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ABSTRACT 

 

 

Effect of adipose-derived mesenchymal stem cells on regulatory T cell 

induction and skin allograft 

 

 

 

Jong Won Hong 

 

Department of Medicine 

The Graduate School, Yonsei University  

 

(Directed by Professor Dae Hyun Lew) 

 

 

 

 
Purpose Immune tolerance induction has been considered as the best 

treatment to protect transplant patient form the complications of the 

long-term immunosuppression. One potential option is using 

mesenchymal stem cell (MSC) therapy to induce regulatory T cells 

(Tregs). There had been many researches to induce immune tolerance 

using MSC and they showed certain amount of positive effect to induce 

short-term immune tolerance only. But the exact mechanism of 

short-term immune tolerance with MSC therapy has not been elucidated 

yet. 

The purpose of this study is to investigate the mechanism of Treg 

induction by adipose-derived MSCs (Ad-MSCs) as well as to determine 

the best delivery method such as direct stimulation of Tregs by MSCs or 

indirect stimulation via soluble factors in a clinical setting. 
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Materials and Methods In vitro study, CD4
+
 T cells were cultured 

without Ad-MSCs (control group) or with Ad MSCs. CD4
+
 T cells 

culture with Ad-MSC were performed by direct contact (co-culture 

group) or inhibition of direction contact (transwell culture group). 

Control group, co-culture group and transwell culture group were 

analyzed for CD4
+
CD25

+
FoxP3

+
 Treg levels by FACS. 

CD4
+
CD25

+
FoxP3

+
 Treg variation was also analyzed to block TGF-β 

and/or IL-10 signaling. CD25, FoxP3, TGF-β, and IL-10 mRNA were 

accessed with real-time PCR. In vivo studies, 2×2 cm full thickness skin 

allograft was performed in mouse model with 2.0 × 10
6 

Ad-MSCs 

injection through either intraperitoneal (IP) or direct injection to skin 

allograft (local injection). Survival area was measured as a survival 

analysis tool. Inflammatory cell counts were used for histological 

evalutation. The mixed lymphocyte reaction (MLR) tests were also 

performed for immunological evaluation. 

Results Treg numbers were increased in both co-culture and trans-well 

culture groups in contrast to no changes in control group. Treg induction 

was reduced by the inhibition of TGF-β and IL-10 in both culture groups. 

But Treg induction remained increased compared to the control group 

although TGF-β and/or IL-10 were blocked. Expressions of CD25 and 

FoxP3 mRNA were also increased in the co-culture group. In addition, 

expressions of TGF-β and IL-10 mRNA were higher in Ad-MSCs than 

CD4
+
 T cells cultured alone. Co-culturing increased TGF-β and IL-10 

mRNA levels in CD4
+
 T cells. In vivo study, only direct Ad-MSC 

injections to skin graft showed increased skin graft survival (at a 50% 

survival rate). However, MLR reactivity and inflammatory cell counts 

were decreased in both Ad-MSC injection groups compared to controls. 
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Conclusion Ad-MSCs induced Treg differentiation regardless of direct 

contact with CD4
+
 T cells. Ad-MSCs also have a positive effect on 

increasing expression of TGF-β and IL-10 in CD4
+
 T cells. TGF-β and 

IL-10 secreted from adipose stem cells affected Treg induction. Finally, 

skin allograft survival was higher in the local direct injection of 

Ad-MSCs group than in the IP injection group. Finally, it was observed 

that Ad-MSC injections can be effective on immune tolerance for 14 

days in the aspect of MLR and FoxP3 in histology. But clinically 

meaningful effects regarding graft rejection were only seen in the early 

days after skin allograft. 
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Key words : Adipsoe-derived mesenchymal stem cell, Immune tolerance, 
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I. Introduction 

The use of immunosuppressive drugs is essential for organ 

transplantation to avoid rejection, however, immunosuppressants can 

have undesirable side effects, such as hypertension and diabetes.
1
 

Vascularized composite tissue allotransplantation (VCA) is an allogenic 

complex tissue transplantation that is based on the concept of 'like with 

like', focusing on functional organs,
2-4

 and has recently been performed in 

procedures such as facial transplantation and hand transplantation. 

However, the use of potentially harmful immunosuppressants for VCA 

procedures is controversial, as they do not involve vital organ 

transplantation.
5
 As an alternative, achieving immune tolerance through 

immune regulation has been suggested for overcoming the complications 

of immunosuppression.
6-8

 

There are many ways to induce immune tolerance in allotransplantation, 

one of which is through stem cell therapy. In the early years of stem cell 

research, bone marrow and cord blood were the primary sources of stem 
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cells;
9
 however, immunomodulatory research has been performed using 

mesenchymal stem cells (MSCs). While initial studies using MSCs 

mainly used MSCs derived from bone marrow (BM-MSCs),
10-12

 MSCs 

are present in all tissues and diverse sources have been investigated. For 

example, adipose tissue contains a large amount of stem cells, and 

research utilizing adipose-derived mesenchymal stem cells (Ad-MSCs) 

has also been performed.
13

 In particular, Ad-MSCs have many 

advantages, such as low donor morbidity, and a large number can be 

extracted using an easier procedure than for other types of MSCs.
14,15

 The 

development of fat grafting and liposuction have also aided in Ad-MSC 

research. 

Traditionally, little distinction has been made between different types of 

stem cells; however, current studies are being conducted to classify the 

unique characteristics of specific types.
16

 Moreover, while many features 

are shared amongst these cells, differences in surface marker expression 

and proliferation rate have been identified.
6,17-19

 In this study, we sought 

to further clarify the characteristics of Ad-MSCs and investigate their 

effects on immune tolerance through in vitro and in vivo studies. 

One of the mechanisms of immune tolerance in which MSCs are 

implicated is the induction of regulatory T cell (Treg).
10,20-22

 It is thought 

that these effects are mediated by direct contact with T cells and/or 

through cytokine secretion.
10,16,23-25

 However, these effects are not yet 

clear in vivo. The mechanism by which MSCs cause Treg induction is 

important to understand because it may determine the delivery method 

that must be used to achieve an effective therapy. Specifically, if cell-cell 

contact is the primary mechanism of Treg induction, a delivery method 

that allows for direct contact with immune cells will be more effective. 
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Conversely, if cytokine secretion is more important, more diverse 

methods of delivery may be used to achieve the anticipated paracrine 

effects.  

