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Summary

The role of mast cells (MCs) in the generation of adaptive immune responses
especially in the transplant immune responses is far from being resolved. It is
reported that mast cells are essential intermediaries in regulatory T cell (Treg)
transplant tolerance, but the mechanism has not been clarified. To investigate
whether bone marrow-derived mast cells (BMMCs) can induce Tregs by
expressing transforming growth factor beta 1 (TGF-b1) in vitro, bone marrow
cells obtained from C57BL/6 (H-2b) mice were cultured with interleukin
(IL)-3 (10 ng/ml) and stem cell factor (SCF) (10 ng/ml) for 4 weeks. The
purity of BMMCs was measured by flow cytometry. The BMMCs were then
co-cultured with C57BL/6 T cells at ratios of 1:2, 1:1 and 2:1. Anti-CD3,
anti-CD28 and IL-2 were administered into the co-culture system with
(experiment groups) or without (control groups) TGF-b1 neutralizing
antibody. The percentages of CD4+CD25+forkhead box P3 (FoxP3)+ Tregs in the
co-cultured system were analysed by flow cytometry on day 5. The Treg per-
centages were significantly higher in all the experiment groups compared to
the control groups. These changes were deduced by applying TGF-b1 neutral-
izing antibody into the co-culture system. Our results indicated that the CD4+

T cells can be induced into CD4+CD25+FoxP3+ T cells by BMMCs via TGF-b1.
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Introduction

Regulatory T cells (Tregs) can suppress immune responses to
donor alloantigens, and have the potential to play an impor-
tant role in both inducing and maintaining transplant toler-
ance in vivo [1]. The transcription factor forkhead box P3
(FoxP3) is the recognized master gene governing the devel-
opment and function of both natural and induced Tregs, espe-
cially in mice [2–4].

Mast cells (MCs) have long been recognized as major
players in allergy [5], but in recent years MCs have been
identified as being responsible for a far more complex range
of functions in the innate and adaptive immune responses
[6–9]. However, the role of mast cells in the generation
of adaptive immune responses, especially in transplant
immune responses, is far from being resolved [10]. Recently,
Lu et al. found that mast cells may be essential intermediaries
in Treg-mediated transplant tolerance [11]. While the mecha-
nisms involved are still not well understood, some previous
studies have shown that MCs can serve as a source of trans-
forming growth factor (TGF)-b1 [12], which is required for
introduction and maintenance of Treg cells both in vitro and

in vivo [13–16]. Therefore, this study was designed to test the
hypothesis that bone marrow-derived mast cells (BMMCs)
can induce CD4+ T cells to CD4+CD25+FoxP3+ Tregs via
TGF-b1 in vitro.

Materials and methods

Preparation of cells

C57BL/6 (H-2b) mice were maintained and housed at the
animal facilities of Tongji Medical College, Huazhong Uni-
versity of Science and Technology, Wuhan, China. Bone
marrow cells were obtained from C57BL/6 mice. The cells
were cultured in RPMI-1640 medium supplemented with
10% fetal bovine serum (FBS), 10 mM Hepes, 50 mM
2-mercaptoethanol, penicillin/streptomycin/L-glutamine,
10 ng/ml mouse interleukin (IL)-3 (Peprotech, Rocky Hill,
NJ, USA) and 10 ng/ml mouse stem cell factor (SCF) (Pep-
rotech) at 37°C in a humidified atmosphere containing 5%
CO2. Every 7 days, the non-adherent cells were transferred
into fresh enriched medium. After 4 weeks, the purity of the
mast cells was assessed by flow cytometry.
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Spleen cells were obtained from C57BL/6 mice. T cells
were isolated from the spleen cells with CD3 T cell isolation
kit (Miltenyi, Bergisch Gladbach, Germany). Purity of CD3+

T cells typically exceeded 95%.

BMMC stained with toluidine blue

To determine the purity and the characteristic of BMMCs,
BMMCs were collected after 4 weeks’ culture. They were
dropped onto a slide and stained with toluidine blue (1%,
pH = 1) for 10–20 s. The slide was then washed with distilled
water for about 2 min. The cells were observed under a
microscope.

The expression of TGF-b1

Expression of TGF-b1 mRNA in BMMCs was assessed using
reverse transcription–polymerase chain reaction (RT–PCR).
Total RNA was extracted from BMMCs with Trizol reagent,
then RT–PCR was performed following the instructions for
the reverse transcription kit (Invitrogen, CA, USA) and PCR
kit (Fermentas, Burlington, ON, Canada). Primer sequences
were as follows: TGF-b1 forward: 5′-ACCGCAACAACG
CCATCTA-3′, reverse: 5′-GCCCTGTATTCCGTCTCC-3′,
b-actin forward: 5′-TGAGACCTTCAACACCCCAG-3′ and
reverse: 5′-GCCATCTCTTGCTCGAAGTC-3′. The PCR
programme was: 95°C for 10 min followed by 30 cycles of
95°C for 10 s, 56°C for 25 s and 72°C for 40 s.

