not exhibit genetic 
abnormality, and a soft agar colony formation assay 
demonstrated that pcMSC2 did not have tumorigenic 
potential (Supplementary Fig. S4D and E). Additionally, 
pcMSC2 were analyzed using flow cytometry to assess 
the expression of MSC-positive markers (CD44, CD73, 
CD90, CD105) and MSC-negative markers (CD14, 
CD31, CD34, CD45). All the markers were expressed at 
levels comparable to those of nonprimed cMSCs (Sup-
plementary Table 2). Collectively, these findings indicate 
that pcMSC2 retained the fundamental characteristics of 
cMSCs.

Induction of Gal‑9 by priming
We observed a significant increase in the mRNA expres-
sion levels of PD-L1, IL-1Ra, and Gal-9 following prim-
ing (Fig.  3). Consistently, we noted elevated protein 
expression levels of these markers in T/I-primed cMSCs 
compared with those in nonprimed cMSCs (PD-L1: 
p < 0.0001, IL-1Ra: p < 0.0001, Gal-9: p = 0.0109). Further-
more, in pcMSC2 cells, the protein expression levels of 
IL-1Ra and Gal-9 were markedly greater than those in 
T/I-primed cMSCs (IL-1Ra: p = 0.003, Gal-9: p = 0.0053) 
(Fig. 4A). These findings suggest that the combination of 
IFN-α and Vit B6 increases the expression of IL-1Ra and 
Gal-9 in pcMSC2.

To further investigate the individual effects of IFN-α 
and Vit B6, we primed cMSC1 with IFN-α and Vit B6 
separately, in addition to the T/I combination, and con-
ducted RNA sequencing analysis. The results indicated 
that the expression of this gene was significantly different 
from that in T/I-primed cMSCs (Fig. 4B, Supplementary 

Fig. 3  Screening of priming conditions to promote the immunomodulatory functions of cMSCs. A Expression of immunomodulatory genes 
in cMSCs after treatment with various cytokines and vitamin B6. B T-cell proliferation by flow cytometry. C–F IFN-γ, TNF-α, IL-5, and IL-17A levels 
measured by ELISA. Error bars represent standard deviation (SD). *p and #p values represent comparisons with nonprimed and T/I-stimulated 
cMSCs, respectively. All p values were determined using one-way ANOVA. Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, 
#p < 0.05, ##p < 0.01, and ####p < 0.0001

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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Fig. 4  Synergistic effects of IFN-α and Vit B6. A PD-L1, IL-1Ra, and Gal-9 protein levels in pcMSCs analyzed by flow cytometry and ELISA. Gal-9 
MFI represents the median. B Heatmap of the 30 most differentially expressed genes in cMSCs under four priming conditions. C, D Gal-9, MDK, 
and CCL7 mRNA expression in pcMSCs. The error bars represent the standard deviation (SD). Three independent experiments were performed. 
Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001
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material 1). The gene that showed the most significant 
increase in pcMSC2 compared with T/I-primed cMSCs 
was LGALS9 (Gal-9), whose expression was primar-
ily upregulated by IFN-α. In addition, we confirmed the 
mRNA expression of LGALS9 in cMSCs using various 
combinations of IL-1β, TNF-α, IFN-γ, and IFN-α through 
qRT‒PCR (Fig.  4C). The results indicated that LGALS9 
mRNA expression was highest in cMSCs primed with a 
combination of T/I and IFN-α. Furthermore, we found 
that Vit B6, in conjunction with IFN-α and T/I, synergis-
tically induced the mRNA expression of CCL7 and mid-
kine (MDK), which are involved in T-cell migration and 
Th1 differentiation, respectively (Fig. 4D).

Effects of primed cMSCs on regulatory T cells and Th17 
differentiation
The effects of Gal-9 from pcMSC2 on Treg and Th17 dif-
ferentiation were evaluated. The induction of FOXP3+ 
Tregs and the secretion of IL-10 were significantly greater 
in the presence of pcMSC2 than in the presence of 
nonprimed cMSCs (p < 0.0001) (Fig. 5A and B). Further-
more, the highest Gal-9 secretion levels were observed 
when CD4+ T cells were cocultured with pcMSC2 
(Fig. 5B). To identify the factors involved in Treg induc-
tion, we used neutralizing antibodies against PD-L1, IL-
1Ra, and Gal-9. Our findings revealed that anti-Gal-9 
treatment did not induce FOXP3+ Tregs (Fig. 5C). These 
findings indicate that Gal-9 derived from pcMSC2 plays 
a crucial role in promoting Treg induction. Under con-
ditions that promoted Th17 differentiation, all cMSCs 
exhibited a decrease in IL-17A production, with pcMSC2 
demonstrating an even greater reduction in IL-17A lev-
els than nonprimed cMSCs did (p < 0.0001) (Fig.  5D). 
IL-2 inhibits the differentiation of Th17 cells. Notably, 
elevated IL-2 levels were observed exclusively in the 
pcMSC2 treatment group. These findings suggest that 
pcMSC2 increases IL-2 production, potentially leading to 
a reduction in Th17 cell differentiation. However, Gal-9 
did not affect Th17 cell differentiation (Fig. 5E).