To this end, an in vitro study was conducted to investigate the 

mechanism by which Ad-MSCs mediate Tregs, and to observe the effects 

of both cell-cell contact and soluble factors on immune tolerance. In 

addition, differences in immune tolerance according to the delivery 

method using skin graft models were investigated. I attempted to prevent 

contact between MSCs and immune cells, so that potential paracrine 

effects induced by soluble factors could be examined, using 

intraperitoneal (IP) injections, instead of intravenous (IV) injections. 

Conversely, to enhance contact between Ad-MSCs and immune response 

cells, direct injections around the recipient area was performed. Therefore, 

immune modulation in vivo by controlling cell contact with the injection 

method was investigated.  
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II. Materials and Methods 

1. In vitro study 

Culture studies were performed using CD4
+ 

T cells and Ad-MSCs to 

determine whether Ad-MSCs could elicit Treg induction. This study 

utilized two primary experimental groups: the first consisted of CD4
+ 

T 

cells that were co-cultured directly with Ad-MSCs, and the second was a 

transwell culture that contained CD4
+
 T cells and Ad-MSCs and allowed 

for the diffusion of soluble factors, but not for direct interaction. In 

addition, a control group consisting of only CD4
+
 T cells was included. 

Finally, blocking tests were also performed in some cultures using 

anti-transforming growth factor (TGF)-β and/or anti-interleukin (IL)-10 

antibodies. In total, there were eight experimental groups and one control 

group, which are shown in Table 1. 

 

Table 1. In vitro study design: conditions of control and experimental 

groups 

 
Control 

group 

Experimental group 

Co-culture group Transwell culture group 

1 2 3 4 5 6 7 8 

CD4
+
 T cell       + + + + + + + + + 

Ad-MSCs - + + + + + + + + 

Anti TGF-β 

antibody 

- - + - + - + - + 

Anti IL-10 

antibody 
- - - + + - - + + 
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A. Cell preparation 

(A)  Preparation of Ad-MSCs 

Ad-MSCs were isolated from normal human fat tissues obtained via 

liposuction. The process was performed with the approval of our 

institutional review board (Gangnam Severance Hospital, 

IRB#2012-1867). In brief, adipose tissues were washed with phosphate 

buffered saline (PBS; Gibco) to remove blood cells, dead tissue, and 

other debris. They were enzymatically digested at 37°C for 30 minutes 

with sterile 0.075% type IA collagenase (Sigma, St. Louis, MO, USA) at 

a concentration of 0.5 mg/mL in PBS. Samples were centrifuged at 

1200g for 5 min, and then cell pellets were resuspended and filtered 

through a 100 µm nylon filter (Cell Strainer, Becton Dickinson, Franklin 

Lakes, NJ, USA). Cells were cultured in 100 mm culture dishes at 37°C 

in a 5% humidified CO2 incubator. After 24 hours, non-adherent cells 

were removed. Cells were expanded through 3-5 passages.
26,27

 

 

 

(B) Preparation of CD4
+
 T cells 

Human peripheral blood mononuclear cells (PBMCs) from a healthy 

individual were isolated using Ficoll-Hypaque density gradient 

centrifugation. CD4
+
 T cells from the PBMCs were isolated using a 

CD4
+
 T cell isolation kit (Miltenyi Biotec, Germany).

10
 To this end, the 

PBMCs were counted and then 1.0 × 10
7
 cells were resuspended in 80 μL 

of magnetic-activated cell sorting (MACS) buffer (0.5% bovine serum 

albumin [BSA] in PBS). 20 μL of CD4 microbeads (Miltenyi Biotec) to 

the aspirated cells were added. The cell suspension were incubated for 15 

min at 4°C and then applied the prepared cells to an MS column 
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(Miltenyi Biotec) in which a strong magnetic field was induced by the 

MACS separator. The labeled cells were collected on the tube after 

removing the column from the separator. 

 

B. Induction of Tregs 

(A) Co-culture method 

A total of 1.0 × 10
5
 Ad-MSCs were seeded per well, in a six-well 

culture plate. Then, we added 3.0 × 10
5
 CD4

+
 T cells to each well and 

incubated the cultures for 72 h at 37°C. Cells were cultured in Roswell 

Park Memorial Institute (RPMI) 1640 medium (Welgene, Korea) 

containing 10% fetal bovine serum (FBS; GE, Utah, USA) and 1% 

penicillin/streptomycin (Thermo, IL, USA). 

 

(B) Transwell culture method 

CD4
+ 

T cells were cultured with Ad-MSCs as described above, with the 

exception that transwell permeable supports (0.4 µm pores, Corning, 

Tewksbury, Massachusetts, USA) were used, which allowed the two cell 

types to be separated. CD4
+
 T cells were cultured in the insert, and 

Ad-MSCs were seeded beneath the insert in the well.  

 

(C) Blocking of TGF-β and IL-10 

To determine the effects of TGF-β and IL-10 on immune tolerance, as 

mediated by AD-MSCs, TGF-β and/or IL-10 were neutralized using the 

following antibodies: anti-TGF-β (10 µg/mL, R&D systems, MN, USA) 

and/or anti-IL-10 (0.05 µg/mL, R&D systems), as shown in Table 1. 

TGF-β and IL-10 blocking tests were performed for both the co-cultured 

and transwell cultured groups. All cultures were grown for either 72 h 



10 

 

and then analyzed via fluorescence-activated cell sorting (FACS), or for 

24 h and then analyzed using real-time PCR. 

