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Background: Regulatory T cells (Tregs) are an important cell subgroup of CD4+ T cells. Treg cells are 
critically involved in inducing immune tolerance, maintaining immune environment homeostasis, and 
preventing the occurrence of autoimmune diseases. Under normal conditions, the number of Tregs in the 
body is very small. This research was designed to establish an effective method to expand human peripheral 
blood Tregs in vitro and to analyze phenotype, purity, and function of Treg cells post-expansion. 
Methods: Peripheral blood was obtained from healthy donors. CD4+CD25+CD127dim/− Treg cells were 
isolated from peripheral blood mononuclear cells (PBMCs) by magnetic-activated cell sorting (MACS), and 
an optimized culture system was used for amplification. The in vitro amplification ability of Treg cells was 
evaluated to determine the expression and purity of Treg cell-specific surface markers in different culture 
cycles. The suppressive function of Treg was determined by in vitro lymphocyte proliferation assay. 
Results: Treg cells could be successfully isolated by magnetic activated cell sorting (MACS). After 21 
days of in vitro culture, the mean expansion fold was 2,009±452.2 in ≤60 years, and there was a significant 
difference between the younger group and the older than 60 years group (1,238±330.0). Flow cytometry 
analysis revealed that the percentages of CD4+CD25+ cells and FOXP3+ cells were (93.25±3.05)% and 
(94.19±4.21)% on day 14, and (92.86±4.36)% and (91.55±5.62)% on day 21, respectively. In addition, the 
proportions of CD8+ T, CD19+ B, CD3−CD56+ natural killer cell (NK), and CD3+CD56+ natural killer T 
cell (NKT) were extremely low. Lymphocyte proliferation assay demonstrated that Tregs could inhibit 
the proliferation of CD8+ T cells more effectively than that of CD4+ T cells. Furthermore, the suppressive 
capacity of Tregs was correlated with Treg-to-PBMCs ratios. 
Conclusions: We successfully established a technical protocol for manufacturing a large quantity of Tregs 
with high efficiency in vitro. The expanded Tregs have a steady FOXP3 expression and exhibited a potent 
immune suppression, which might have great significance in adoptive Treg therapy for treating graft-versus-
host disease and autoimmune diseases.
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Introduction

The immune system has evolved to protect against 
pathogenic microbes and to provide regulation of 
physiological homeostasis. The immune tolerance and 
suppression had been long known, however, the main cell 
type responsible for this phenomenon was not identified 
until the 1990s. Sakaguchi S and colleagues discovered 
that a subset of CD4+ T cells constitutively expressing of 
the cytokine interleukin (IL)-2 receptor α-chain (CD25), 
known as regulatory T cells (Treg), were able to prevent 
autoimmunity upon transfer into thymectomized mice (1). 
Treg cells can be identified by the lineage marker forkhead 
box protein P3 (FOXP3), which is required for their 
development, function and stability. Mutations of FOXP3 
gene lead to the development of immunodysregulation 
polyendocrinopathy enteropathy X-linked (IPEX) 
syndrome, due to the absence or dysfunction of Treg  
cells (2). As CD25 and FOXP3 are also expressed by 
activated CD4+ T cells, absence of the IL-7 receptor α-chain 
(CD127) is usually used as a complementary marker for 
Treg cells (3). Studies have shown that Treg cells can 
secrete immunosuppressive cytokines [such as transforming 
growth factor-β (TGF-β), IL-10, IL-35, etc.] and regulate 
the proliferation and activation of effector T cells (Teffs) 
and dendritic cells through these cytokines. Treg cells also 
express a variety of immunosuppressive molecules [such 
as cytotoxic T lymphocyte associated antigen 4 (CTLA-
4), lymphocyte activation gene 3 (LAG-3), etc.] to directly 
inhibiting the activity of target cells. In addition, CD25, 
when highly expressed in Treg cells, can compete for 
IL-2 required by Teff cells, and Treg cells can also secrete 
granzymes to directly kill Teffs. 