Induction of late apoptotic T cells by Gal‑9
To investigate whether pcMSC2-mediated Gal-9 is 
involved in T-cell apoptosis, we stimulated PBMCs with 
anti-CD3 and anti-CD28 antibodies and cocultured them 
with pcMSC2 cells in the presence of anti-Gal-9 neu-
tralizing antibodies. The percentage of late apoptotic 
cells induced by pcMSC2 was significantly greater than 
that induced by nonprimed cMSCs (p < 0.001). However, 
when Gal-9 was neutralized with antibodies, the num-
ber of late apoptotic cells decreased to levels comparable 
with those with nonprimed cMSCs (Fig.  6). In conclu-
sion, the increased secretion of Gal-9 by pcMSC2 cells 
further promotes T-cell apoptosis.

Primed cMSCs alleviate ovalbumin‑induced AD in mice
Inflammation in skin lesions and serum immunoglobu-
lin levels were analyzed. Histopathological examination 
revealed alleviated epidermal hypertrophy and hyper-
keratosis in all cMSC-treated mice (Fig. 7A). H&E stain-
ing showed a decrease in cell infiltration in the skin of 
cMSC-treated mice compared with the vehicle-treated 
positive control mice. Notably, treatment with pcMSC2 
resulted in the most significant reduction in epidermal 
thickness (p < 0.001) (Figs. 7A and B). Furthermore, pcM-
SCs did not significantly affect dermal thickness.

The number of mast cells decreased in all the pcMSC 
groups, with a more pronounced effect observed in the 
pcMSC2 group. Interestingly, the number of eosinophils 
was significantly reduced in both the pcMSC2- and T/I-
primed cMSC-treated mice, with a more pronounced 
effect noted in the pcMSC2-treated group (Fig.  7A and 
C). Additionally, we observed a reduction in the expres-
sion of CLDN1, a critical component of tight junctions, 
in AD skin lesions. CLDN1 expression was significantly 
restored in both pcMSC2- and T/I-primed cMSC-treated 
mice, with pcMSC2 treatment resulting in the most sig-
nificant restoration of CLDN1 expression (Figs.  7A and 
D).

Serum immunoglobulin levels were measured using 
ELISAs. Total IgE levels significantly decreased in the 
pcMSC2-treated mice (p < 0.01). In contrast, the T/I- and 
pcMSC2-treated mice presented increased IgG2a levels 
(Fig. 7E).

Additionally, we examined the mRNA expression of 
Th2 cytokines and the CD8α chain in skin lesions. Com-
pared with nonprimed cMSCs, all pcMSCs presented 
significantly decreased IL-4 mRNA levels (p < 0.001) 
(Fig.  7F). Notably, the mRNA expression levels of IL-5 
and CD8α were significantly reduced only by pcMSC2 
(IL-5: p = 0.0134, CD8α: p = 0.0148) (Fig. 7F). These find-
ings suggest that pcMSC2 is the most effective agent for 
alleviating OVA-induced AD.

Discussion
In this study, we observed that priming with our newly 
identified combination of factors—IFN-α, vitamin B6, 
and T/I—significantly promoted the immunomodulatory 
function of cMSCs. IFN-α regulates immune responses, 
particularly in antiviral defense and cancer protection 
[37, 38]. Vit B6 (or pyridoxine), a water-soluble vitamin, 
is a vital coenzyme in more than 150 biochemical reac-
tions within cells. This vitamin is essential for amino 
acid metabolism and contributes to carbohydrate and 
lipid metabolism, as well as neurotransmitter synthesis. 
These functions render it indispensable for cellular sign-
aling, antioxidant activity, and immune regulation [39, 
40]. To evaluate whether primed cMSCs could alter their 
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Fig. 5  The effects of Gal-9 secreted by pcMSCs on Treg and Th17 cells. A Flow cytometry analysis of CD25⁺Foxp3⁺ Treg cells after coculture 
with pcMSC2. B IL-10 and Gal-9 expression levels measured by ELISA. C Treg induction in the presence of neutralizing antibodies. D IL-17A 
and IL-2 levels in Th17 cell differentiation with pcMSC2. E IL-17A expression after treatment with neutralizing antibodies. The error bars represent 
the standard deviation (SD). Three independent experiments were performed. *p values were determined using one-way ANOVA. Significance 
levels: *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001
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fundamental properties or induce genetic mutations, we 
assessed the viability, morphology, and differentiation 
potential of pcMSC2 cells and confirmed that the essen-
tial properties of cMSCs were preserved. In addition, we 
examined genetic abnormality and tumorigenicity and 
found no evidence of such occurrences (Supplementary 
Fig. S4, Table S2).