TGF-b1 protein expression in BMMCs was determined by
Western blot analysis. BMMCs were washed once in
phosphate-buffered saline (PBS) and lysed in RIPA lysis
buffer. Fifteen mg proteins were loaded and run on a sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE), and then the proteins were transferred to a polyvi-
nylidenefluoride membrane and blocked with 10% non-
immune serum for 1 h. The membrane was incubated with
primary antibody against TGF-b1 (R&D Systems, Minne-
apolis, MN, USA) or b-actin at 4°C overnight, then washed
three times with PBS and 0·1% Tween 20, after being incu-
bated with the secondary antibody [rabbit-derived anti-rat
immunoglobulin G (IgG)] at room temperature for 1 h.
Labelling was detected by chemiluminescence by addition of
SuperSignal substrate solution.

In vitro assays

The carboxyfluorescein diacetate succinimidyl ester (CFSE)
assay was used to determine T cell proliferation in response
to mast cells. T cells were incubated with 2·5 mmol/l CFSE for
10 min at 37°C, and then washed with RPMI-1640 medium.
BMMCs and CFSE-labelled T cells were co-cultured in
48-well plates at a ratio of 1:1 for 3 days with or without
anti-CD3 (2 mg/ml) and anti-CD28 (2 mg/ml). The group of
CFSE-labelled T cells only was used as the blank control.

In order to measure the ability of BMMCs to induce Tregs,
BMMCs and T cells were co-cultured in 48-well plates at

different ratios (1:1, 1:2, 2:1) with or without TGF-b1 neu-
tralizing antibody (R&D; 1 mg/ml or 4 mg/ml) and IL-4 neu-
tralizing antibody (R&D; 1 mg/ml); 1000 U/ml human IL-2
(Peprotech), 2 mg/ml anti-CD3 and 2 mg/ml anti-CD28
(eBioscience, San Diego, CA, USA) were added into the
culture media, as described above. T cells in the culture
media with IL-2, anti-CD3 and anti-CD28 served as the
blank control. The cultures were analysed on day 5 by flow
cytometry.

There was a total of 6 ¥ 105 cells in each well. Experiments
were performed in three duplicate wells and repeated at least
three times.

Flow cytometry

FACSAriaTM flow cytometer (Becton Dickinson) was used in
the following assays.

Flow cytometry was used to determine the purity of
BMMC suspensions. After being washed three times with
PBS, phycoerythrin (PE)-anti-mouse-CD117 (eBioscience)
and FITC-anti-mouse-FceRIa (eBioscience) were added to
BMMC suspensions. After incubation for 30 min at 4°C in
the dark, the pellets were resuspended in 100 ml PBS and the
percentage of double-positive cells were analysed.

Flow cytometry was used to determine the proliferation of
CFSE-labelled T cells on day 3 co-culturing with or without
BMMCs. The CFSE-labelled T cells and BMMCs were resus-
pended with 100 ml PBS after being washed with PBS. The T
cell proliferation was analysed.

The percentage of CD4+CD25+FoxP3+ T cells was measured
by flow cytometry on day 5 of co-culture with BMMCs. The
cells obtained from the co-culture system were labelled with
FITC-anti-mouse-CD4 (eBioscience), APC-anti-mouse-
CD25 (eBioscience) and PE-anti-mouse FoxP3 (FJK-16s;
eBioscience) after being washed three times with PBS. The
pellets were resuspended in 500 ml cold staining buffer and
the percentage of CD4+CD25+FoxP3+ T cells was analysed.

Statistical analysis

All experiments were performed at least three times. All data
are presented as the mean � standard deviation (s.d.). Data
were analysed using one-way analysis of variance (anova)
for differences among the multiple groups. An independent-
samples t-test was used for analysing the differences between
two groups by spss version 13·0 software. A P-value less than
0·05 was considered to indicate significant differences.

Results

The purity of BMMCs

After 4 weeks, cultured with 10 ng/ml IL-3 and SCF, the
mouse bone marrow cells were converted to mast cells. The
purity was judged by surface expression of CD117 (c-kit)
and FceRIa [17]. The percentage of double-positive
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(CD117+ FceRIa+) cells was greater than 97% (Fig. 1a).
Purple granules were found in the cells after staining with
toluidine blue, which is the main characteristic of mast cells
(Fig. 1b).