The  ba lance  o f  the  human immune sys tem i s 
maintained by Treg cells and Teff cells, and once the 
balance between the two is broken, many diseases can 
emerge (4). An excessive number of Treg cells is closely 
associated with the emergence of tumors and infectious 
diseases, while an insufficient number of Treg cells can 
lead to autoimmune diseases. Studies have shown that 
the number of Treg cells was decreased or the function of 
Treg cells was compromised in a variety of autoimmune 
diseases, including multiple sclerosis (5), systemic lupus 
erythematosus (6), type I diabetes (7), rheumatoid  
arthritis  (8),  inflammatory bowel disease (9),  and  
psoriasis (10), etc. This suggests that an intervention into 
the number and function of Treg cells may be an effective 
approach for treating a variety of autoimmune diseases. 

Under normal conditions, the number of Tregs in the 
body is very small, which account for 5% to 10% of CD4+ 
T lymphocytes. Therefore, it is necessary to establish an 
effective expansion method to produce a sufficient number 
of functional Treg cells to meet the needs of clinical 
research. There were various protocols in the literature 
that elucidating the isolation and culture methods of 
human Treg cells. However, the expansion fold of Treg 
cells was low, and the expression of FOXP3 was not stable. 
In this study we used CD3/CD28 Dynabeads instead of 
monoclonal anti-CD3 antibodies and anti-CD28 antibodies 
to stimulate Treg cells activation and expansion which could 
be easily removed. And we added rapamycin in the culture 
medium to maintain FOXP3 expression of Treg cells. The 
Treg cells expanded by this optimized protocol exhibited 
high expansion fold, purity and immunosuppressive activity.

We present the following article in accordance with 
the MDAR reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-3812).

Methods

Main materials and reagents

The study was conducted in accordance with the 2013 
Declaration of Helsinki. The informed consent was taken from 
all the volunteers. Peripheral blood samples were collected from 
12 healthy volunteers. Among them, 8 were males and 4 were 
females, ranging in age from 23 to 75 years, with a median 
age of 60.5 years. Human lymphocyte separation solution 
was purchased from Tianjin Haoyang Biotechnology 
(Tianjin, China); a CD4+CD25+CD127dim/− cell sorting kit 
was purchased from Miltenyi Biotec (Germany); human AB 
serum was purchased from Thermo Fisher Scientific (USA); 
CD3/CD28 Dynabeads were purchased from Thermo 
Fisher Scientific (USA); IL-2 was purchased from Jiangsu 
Kingsley Pharmaceutical (China); rapamycin was purchased 
from Milteny Biotec (Germany); fixation/breaking 
membrane buffer, and fluorescent dyes were purchased 
from BioLegend (USA); and dimethyl sulfoxide (DMSO) 
was purchased from Santa Cruz Biotechnology, Inc (Dallas, 
TX, USA). The antibodies used in flow cytometry were 
purchased from BioLegend (USA) (Table S1). The study 
was conducted in accordance with the Declaration of 
Helsinki (as revised in 2013). The study was approved by 
Medical Ethics Committee of Sichuan University (No. 
K20210106) and informed consent was taken from all the 
volunteers.

https://dx.doi.org/10.21037/atm-21-3812
https://dx.doi.org/10.21037/atm-21-3812
https://cdn.amegroups.cn/static/public/ATM-21-3812-Supplementary.pdf
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Isolation and purification of human peripheral blood Tregs

Peripheral blood and phosphate-buffered saline (PBS) 
were mixed at a volume ratio of 1:2 and slowly added 
to a centrifuge tube prefilled with an equal volume of 
human lymphocyte separation solution. Conventional 
density gradient centrifugation was then used to 
separate the mononuclear cells and was followed by the 
immunomagnetic bead method to separate the Treg 
cells. According to the operating instructions for the 
CD4+CD25+CD127dim/− cell sorting kit, magnetic bead 
negative sorting was performed to remove CD4− T cells, 
while magnetic bead positive sorting was performed to 
isolate CD25+ cells. 