 

C. Analysis methods 

(A) FACS 

To identify Ad-MSC surface markers and confirm Treg induction, the 

cells were analyzed using FACS. Specifically, the following 

membrane-associated molecules were assessed as positive markers
28,29

: 

CD13 (anti-human PE, eBioscience, San Diego, CA, USA), CD44 

(anti-human Alexa Fluor 488, Molecular Probes, MD, USA), and CD105 

(anti-human Alexa Fluor 488, Molecular Probes). Conversely, CD31 

(anti-human PE, BD Pharmingen, San Jose, USA), CD34 (anti-human 

APC, Molecular Probes), and CD45 (anti-human PreCP-Cy5-5-A, 

Molecular Probes) were used as negative markers. Human 

isotype-matched IgG served as a negative control (BD Pharmingen) 

After culturing for 72 h (as described above), the CD4
+
 T cells were 

labeled for surface CD4 and CD25, as well as for intracellular FoxP3, 

washed them with blocking buffer (0.5% BSA in PBS), and then 

centrifuged. CD4-FITC (anti-human CD4, Miltenyi Biotec) and 

CD25-PE (anti-human CD25, BD Pharmingen) antibodies were added to 

the cells and incubated them for 10 min. Next, cells were washed, fixed 

with 100 μL of 2% paraformaldehyde, and then permeabilized by 

incubating with 0.2% Tween 20 in PBS for 10 min. After the blocking 

process, a FoxP3-APC antibody (anti-human Foxp3, eBioscience, CA, 

USA) were added and incubated the mixtures at room temperature for 30 

min in the dark. Finally, the cells in FACS buffer (0.5% BSA in PBS) 

were resuspended at a concentration of 1.0×10
5
 cells/mL. FACS were 
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performed using a BD FACS Canto II Flow Cytometer and the FACS 

DIVA software (BD Biosciences, USA). 

 

(B) Analysis of Ad-MSC differentiation  

Differentiation of Ad-MSCs was confirmed through analyses of 

adipogenesis and osteogenesis. Unless otherwise specified, all the 

reagents in this section came from Sigma. Isolated and expanded 

Ad-MSCs were cultured in conditioned media for three weeks. To induce 

adipogenesis, media consisting of 10% FBS (Gibco, Garand Island, NY, 

USA), 1 µM dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine, 10 

ug/mL insulin, and 100 µM indomethacin in high glucose-Dulbecco's 

Modified Eagle medium (DMEM) were used. The cells were stained with 

fresh Oil red-O solution to confirm the lipid droplets, as previously 

described.
26

 To achieve osteogenesis, Ad-MSCs were cultured in 

osteogenic-conditioned media for three weeks, consisting of 10% FBS, 

10 mM β–glycerolphosphate, 0.1uM dexamethasone, and 0.2 mM 

ascorbic acid in low glucose-DMEM.
26

 The cells were stained Alizarin 

red S to detect calcium deposits. 

 

(C) Semi-quantitative PCR and real-time PCR 

After culturing for 24 h (as described in a previous section), 

semi-quantitative PCR were performed to analyze CD4
+
 T cells for levels 

of CD25, FoxP3, IL-10, TGF-β1, TGF-β2, and TGF-β3. It was not 

observed any differences between the monoculture (control group) and 

co-culture with respect to TGF-β2, TGF-β3 levels, therefore it was not 

included them in the real-time PCR analysis, but rather assessed only 

CD25, FoxP3, IL-10, and TGF-β1.  
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Total RNA from the co-cultured CD4
+
 T cell were isolated using 

TRIzol reagent (Invitrogen, CA, USA). The primer sequences are 

summarized in Table 2. Real-time PCR was performed with an Applied 

Biosystems 7300 Real-Time PCR System (Applied Biosystems, CA, 

USA). Target amplification was checked using dissociation curves, and 

the data was analyzed using the competitive method (2
-ΔΔCt

). 

 

 

Table 2. List of primer pairs 

Gene Sequence 

GAPDH forward 5'-ACT AGG CGC TCA CTG TTC TCT-3' (21mer) 

reverse 5'-CGA CCA AAT CCG TTG ACT CC-3' (20mer) 

CD25 forward 5'-TCT GCC ACT CGG AAC ACA AC-3' (20mer) 

reverse 5'-TTG AAA ATC TGG AAG GCT CGC-3' (21mer) 

FoxP3 forward 5'-ACT GGG GTC TTC TCC CTC AA-3' (20mer) 

reverse 5'-AAA GGG TGC TGT CCT TCC TG-3' (20mer) 

TGF-β1 forward 5'-GCT GTA TTT AAG GAC ACC CGT-3' (21mer) 

reverse 5'-ATG ACA CAG AGA TCC GCA GTC-3' (21mer) 

IL-10 forward 5'-TCC ATT CCA AGC CTG ACC AC-3' (20mer) 

reverse 5'-AGC AGT TAG GAA GCC CCA AG-3' (20mer) 
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2. In vivo study 

Skin allografts in mice were performed to compare graft survival 

between different methods of Ad-MSC treatment. The experimental 

groups were as follows: Group 1 received an IP injection of Ad-MSCs, 

and Group 2 received local injections around the skin graft site. To 

compare the treatment outcomes, diverse analyses were performed for 

graft survival and size, hematoxylin and eosin (H&E) staining, 

immunohistochemical staining, inflammatory cell counts, and mixed 

lymphocyte reactions (MLRs). 

 

 

A. Animal model 

(A)  Skin allograft 

Skin allografting in a mouse model were performed to evaluate the 

effect of Ad-MSC immune tolerance. The protocol was approved by the 

Yonsei University Animal Experimental Center (#2015-0108). The 

recipients of the grafts were 30g BALB/C (H-2d) mice. Mice were first 

anesthetized using 0.03 mL of Zoletil
®
50 (Virbac, Carros, France) and 

0.01 mL of Rompun (Bayer Korea Ltd, Seoul, Korea). After removal of 

hair using a depilatory, an MHC-mismatched skin allograft from 

C57BL/6 (H-2b) mice was performed on the warmer: 2×2 cm dorsal 

full-thickness skin from C57BL/6 mice was harvested and transplanted to 

the dorsum of the BALB/C mice. A suture was performed using #5-0 

nylon and a simple dressing was done.  
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(B) Delivery methods 

Two skin allograft model were designed depending on the Ad-MSC 

delivery method. Group 1 received Ad-MSCs via an IP injection, and 

Group 2 received Ad-MSCs via local injection during the skin allograft 

operation. Both experimental groups received 1.0×10
6
 Ad-MSCs in 0.2 

mL of PBS, whereas the Controls received 0.2 mL of PBS only. 