We further observed that treatment with the primed 
pcMSCs significantly alleviated pathological changes in 
an AD mouse model (Fig. 7). pcMSC2 cells significantly 
reduced the epidermal thickness, which was increased 
by AD induction. In addition, pcMSC2 cells significantly 
decreased the infiltration of mast cells and eosinophils 
as well as total IgE, IL-4, and IL-5 expression. Several 

studies have demonstrated that the expression of CLDN1, 
a critical component of tight junctions, is diminished 
in skin lesions affected by AD; this reduction results in 
compromised tight junction barrier function and subse-
quent epidermal inflammation. Elevating CLDN1 levels 
has been shown to promote barrier function and mitigate 
inflammation, making it a potential therapeutic target for 
AD [41, 42]. pcMSC2 significantly restored the CLDN1 
levels, indicating that pcMSC2 promoted skin barrier 
function.

CD8α+ T cells and CD8α+ dendritic cells (DCs) play 
crucial roles in the induction of skin inflammation and 
immune responses. CD8α+ T cells infiltrate AD lesions 
in response to allergen exposure, recruiting additional 

Fig. 6  Effects of Gal-9 secreted by pcMSC2 on CD4 T-cell apoptosis. Flow cytometry analysis of late apoptotic CD4⁺ T cells after coculture 
with pcMSC2 under CD3/CD28 stimulation, with or without Gal-9 neutralization. The error bars represent the standard deviation (SD). Three 
independent experiments were performed. *p values were determined using one-way ANOVA. Significance levels: ***p < 0.001 and ****p < 0.0001

Fig. 7  Primed cMSCs alleviated OVA-induced AD. A Histological analysis of skin tissues by H&E, toluidine blue, Congo red, and IF staining 
for CLDN1. B, C Quantification of skin thickness, mast cells, and eosinophils. D CLDN1 expression shown as MFI per unit area. E Serum levels 
of IgE, IgG1, and IgG2a measured by ELISA. F Relative mRNA expression in skin lesions. Data are presented as mean ± SEM. Unpaired t tests were 
used for statistical analysis: *p values indicate differences from the vehicle group, #p values from the nonprimed group, and the comparison 
with T/I-primed cMSCs is shown as a numerical p value. Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, #p < 0.05, ##p < 0.01, 
###p < 0.001 and ####p < 0.0001

(See figure on next page.)
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Fig. 7  (See legend on previous page.)
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immune cells such as eosinophils and Th1/Th2 cells and 
further exacerbating skin inflammation [43, 44]. CD8α+ 
DCs contribute to AD by presenting antigens and 
activating T cells within the skin [45, 46]. Notably, we 
observed a significant decrease in the mRNA expres-
sion of CD8α in the epidermis of skins treated with 

pcMSC2 (Fig.  7F), suggesting a reduction in the infil-
tration of CD8α+ T cells or CD8α+ DCs.

Furthermore, the significant reduction in eosino-
phil infiltration and IL-5 by pcMSC2 (Fig. 7C, F), which 
results in high Gal-9 expression levels, is crucial for 
understanding its immunomodulatory effects in AD. 

Fig. 7  continued
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Gal-9 facilitates eosinophil chemotaxis and apoptosis and 
is a critical factor that modulates Th2-mediated eosino-
philic inflammation [47, 48].

Most importantly, Gal-9 is a crucial protein in the 
galectin family, known for its critical role in immune 
regulation, with significant implications in cancer, auto-
immune diseases, and inflammatory conditions [49, 50]. 
Gal-9 binds to β-galactoside sugars and plays substan-
tial roles in cell–cell adhesion, immune response modu-
lation, and apoptosis. One of its critical functions is its 
interaction with the TIM-3 receptor, which is present 
in T cells and other immune cells. This interaction can 
induce immune tolerance and inhibit overactive immune 
responses [51, 52].