In vitro expansion and culture of Tregs

The isolated and purified Treg cells were cultured in a 
basal medium, and human AB serum (5% by volume), IL-2  
(1,000 U/mL), and rapamycin (100 nM) were added; on day 
1 and day 14, CD3/CD28 Dynabeads was for stimulation. 
Culture medium was added every 2 to 3 days, and the 
culture period was 21 days.

Phenotype identification of Tregs

First, 1×106 cells were incubated with CD4−APC and 
CD25−PE antibodies for 30 minutes, washed with fixation/
breaking buffer, incubated with FOXP3−FITC (forkhead 
box protein p3-fluorescein isothiocyanate) antibody for 
60 minutes, and finally detected by flow cytometry. The 
detection of other molecules, including CD3, CD8, CD19, 
CD45RA, CD56, and HLA-DR (human leukocyte antigen-
DR) on the surface of Tregs was conducted according to 
conventional methods.

Determination of the immunomodulatory function of 
Tregs

Freshly isolated PBMCs were used as target cells, and the 
target cells were labeled with CFSE (carboxyfluorescein 
succinimidyl ester) (final concentration of 5 µM). The Treg 
cells and PBMCs were then placed in a round-bottomed 
96-well plate at ratios of 1:0, 1:1, 1:2, 1:4, 1:8, 1:16, and 
0:1. After 3 to 4 days, the cells were collected for flow 
cytometric analysis. The proliferation level is expressed 
by the ratio of proliferation peaks. The cell proliferation 
inhibition rate was calculated as follows: rate = 100% × 

(proliferation peak ratio of the experimental group without 
Treg cell to the proliferation peaks in the coculture group 
with different target ratios)/proliferation peak ratio of the 
experimental group without Treg cells.

Statistical analysis

The data in this paper are expressed as mean ± standard 
deviation. GraphPad Prism 8 statistical software (GraphPad 
Software Inc., San Diego, CA, USA) was used for single-
factor t-test analysis. A P value <0.05 indicates that the 
difference was statistically significant.

Results

Magnetic bead sorting results of human peripheral blood 
Treg cells

The results of flow cytometry showed that the proportion of 
CD25+FoxP3+ Treg cells in the peripheral blood of healthy 
people to peripheral CD4+ T cells was about (6.25±1.73)%. 
After sorting was performed with CD4+CD25+CD127dim/− 
immunomagnetic beads, Treg cells with a purity of 
(95.39±0.81)% could be obtained (Figure 1). Moreover, 
in the analysis of the magnetic bead sorting results of 12 
volunteers, the Treg sorting rate of the ≤60 years group 
was (0.4863±0.1886)% and that of the >60 years group 
was (0.4250±0.0998)%. The difference was not statistically 
significant (P>0.05; Figure 2A).

In vitro expansion of human peripheral blood Treg cells

Under the combined stimulation of CD3/CD28 Dynabeads, 
human AB serum, IL-2, and rapamycin, Treg cells cultured 
in vitro expanded markedly. At the end of the third week of 
culture, the cell count results indicated that the expansion 
factor of Treg cells in the >60 years group was 2,009±452.2, 
while the expansion factor of the Treg cells in the >60 years 
group was 1,238±330.0, which represented a statistically 
significant difference (Figure 2B).

Phenotype and purity identification of Treg cells after 
expansion

After expansion, Treg cells formed aggregates of varying 
cell numbers (Figure S1). The samples on the 14th day and 
21st day of the amplification were taken for flow cytometry. 
Representative flow cytometry gating strategy was shown in 

https://cdn.amegroups.cn/static/public/ATM-21-3812-Supplementary.pdf


Zuo et al. Study on the preparation and function of regulatory T cells 

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(20):1521 | https://dx.doi.org/10.21037/atm-21-3812

Page 4 of 8

Figure S2. We analyzed the phenotype of Treg cells post-
expansion by quantitative analysis of CD4+CD25+ cells 
and FOXP3+ cells. The results showed that the ratio of 
CD4+CD25+ cells on day 14 was (93.25±3.05)%, while the 
ratio of FOXP3+ cells was (94.19±4.21)%; on day 21, the 
CD4+CD25+ cells ratio was (92.86±4.36)%, and the ratio of 
FOXP3+ cells was (91.55±5.62)% (Figure 3). 