A total of 21 BALB/C mice were used in Group 1 for the day 14 

analysis, and 23 were used in Group 2. An additional 25 BALB/C mice 

were used in Group 1, and 20 mice in Group 2, for the day 3 analysis. 

 

 

B. Analysis methods 

(A) Analysis of skin allograft survival 

The status of postoperative mice was checked daily, and pictures were 

taken for two weeks to analyze skin allograft survival size and detect 

rejections. In addition, the grafted skin was sampled at postoperative 

days 3 and 14. The change in skin graft survival size were calculated 

using IMT iSolution Lite (ver. 21.1, serial No. 818967021, IMT 

i-Solution, Canada). The survival analysis was performed using both 

100% rejection and 50% rejection.  

 

(B) Histologic analysis 

On postoperative days 3 and 14, skin graft tissue was harvested. 

Specimens were embedded in paraffin blocks following fixation with a 

4% paraformaldehyde solution. Subsequently, 5 µm sections were 

obtained, deparaffinized, and the sections were dehydrated with graded 

alcohol, then rehydrated. The section was stained with hematoxylin for 4 
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min at room temperature. After treating with 0.3% acid alcohol and 

rinsing, the sections were stained with eosin for 2 min. After dehydrating 

again with graded alcohol, the slides were mounted. 

Histology was analyzed for rejection of the graft and inflammatory cell 

counts. The acute/active skin rejection scoring system was classified in 

five grades (Table 3), according to a modified Banff classification.
30,31

 

For inflammatory cell counts, each H&E-stained slide was visualized 

using a high power field (×400) with an Olympus Bx40 microscope 

(Olympus, Japan). Three randomly selected fields were photographed for 

each slide with an Olympus DP 71 camera (Olympus, Japan) that was 

connected to the microscope and the digital image processing software, 

DP Manager (ver. 3., Olympus, Japan). The total number of inflammatory 

cells in each image were counted, and cell counts were calculated in the 

dermis and subcutaneous layer. 

 

Table 3. Modified Banff classification used for grading on biopsy
31

 

Grade Histologic features 

I 
Mild to moderate lymphocytic perivascular infiltrate in the superficial to 

middle dermis 

II 

Moderate lymphocytic perivascular infiltrate in the superficial to middle 

dermis 

Mild epidermal interface changes with or without spongiosis without 

keratinocyte death 

III 

Moderate to severe lymphocytic perivascular infiltrate filling the dermis 

Interface inflammation with at least clusters of at least two apoptotic 

keratinocytes 

IV Grade III with epidermal necrosis 
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(C) Immunohistochemical staining 

Immunohistochemical staining was performed on 5 µm sections of 

formalin-fixed, paraffin-embedded blocks. The slides were first 

deparaffinized and rehydrated. For heat-induced antigen retrieval, slides 

were heated in citrate buffer (pH 6.0) for 10 min in a microwave, then 

incubated with 3% hydrogen peroxide for 10 min. After washing with 

tris-buffered saline containing Tween 20 (TBST), the slides were 

incubated with a normal goat serum (Vector laboratories Inc., CA, USA) 

blocking solution for 1 hr at room temperature. Slides were treated with a 

FoxP3 primary antibody at a 1:10 dilution (eBioscience) and incubated 

overnight at 4°C. Then, the slides were washed with TBST, a biotinylated, 

goat anti-rat secondary antibody (1;1000, Vector laboratories Inc) was 

applied, and slides were incubated for 1 h at room temperature. The 

slides were again washed with TBST, and then incubated with a 

Vectastain elite ABC reagent (Vector laboratories Inc) for 30 min at room 

temperature. After incubation, the slides were washed with TBST and 

diaminobenzidine (DAB, Vector laboratories Inc) was applied. Finally, 

slides were counterstained with Harris Hematoxylin to detect cell nuclei 

and then dehydrated.
32

 

 

(D)  Mixed lymphocyte reactions 

Spleens were harvested from Group 1 and Control mice on the 14
th

 

postoperative day, and MLRs were performed using the harvested spleen 

tissues. Responder cells were isolated using a naive CD4
+
 isolation kit 

(Miltenyi Biotec) and labeled with 5 μM carboxyfluorescein 

succinimidyl ester (CFSE; Molecular probe, CFDA SE, Oregon, USA). 

To this end, 2.0 × 10
5
 responder cells were seeded per well in a 96-well 



17 

 

round form plate. Stimulator cells from C57BL/6 were treated with 50 

μg/mL of mitomycin C (Sigma, St. Louis USA) and incubated them for 

20 min at 37°C in the dark. The cell suspension were then washed with 

complete media three times. Finally, 1.0 × 10
5 

treated stimulator cells 

were seeded per well in the 96-well round form plate and incubated the 

mixed lymphocyte culture for four days. 

 

3. Statistical analysis 

Paired t-tests were used to analyze the CD25 and FoxP3 data in the 

co-culture experiments. Wilcoxon signed-rank tests were used to analyze 

the results of the real-time PCR. Mann-Whitney U tests were performed 

to analyze MLR results. Two-sample t-tests were used to analyze the skin 

allograft survival areas. Survival was analyzed using the Kaplan-Meier 

method. All statistical analyses were conducted using SPSS version 23 

(IBM SPSS Statistics). Statistical significance was set at p<0.05. 
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III. Results 

1. In vitro study 

A. Mesenchymal stem cell identification and differentiation 

It was observed that the Ad-MSC cells grew and formed clusters after 

approximately 21 days in culture. After re-culturing the cells for 3–5 

passages, we checked the positive and negative MSC markers using 

FACS (Fig. 1 A-F). It was found that the positive markers, CD13, CD44, 

and CD105, were expressed, whereas the negative markers CD31, CD34, 

and CD45 were not expressed; therefore, it was able to confirm the 

differentiation of Ad-MSCs. Furthermore, adipogenesis and osteogenesis 

were confirmed in Ad-MSCs by Oil red-O and Alisarin red S staining for 

lipid droplets and calcium deposits, respectively (Fig. 1 G, H).  
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G   H  

 

Figure 1. Ad-MSC surface marker analysis using FACS flow cytometry.  