Previously, we demonstrated that cMSCs cocultured 
with PBMCs under PHA stimulation presented increased 
expression of Gal-9, a protein that inhibits T-cell pro-
liferation [20]. Therefore, we screened priming factors 
that can induce Gal-9 expression and found that IFN-α 
and Vit B6 combined with T/I increased Gal-9 expres-
sion more than T/I alone did (Fig.  4A). Gal-9 is known 
to induce Treg differentiation and promote T-cell apop-
tosis [53–56]. We confirmed that Gal-9, which is highly 
expressed in pcMSC2, promotes FOXP3⁺ Treg induction 
and increases the proportion of late apoptotic CD4⁺ T 
cells. Although we did not identify a direct correlation 
between Gal-9 expression and the inhibition of Th17 
differentiation, we observed that pcMSC2 significantly 
inhibited Th17 differentiation. One possible explanation 
for this phenomenon is the sustained presence of IL-2 in 
the pcMSC2-treated cells, which may contribute to the 
suppression of Th17 cells. IL-2 inhibits the expression of 
the critical Th17-related genes, IL17A and IL17F, through 
the STAT5 signaling pathway. IL-2-activated STAT5 
competes with STAT3 to prevent STAT3 from activat-
ing IL17A expression [57, 58]. Therefore, targeting Gal-9 
may be an effective strategy for identifying novel prim-
ing factors that increase therapeutic efficacy in disease 
treatment.

In addition to Gal-9, RNA sequencing data revealed 
a synergistic upregulation of multiple genes induced 
by the combination of IFN-α and Vit B6. These genes 
included MDK, CCL7, HDAC9, laminin alpha-3 subunit 
(LAMA3), and angiopoietin-like protein 1 (ANGPTL1), 
which play crucial roles in immune regulation. MDK is a 
growth factor expressed by MSCs, and its overexpression 
increases MSC survival and improves cardiac function 
in  vivo [59]. Recombinant MDK promotes the in  vitro 
differentiation of Th1 cells by activating STAT4 [60]. 
Therefore, MDK produced by pcMSC2 may be beneficial 
for treating Th2 diseases such as AD. Although CCL7, 
also known as monocyte chemotactic protein (MCP)-
3, functions as a chemotactic factor for monocytes and 

neutrophils, it also plays a crucial role in the migration 
of CD8+ T cells within the virus-infected central nervous 
system (CNS) and directs MSCs to sites of inflammation 
[61, 62]. In our previous study, we observed that fol-
lowing the administration of MSCs in an OVA-induced 
AD mouse model, cMSCs migrated to skin lesions and 
the lymph nodes adjacent to these lesions [35]. Conse-
quently, CCL7, which is mediated by pcMSC2, may facili-
tate the migration of MSCs and immune cells to the sites 
of injury, where it recruits T cells and modulates their 
activity.

HDAC9, LAMA3, and ANGPTL1 have been impli-
cated in immune modulation in AD. Several studies 
have indicated that HDAC9 suppresses the expression 
of genes that regulate inflammatory responses, poten-
tially contributing to the pathogenesis of inflammatory 
skin diseases, such as AD. Reduced HDAC9 expression 
is associated with heightened inflammatory responses in 
the skin, exacerbating AD symptoms [63, 64]. LAMA3 
is linked to skin barrier integrity, and genetic mutations 
in LAMA3 are associated with skin barrier dysfunction, 
which can trigger inflammation. Research has demon-
strated that specific mutations in LAMA3, which com-
promise skin integrity and promote inflammation, are 
more prevalent among patients with AD. These find-
ings suggest that LAMA3 is critical in AD development 
and presents a potential therapeutic strategy for restor-
ing skin barrier function [65]. In addition, ANGPTL1 is 
recognized for its anti-inflammatory and antiangiogenic 
properties and may operate within pathways related to 
skin inflammation and immune responses. Because of 
its role in alleviating tissue inflammation, ANGPTL1 is 
a promising factor that may influence chronic inflamma-
tory diseases, such as AD [66, 67].

Future studies should investigate the mechanisms 
through which pcMSC2 suppresses Th17 differentiation 
and the roles of other factors that are highly expressed 
by pcMSC2, such as MDK, CCL7, HDAC9, LAMA3, and 
ANGPTL1, in the treatment of AD. Furthermore, unlike 
other pcMSCs, pcMSC2 strongly suppresses CD8α 
mRNA expression. However, this study did not clarify 
which specific factor in pcMSC2 is responsible for this 
effect or the underlying mechanism. Further research is 
needed to investigate this aspect in detail.

Conclusions
In conclusion, by targeting Gal-9, we identified a novel 
combination of priming factors—IFN-α and vitamin B6—
in combination with TNF-α and IFN-γ. This approach 
transforms cMSCs with low immunomodulatory capac-
ity into cMSCs with increased immunomodulatory abili-
ties. Primed cMSCs alleviated AD by restoring CLDN1 
expression and inhibiting the infiltration of mast cells and 



Page 15 of 17Nam et al. Stem Cell Research & Therapy          (2025) 16:270 	

eosinophils, thereby strengthening skin barrier function. 
Additionally, pcMSC2 reduced CD8α expression in the 
skin while modulating the balance of Th1/Th2 responses. 
Given the challenges associated with identifying suitable 
stem cells for therapeutic applications, priming factors 
that target Gal-9 may significantly increase the efficacy of 
stem cell therapies.
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