The purity of the sample on the 21st day was detected 
by flow cytometry. The results showed that the proportions 
of CD8+ T cells, CD19+ B cells, CD3−CD56+ NK cells, and 
CD3+CD56+ NKT cells were very low (Figure 4). These 
results indicated that the purity of expanded Tregs was 
relatively high.

Detection of the immunosuppressive function of Treg cells 
after expansion

The expanded human peripheral blood Treg cells and 
PBMCs were subjected to in vitro lymphocyte proliferation 
experiments in order to analyze the ability of Treg cells to 
inhibit the proliferation of CD4+ T and CD8+ T cells in 
PBMCs. We used CFSE staining methods to assessing the 
proliferation rate of CD3/CD28 Dynabeads-stimulated 
PBMCs (Figure S3). The ratio of CD8+ T cell proliferation 
in the experimental group without Treg cells was 44.61% 
(Figure 5A); the ratio of the CD8+ T cell proliferation 
was significantly reduced when Treg cells and PBMCs 

Figure 1 Proportion of CD25+Foxp3+ Treg cells in peripheral blood of healthy volunteers before and after sorting. CD, cluster of 
differentiation; Foxp3, Forkhead box protein p3.

Figure 2 Comparison of CD25+FOXP3+ Treg cells in the different age groups before and after amplification. (A) The Treg separation rate 
was defined as Treg (post-sorting): PBMCs ratio. (B) Treg cell expansion fold was defined as Treg (post-sorting): Treg (day 21) ratio. CD, 
cluster of differentiation; Foxp3, Forkhead box protein P3.
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Figure 3 Determination of CD4+CD25+FOXP3+ surface markers of regulatory T cells amplified at different time points.

Figure 4 The proportion of CD8+ T, CD19+ B, CD3−CD56+ NK, and CD3+CD56+ NKT cells in the amplified cells. (A) Flow cytometry 
analysis of CD8 and CD19 positive cells in Tregs post-expansion. (B) Flow cytometry analysis of CD3 and CD56 positive cells in Tregs 
post-expansion. CD, cluster of differentiation; NK, natural killer cell; NKT, natural killer T cell.
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were cocultured at a ratio of 1:1 (6.19%). According to 
calculations, the proliferation inhibition rates of Treg cells 
against CD8+ T and CD4+ T cells at a ratio of 1:1 were 
(84.23±3.43)% and (76.29±4.28)%, respectively, and the 
inhibition rate and effector to target (E:T) ratios showed an 
obvious pattern of positive correlation (Figure 5B).

Discussion 

Research into Treg cells has been ongoing for more than 
20 years. In 1995, Sakaguchi et al. identified CD25 [IL-2  
receptor α-chain (IL-2RA)] as a surface marker of Treg 
cells for the first time. Other researchers found that 
transplanting lymphocytes with CD4+CD25+ subgroups 
into nude mice would cause a variety of autoimmune 
diseases, while introducing CD4+CD25+ Treg cells could 
inhibit the occurrence of diseases (1). At present, it has 
been proven in animal models that Treg cells can treat a 

variety of autoimmune diseases and inhibit graft-versus-
host response. However, the clinical use of Treg cells for 
cell therapy still faces difficulties and challenges (11,12). 
Existing Chinese studies on the expansion of human 
peripheral blood Treg cells in vitro show that Treg cells can 
proliferate 755.5±213.5 times after being cultured in vitro 
for 14 days (13). In this study, the optimized culture system 
of CD3/CD28 Dynabeads, human AB serum, IL-2, and 
rapamycin was found to significantly increase the expansion 
of Treg cells. We also found that the in vitro expansion fold 
of Treg cells in the ≤60 years group was significantly higher 
than that in the >60 years group, which suggests that aging 
may affect the proliferation ability of Treg cells (14).