(A-F) Cell surface markers of MSCs were determined. Ad-MSC signals 

are shown as blue lines, whereas the isotype-matched control antibodies 

(negative control to assess the background signal) are shown as the red 

lines. (G) Lipid droplets were stained a red color using an Oil red-O 

solution to detect adipogenesis (×100). (H) Calcium deposits were 

stained red using Alizarin red S to detect osteogenesis (× 200). 
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B. CD4
+
CD25

+
FoxP3

+
 Tregs induction 

After analyzing with FACS, it was found that the expression of 

CD4
+
CD25

+
FoxP3

+
 Tregs in both the co-culture and transwell culture 

groups was increased compared to the control group (p<0.001 and 

p=0.008, respectively, paired t-test; Fig. 2). The mean percentage of 

Tregs in the co-culture model was 4.46 ± 1.63 (n = 16), whereas in the 

transwell culture model the percent was 3.46 ± 1.75 (n = 17). In 

addition, CD4
+
CD25

+
FoxP3

+
 Tregs in the co-culture group showed more 

increased pattern than transwell culture group, but this was not 

statistically meaningful.  

 

 

Figure 2. Expression of CD4
+
CD25

+
FoxP3

+
 Tregs, as assessed by FACS, 

according to the culture method. CD4
+
 T cells cultured with Ad-MSCs 

were induced into CD4
+
CD25

+
FoxP3

+
 Tregs in both experimental groups, 

compared to controls. **p<0.01 
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C. CD4
+
CD25

+
FoxP3

+
 Tregs variation in co-culture 

 The results of the FACS analysis revealed that the number of 

CD4
+
CD25

+
FoxP3

+
 Tregs was higher when T cells were co-cultured with 

Ad-MSCs, compared to when they were cultured alone (p<0.001, paired 

t-test). Furthermore, under conditions in which TGF-β or IL-10 signaling 

was blocked with antibodies, the proportion of Tregs was decreased 

compared to the unblocked group (p<0.001 for both, paired t-test; n = 

16). Moreover, blocking both TGF-β and IL-10 further decreased the 

proportion of CD4
+
CD25

+
FoxP3

+
, compared to the unblocked group 

(p<0.001, paired t-test, n = 16; Fig. 3). TGF-β or IL-10 blocking were 

performed only in the presence of Ad-MSCs, however, it was observed 

that Treg induction was higher under either of the blocked conditions 

than for the CD4
+
 T cell monoculture (p<0.001 and p=0.013, paired 

t-test) 

 

Figure 3. Change of CD4
+
CD25

+
FoxP3

+
 Treg in co-culture. 

CD4
+
CD25

+
FoxP3

+
 Tregs increased in the co-cultured group and 

decreased in the double-block group. **p<0.01 
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D. CD4
+
CD25

+
FoxP3

+
 Tregs variation in transwell culture 

Similar to the co-culture model, the results of the FACS analysis 

revealed that the expression Treg cells in all transwell culture 

experimental groups (wherein the CD4
+
 cells were cultured in the 

presence of Ad-MSCs) were increased compared with the control group 

(p=0.008). In addition, blocking of either TGF-β or IL-10 signaling 

decreased the proportion of Tregs (p=0.02 and 0.01, respectively, paired 

t-test, n = 17; Fig. 4). The CD4
+
 T cell monoculture (Control group) with 

the blocking conditions were also compared. It was found that the 

proportion of Tregs in cultures that contained Ad-MSCs, but were 

blocked with an anti-TGF-β antibody, an anti-IL-10 antibody, or both, 

was higher than for the CD4
+
 T cell monoculture (p=0.007, p=0.045, 

p=0.029, respectively, paired t-test).  

 

Figure 4. Change of CD4
+
CD25

+
FoxP3

+
 Tregs in the transwell culture. 

CD4
+
CD25

+
FoxP3

+
 Tregs increased in the transwell culture group 

(p<0.001) and decreased in the double-block group. *p<0.05, **p<0.01 
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E. Expression of CD25 and FoxP3 mRNA in co-culture 

After performing semi-quantitative PCR, it was observed that the CD25 

and FoxP3 bands from cultures in which CD4
+
 T cell were co-cultured 

with Ad-MSCs were more intense than those from the control. Real-time 

PCR confirmed that CD25 and FoxP3 mRNA levels were higher in the 

co-cultures containing both CD4
+
 T cells and Ad-MSCs than those in the 

monoculture (CD25, p=0.006; FoxP3, p=0.002; Wilcoxon signed-rank 

tests; Fig. 5).  

 

 

 

 

Figure 5. Real-time PCR results for the expression of CD25 (A) and 

FoxP3 (B) mRNA in the co-culture method. Expression is shown relative 

to the control group (CD4
+
 T cells only). *p<0.05, **p<0.01, Wilcoxon 

signed-rank test, n = 7. 
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F. Comparison of TGF-β1 and IL-10 mRNA by cell type and 

culture condition 

It was found that the levels of TGF-β1 and IL-10 mRNA were higher in 

Ad-MSCs than in CD4
+
 T cells. (n = 6; TGF-β1, p=0.02; IL-10, p=0.02, 

Wilcoxon signed-rank test; Fig. 6). Furthermore, expression of TGF-β1 

and IL-10 mRNA was higher in CD4
+
 T cells when they were 

co-cultured with Ad-MSCs than when cultured alone (n = 6; TGF-β1, 

p=0.04; IL-10, p=0.008, Wilcoxon signed-rank test). 

 

 

 

Figure 6. Levels of TGF-β1 and IL-10 mRNA by cell type were analyzed 

by real-time PCR in CD4
+
 T cells and/or Ad-MSCs cultured either alone 

or together. ‘Co-culture’ indicates that the cells were cultured together 

using the co-culture model. *p<0.05, **p<0.01 
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1. In vivo study 

A. Survival of skin allograft 

Following skin graft surgeries, the survival of the graft were analyzed 

by creating a Kaplan-Meier curve. The data is shown in Fig. 7. In Group 

1 (IP injection of Ad-MSCs), it was observed that the area of graft 

survival was slightly increased compared to the PBS-injected control, but 

the difference was not statistically significant.  

 In Group 2 (local injection), the experimental animals appeared to 

have a larger area of the graft survival than the controls (Fig 8).  

Kaplan-Meier curve were used to analyze survival (50% rejection) and a 

statistically significant improvement in the Group 2 animals were found 

compared to controls (p=0.04; log-rank, Mantel–Cox; Fig. 9). 

 

Figure 7. Survival area of the skin allograft in Group 1 animals (IP 

injection of Ad-MSCs) was compared to PBS-injected controls as a 

function of postoperative day. (control, n = 11; Group 1, n = 10). 
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A  B  

Figure 8. Representative images taken on postoperative day 7 of the skin 

allograft for the Control group (A) and for Group 2 (local injection, panel 

B) Over 50% of the area was being rejected by the host and undergoing 

necrosis in the Control. In contrast, most of skin graft area was surviving 

in Group 2. 

 
Figure 9. Survival analysis of skin allograft in Group 2 (local injection) 

animals by Kaplan-Meier curve (50% rejection) as a function of 

postoperative day. Local injection of Ad-MSCs was more effective at 

promoting survival than the control group (p =0.04; log-rank, 

Mantel–Cox; control group, n = 11, experimental group n = 12). 
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B. Histologic analysis 

A histologic analysis was performed on samples taken from group 1 (IP 

injection) and group 2 (local injection). It was found that inflammatory 

cells infiltrated the dermis on postoperative days 3 and 14 (Fig. 10). Most 

samples had a histologic grade of II or III on day 3, whereas by day 14 

they had progressed to grade III or IV. It was observed no noticeable 

differences between the control and Ad-MSC injection groups. In 

addition, irregular and thick distribution of collagen, as well as 

epidermolysis, were observed on day 3.  

On postoperative day 3, it was noted extravasation of red blood cells, 

On day 14, several samples exhibited karyolysis of the dermis, but there 

was no meaningful difference between groups. 

Distribution of inflammatory cells was different in dermis and 

subcutaneous layer (Fig. 10). Therefore, the inflammatory cells on 

divided area, dermis and subcutaneous layer were counted. 3 different 

sites on each dermis and subcutaneous layer were captured. There was 

statistical difference on subcutaneous layer inflammatory cell counts on 3 

day in group 1 IP injection (p=0.004, Fig. 11). Inflammatory cell counts 

in group 2 (local injection) were performed same method. The results of 

inflammatory cell counts were similar to group 1. There was statistical 

difference on subcutaneous layer inflammatory cell counts on 3 day in 

group 1 IP injection (p=0.04, Fig. 12). Ad-MSC IP injection group had 

cells of FoxP3 positive cells on immunohistochemical staining (Fig. 13). 
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Figure 10. Skin allograft histology and Banff classification. H&E 

staining was performed on skin graft samples from Controls (a) and 

Group 1 animals (b) on day 3. Lymphocyte infiltration was observed in 

the papillary dermis, and inflammatory cell infiltration occurred to a 

greater extent in the subcutaneous layer, including the reticular dermis. 

Banff Grade II histology was also performed. Inflammatory cells were 

found in the dermis and subcutaneous layer. (c) Control group, day 14. 

Epidermolysis and coarse collagen distribution was found. Dense 

inflammatory cell infiltration was seen in the subcutaneous layer with 

necrosis (Grade IV). (d) Group 1, day 14. Histologic findings were 

similar to the control group (Grade IV). (Magnification x100) 
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Figure 11. Inflammatory cell counts in the dermis and subcutaneous layer 

in IP injection group. Inflammatory cells were counted in images 

obtained using a high power field (ⅹ400) on day 3 and day 14. Three 

sites were randomly selected for each slide, in the dermis and 

subcutaneous layer for the total inflammatory cell counts. **p<0.01, 

t-test. 

 

Figure 12. Inflammatory cell counts in the dermis and subcutaneous layer 

in local injection group. Inflammatory cells in subcutaneous layer on day 

3 were lower than control group. *p<0.05, t-test. 
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Figure 13. Immunohistochemical staining was performed for FoxP3 and 

a representative image is shown for Group 1. FoxP3 positive cells can be 

seen in the subcutaneous layer (arrow, ⅹ400). 

 

 

 

C. Mixed lymphocyte reaction analysis 

MLR analysis were performed of splenocytes from BALB/C mice that 

received skin allografts, either with or without injection of Ad-MSCs. 

The responder cells were the splenocytes of mice that had received grafts, 

and the stimulator cells were the splenocytes of C57BL/6 mice. CD4
+
 

splenocytes were analyzed using CD4-APC and CFSE staining. In group 

1 for IP injection, splenocytes from mice that received Ad-MSCs showed 

decreased lymphocyte reaction compared with splenocytes from mice 

that did not receive Ad-MSCs (p=0.002, Mann-Whitney U test; Fig. 14).  
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Figure 14. Mixed lymphocyte reaction analysis of splenocytes from 

BALB/C mice that received skin allografts, either with or without 

injection of Ad-MSCs. (a) CSFE-stained CD4
+
 responder cells were 

co-incubated with stimulator cells and Ad-MSC. Histograms show the 

proliferation of CD4
+
 T cells after four days. (b) Quantification of the 

MLR results show that the percentage of CD4
+
 responder cells in the 

Ad-MSC-injection group was reduced compared to the control group. 

(n=7, p=0.002, Mann-Whitney test). **p<0.01 
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IV. Discussion 

Initial research on MSCs primarily used BM-MSCs.
9,12

 However, more 

recently, research has extended to other sources of MSC’s, such as cord 

blood and adipose tissue.
16,33,34

 Ad-MSCs share many of the same 

features as other MSCs, but the characteristics of MSCs have been show 

to vary depending on their origin.
15,33,35-37

 Here, it was examined whether 

Ad-MSCs promote immune tolerance through a similar mechanism as 

other MSCs. Specifically, MSCs have been shown to modulate immune 

tolerance by inducing Tregs,
16,38

 and here it was sought to determine 

whether Ad-MSCs can induce Tregs through direct contact, or through 

the release of soluble factors. To this end, the induction of Tregs from 

CD4
+
 T cells in conditions were investigated that allowed for direct 

contact with Ad-MSCs, and conditions that did not, in vitro. In addition, 

the survival of skin allografts in vivo according to the method were 

investigated by which Ad-MSCs were delivered.  