The transcription factor FOXP3 has an important 
regulatory effect on the development and function of 
Treg cells. The mutation of this gene can cause Treg cell 
development, differentiation, and dysfunction (15). In the 
process of in vitro expansion, prolonged antigen stimulation 
may lead to a decrease in FOXP3 expression and affect 
the immunosuppressive activity of Treg cells (16). In this 
study, the Treg cell expansion cycle in vitro was 21 days, 
but the extension of the cycle did not affect the phenotype 
of Treg cells. The proportion of FOXP3+ was close to 
90%, and there was no significant difference between the 
14th day and the 21st day. This was likely a result of the 
addition of rapamycin in the amplification system. Studies 
have found that under the condition of continuous IL-2 
stimulation, rapamycin activates the signal transducer and 
activator of transcription-5 (STAT5) pathway by inhibiting 
the mammalian target of rapamycin (mTOR) signaling 
pathway, thereby maintaining the proliferation of Treg cells 
and the expression of FOXP3 (17). The stable expression of 
FOXP3 can ensure the immunosuppressive activity of Treg 
cells. The in vitro lymphocyte proliferation inhibition test 
further confirmed that Treg cells expanded for 21 days can 
effectively inhibit the proliferation of CD4+ T and CD8+ 
T cells. We further found that Treg cells have a stronger 
inhibitory effect on the proliferation of CD8+ T cells, which 
may be due to the competition of Treg cells to bind more 
IL-2, resulting in a decrease in the IL-2 concentration in 
the system; meanwhile, CD8+ T cells are more sensitive at 
low concentrations of IL-2 (18).

In recent years, the safety and effectiveness of adoptive 
Treg cell therapy in the treatment of graft-versus-
host disease, type I diabetes, Crohn’s disease, and other 
diseases have been confirmed. Brunstein et al. (19) found 
that the infusion of cord blood-derived Treg cells before 
hematopoietic stem cell transplantation can effectively 
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reduce the risk of graft-versus-host reaction. The results 
of a phase 1 clinical study of adoptive infusion of Treg cells 
in the treatment of type I diabetes showed that Treg cells 
can survive in vivo for an extended period and improve the 
physical function of patients (20). A French multicenter 
clinical trial confirmed that the infusion of antigen-specific 
Treg cells is safe to treat refractory Crohn’s disease and 
can relieve symptoms in a dose-dependent manner (21). 
In this study, a technique for efficient expansion of human 
peripheral blood Treg cells in vitro was established. This 
approach has the characteristics of high expansion efficiency, 
stable cell phenotype, and strong cell activity. This research 
has laid the experimental foundation for the application 
of Treg cells in the clinical treatment of graft-versus-host 
diseases and autoimmune diseases.
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Supplementary

Table S1 Antibodies used in the text

Antibody Company Cat. No

PE anti-human CD56 BioLegend 318306

APC anti-human CD19 BioLegend 302212

FITC anti-human CD3 BioLegend 300306

PE anti-human CD8a BioLegend 300908

APC anti-human CD4 BioLegend 300514

PE anti-human CD25 BioLegend 302606

FITC anti-human FOXP3 BioLegend 320106

PE, P-phycoerythrin; CD, cluster of differentiation; APC, allophycocyanin; FITC, fluorescein isothiocyanate; Foxp3, Forkhead box protein p3.

Figure S1 The morphology of Treg cells at the indicated time. Morphological analysis of Treg cells was performed using an inverted phase-
contrast microscope (Olympus, Tokyo, Japan). 100× magnification.
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Figure S2 Representative flow cytometry gating strategy in Figure 3. APC anti-human CD4 and PE anti-human CD25 antibodies were 
used to stain Treg cells. The cursor was set in (B) according to the isotype control (A).
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Figure S3 Representative flow cytometry gating strategy in Figure 5.
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