While designing this study, it was heavily considered the likelihood that 

using an Ad-MSC injection as the only treatment might not be enough to 

maintain immune tolerance and inhibit the rejection of the skin allografts. 

Previous research studies performed in clinical practices have reported 

differential outcomes that likely vary according to conditions such as 

pre-radiation treatment of the patients.
6,39-41

 Moreover, reproducibility of 

previous work focusing on immune tolerance and survival has been 

difficult to achieve even in experiments performed under the same 

conditions.
6,42-44

 Despite of this, only an Ad-MSC injection was chose to 

observe their singular effect on the allografts. 

In this study, it was confirmed that Ad-MSCs can induce Treg 
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differentiation from CD4
+
 T cells. Induction of Tregs in both the 

co-culture and transwell culture models was high, and no statistical were 

observed difference between the two: the Ad-MSCs exerted the same 

effects on Treg induction regardless of cell-cell contact. These results are 

in contrast with previous work by English and colleagues performed on 

BM-MSCs, which found that transwell cultures were less effective than 

co-cultures.
10

 

TGF-β and IL-10 have been reported as the soluble factors responsible 

for the paracrine effects of MSCs.
34,45

 In this study, these soluble factors 

were evaluated by blocking them with antibodies, instead of by 

quantifying their respective levels to examine their roles more 

conclusively. TGF-β and/or IL-10 were blocked in both culture 

conditions (transwell and co-culture), whereas previously, most studies 

that have performed this type of experiment have investigated only a 

co-culture model. It was our hope that by blocking the signaling of 

soluble factors in the transwell culture, wherein direct cell-cell contact 

did not occur, it could be isolated the effects of these cytokines. 

Even in conditions in which cytokine signaling was blocked, under 

either transwell or co-culture, it was found that the induction of Tregs 

was still significantly higher, compared to CD4
+
 T cells cultured alone. 

This indicates that there might be additional cytokines that underlie the 

effects of Ad-MSCs. 

When cultured individually, it was found that both cytokines were much 

more highly expressed in Ad-MSCs than in CD4
+
 T cells alone. However, 

when CD4
+
 T cells were cultured in the presence of Ad-MSCs, the 

expression of both TGF-β and IL-10 significantly increased. This 

indicates that Ad-MSCs can cause CD4
+
 T cells to exert autocrine effects. 
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It was thought that the Ad-MSC can exert mutual effects to CD4
+
 T cells 

on cytokine induction. 

Following our experiments in vitro, I hoped confirm these findings 

regarding mechanisms of immune tolerance in an in vivo study. For this 

study, skin allografts were performed. Under normal conditions, these 

skin allografts should be rejected by the recipient without treatment,. 

Using this animal model, two methods of Ad-MSC delivery were tested: 

systemic injections and local injections around the graft site. For our 

systemic delivery, IP injections were performed rather than IV injections 

in an attempt to block direct contact of Ad-MSCs with immune cells, and 

block potential homing effects. An IV injection might have allowed for 

more direct contact between MSCs and PBMCs in the blood stream. 

Ad-MSCs had a chance to reach the skin graft site by the homing effect.  

In our other method of delivery, MSCs were injected directly into the 

area surrounding the graft. These local injections are thought to lead to 

cell-cell contact with immune cells since they are spread via the plasma 

in the early phases, rather than through direct blood flow to the grafted 

skin.  

For an analysis of survival, rejection as 100% and 50% rejection were 

classified, and an analysis of the area of survival were also performed, 

which is usually used in wound healing models. IP injection (Group 1) 

trended toward a higher survival than controls, but this was not 

statistically significant. Conversely, the local injection group (Group 2) 

showed a statistically significant improvement at 50% rejection. Neither 

Group 1 nor Group 2 was significant at 100% rejection. 

For our assessment of inflammatory cells, total inflammatory cell 

number were counted, but also checked for differences in distribution 
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between the dermis and the subcutaneous layer, including the panniculus 

muscle, in grafted skin. Therefore, inflammatory cells were counted in 

both the dermis and the subcutaneous layer. It was found that the number 

of inflammatory cells in the subcutaneous layer was significantly lower 

in the experimental group than in the PBS control group for both 

injection methods (Group 1 and 2) on postoperative day 3. Both IP and 

local injection of Ad-MSCs showed some effects toward delayed 

rejection of the skin allograft; however, local injections were more 

effective in inducing immune tolerance than IP injections.  

Several questions remain regarding the effects of Ad-MSCs on immune 

tolerance. For example, it was found that inflammatory cell counts were 

significantly altered by Ad-MSC treatment on postoperative day 3, and 

on day 14 the Ad-MSC groups exhibited a lessened MLR response and 

FoxP3 expression was observed in group 1. Therefore it is still unclear 

how effective immunotolerance will be on day 3 or 14. While most 

preclinical and clinical studies of the effects of MSCs on immune 

tolerance have shown good results,
40,41,46

 several studies reported that 

MSC treatment alone was not effective, and only achieved good results 

when used in combination with an immunosuppressant.
47-49

 Similarly, in 

our previous experiments with dental pulp-derived MSCs, changes in 

MLRs were observed in vitro, but no significant effect on the survival of 

grafts.
50

  

In organ transplantation and VCA, the recipient's blood and immune 

cells are circulated to the donor tissue through the vessel anastomosis. 

Therefore, delivery via IV may have been a more effective method to 

achieve immune tolerance. A comparative study of IV and IP may be 

needed in the future. In addition, while IP injections were used in an 
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attempt to prevent cell-cell contact and isolate any paracrine effects, 

potential paracrine effects cannot be ruled out in the local injections. 

Moreover, it is likely that a higher concentration of Ad-MSCs elicited 

effects on the grafted skin in the local injection than the IP injection. 

Future studies should explore other mechanisms for increasing cell 

contact through the delivery method, and examine how effectively 

soluble factor are delivered in MSC treatments. It is also critical that the 

effects of Ad-MSC dosing, timing, and injection intervals be examined in 

future work. Unlike skin allograft, VCA is directly connected to blood 

flow. That means that the location of immune response may be different 

between skin allograft and VCA. Therefore, further research is needed to 

investigate delivery method in VCA procedures, as well as the effects of 

varying levels of antigens. 
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V. Conclusion 

In conclusion, it was found that Ad-MSCs in culture can induce T cell 

differentiation into CD4
+
CD25

+
FoxP3

+
 Tregs. Treg was induced 

regardless of cell contact. TGF-β and IL-10 secreted from adipose stem 

cells affected regulatory T cell expression. TGF-β and IL-10 mRNA 

expressions were elevated in CD4 
+ 

T cells cultured with adipose stem 

cells compared to CD4 
+ 

T cells alone. It was also found that local 

injection of Ad-MSCs increased skin allograft survival and was more 

effective than IP injections. Finally, it was observed that Ad-MSC 

injections can be effective on immune tolerance for 14 days in the aspect 

of MLR and FoxP3 in histology. But clinically meaningful effects 

regarding graft rejection were only seen in the early days after skin 

allograft.  
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ABSTRACT(IN KOREAN) 

 

지방유래 중간엽줄기세포가 조절 T세포 유도와 동종피부이식에 

미치는 영향 

 

<지도교수  유 대 현> 

 

연세대학교 대학원 의학과 

 

홍 종 원 

 

 

 

목적: 동종이식에서 이식편에 대한 면역거부반응을 예방하기 위하여 

면역억제제가 반드시 사용되어야 하지만 장단기적으로 많은 부작용을 

유발하기에 이식 후 면역관용의 유도는 면역억제의 부작용을 줄이며 

동시에 이식편의 장기생존을 위한 대안으로 제시되어 왔다. 중간엽줄

기세포 중 지방에서 유래한 줄기세포는 세포간 접촉과 몇몇 사이토카

인의 작용이 면역관용 유도의 기전으로 알려져 있으나, 줄기세포를 

주입하는 방법에 따른 연구는 거의 없는 실정이다. 본 연구자는 지방

에서 유래한 지방줄기세포를 사용하여 세포접촉에 따라 TGF-β1, 

IL-10가 CD4+CD25+FoxP3+ 조절T세포 발현에 미치는 영향을 분

석하였으며, 동종피부이식에서 지방줄기세포 주입방법에 따른 면역관

용의 차이를 보고자 하였다. 

방법 및 재료: 지방줄기세포와 CD4+ T 세포를 혼합 배양한 그룹과 

트렌스웰 배양한 두 실험군과 대조군인 조절 T 세포 단독 

배양군에서 세포접촉 유무에 따른 CD4+CD25+FoxP3+ 조절 T 세포 

발현을 FACS 로 비교하였으며, TGF-β, IL-10 항체를 사용한 후 
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조절 T 세포의 변화를 관찰하였다. 지방줄기세포와 혼합 

배양군에서는 CD25, FoxP3, TGF-β1, IL-10 mRNA 변화를 실시간 

중합효소연쇄반응으로 확인하였다. 지방줄기세포 주입방법에 따른 

면역관용 유도 효과를 알아보고자 마우스를 이용한 2×2 cm 

동종피부이식 모델을 사용하였다. 지방줄기세포 2.0 × 106을 복강 내 

주입한 군과 국소 주입한 군으로 나누어 이식피부편의 생존 및 

면적을 계산하고 혼합림프구반응을 관찰하여 그 효과를 비교하였다. 

결과: 혼합배양, 트렌스웰배양 모두에서 지방줄기세포와 함께 배양한 

CD4+ T 세포에서 조절 T 세포 발현이 증가하였다. 혼합배양에서 

트렌스웰배양 조건에 비하여 조절 T세포 발현이 증가한 경향이 

관찰되었으나 통계학적 의미는 없었다. 혼합배양군, 트렌스웰배양군 

모두에서 TGF-β, IL-10 신호를 억제한 경우 조절 T세포 발현이 

감소하였으나, 대조군 보다는 조절 T세포의 발현이 증가하였다. 

지방줄기세포와 함께 배양한 두 군에서 CD25, FoxP3 mRNA가 

증가하는 것이 관찰되었다. 지방줄기세포에서 TGF-β1, IL-10 

mRNA가 높았으며, CD4+ T 세포의 TGF-β1, IL-10 mRNA도 

증가시켰다. 마우스를 이용한 동종피부이식 실험에서 지방줄기세포를 

국소주입한 실험군에서 50% 생존율이 의미있게 증가하였으나 복강내 

주입한 실험군에서는 생존율의 차이를 보이지 않았다. 그러나 이식 

후 생존면적을 관찰한 결과, 양군간의 통계학적인 차이는 없었으나 

국소주입 실험군에서 조금 더 생존면적이 넓은 경향을 보였다. 

그럼에도 불구하고 지방줄기세포를 주입한 개체에서 대조군과 

비교했을 때 혼합림프구반응, 염증세포 숫자에서 의미 있게 

감소하였다. 

결론: 지방줄기세포는 CD4+ T 세포와 접촉 여부와 상관없이 

CD4+CD25+FoxP3+ 조절 T 세포 발현을 증가시켰다. 
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지방줄기세포에서 분비된 TGF-β, IL-10은 조절 T 세포 발현에 

영향을 주었다. 지방줄기세포와 함께 배양했던 CD4+ T 세포에서 

TGF-β, IL-10 mRNA 발현이 증가되어 자가분비되는 것으로 

생각되었다. 동종피부이식 시 지방줄기세포 주입은 14일간 

혼합림프구반응을 감소시키는 효과가 있었으며, 지방줄기세포를 국소 

주입한 경우 복강 내 주입했을 때 보다 생존율은 높았으나, 그 

효과는 이식 초기에만 국한되었다. 
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