BMMCs cannot promote the proliferation of T cells

It is reported that activated MCs had the potential to recruit
and activate T cells [6]. Whether the BMMCs could activate
T cells and promote T cell proliferation in vitro was analysed.
CFSE-labelled T cells were measured by flow cytometry after
co-culture with BMMCs for 3 days. We found that the
BMMCs could not promote the proliferation of T cells in the
absence of anti-CD3 or anti-CD28. There was no signifi-
cant difference (96·8 � 1·10%) compared with controls
(98·5 � 0·93%) (Fig. 2a and b). When 2 mg/ml anti-CD3
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and anti-CD28 were added, the T cells proliferated signifi-
cantly (76·2 � 0·81%) (Fig. 2c).

Data shown are representative results of three indepen-
dent experiments.

T cells were induced into Tregs by BMMCs

After in vitro co-culture of BMMCs and T cells with anti-
CD3 and anti-CD28 for 5 days, the FoxP3 expression of T
cells was measured by flow cytometry. The percentage of
CD4+CD25+FoxP3+ T cells was higher in all the experimental
groups than the control group (3·37 � 0·40%) (Fig. 3).
When the ratio of mast cells to T cells was 2:1, the highest
percentage of CD4+CD25+FoxP3+ T cells was observed
(13·63 � 0·55%) (Fig. 3).

BMMCs expression of TGF-b1

It has been reported that TGF-b1 is an important factor for
the conversion of CD4+CD25– naive T cells to CD4+CD25+

Tregs by induction of transcription factor FoxP3 [13]. TGF-b1
expression of BMMCs was determined by RT–PCR assay
and Western blot (Fig. 4).

The effects of TGF-b1 neutralizing antibody on
Treg induction

To confirm further the role of TGF-b1 in the Treg-induced
mediation by BMMCs, TGF-b1 neutralizing antibody (1 mg/
ml) was applied to the co-culture system to block the func-
tion of TGF-b1. After application of the TGF-b1 neutralizing
antibody, the BMMC Treg-mediated induction was reduced
significantly in all experimental groups (P < 0·001) (Fig. 5a
and b). In group 1:2, the percentage was decreased from
8·23 � 0·80% to 4·47 � 0·50%, and in groups 1:1 and 2:1,
Tregs were decreased from 10·87 � 1·25% to 6·13 � 0·35%
and 13·63 � 0·55% to 6·40 � 0·26%. However, the increase
in Tregs due to BMMC induction was still significant in all the
experimental groups compared to the control group
(3·23 � 0·25%) (P < 0·05) (Fig. 5a and b). Similar results
were obtained with the TGF-b1 neutralizing antibody at a
concentration of 4 mg/ml (data not shown).

All the experiments were performed in duplicate wells and
repeated at least three times. The data were reported as
means � s.d. An independent-samples t-test and one-way
anova were performed to obtain a P-value.

IL-4 neutralizing antibody did not change the
Treg induction

Metz et al. suggested that IL-4 may be related to the suppres-
sion function of MC in the immune response [6]. Therefore,
to investigate whether IL-4 was related to the induction of
Tregs, IL-4 neutralizing antibody was used to block the IL-4
function. FoxP3 expression was measured by flow cytometry
on day 5. In the groups with ratios of 1:2, 1:1, 2:1,
the percentages were 8·50 � 0·65%, 10·30 � 0·98% and
14·35 � 1·12%, respectively. There were no significant dif-
ferences between the groups with and without IL-4 neutral-
izing antibody (by independent-samples t-test, P > 0·05).

Discussion

Lu et al. have found that mast cells are essential intermedi-
aries in Treg-mediated transplant tolerance [11], but the exact
role that mast cells play in tolerance is still unclear. Our study
was aimed at clarifying the relationship between the Treg and
mast cells in vitro. We found that addition of BMMCs to the
system of T cells with anti-CD3, anti-CD28 and IL-2 resulted
in a significant increase in FoxP3 expression. In addition,
FoxP3 expression was reduced in the presence of TGF-b1
neutralizing antibody but not IL-4 neutralizing antibody.
However, the TGF-b1 neutralizing antibody did not reverse
the induction completely. Therefore, T cells can be induced
to Tregs by BMMCs partly through a process involving
BMMC derived TGF-b1.

MCs are best known for their prominent role in allergic
diseases and ‘allergic activation’ through IgE bound to high-
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Fig. 4. Bone marrow-derived mast cells (BMMCs) express

transforming growth factor (TGF)-b1. (a) TGF-b1 mRNA in BMMCs

was detected by reverse transcription–polymerase chain reaction.

M: marker; 1: b-actin; 2: TGF-b1. (b) TGF-b1 protein in BMMCs

was detected by Western blot.
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affinity IgE-receptor (FceRI) expressed on the MC surface;
this is the best-studied mechanism of MC activation [18].
One report showed that activated MCs had the potential to
recruit and activate T cells [6]. However, it is unknown
whether BMMCs, which have not been activated by IgE, can
promote T cells proliferation directly. This study showed that
BMMCs cannot promote T cell proliferation, meaning that
stimulation signals are needed to activate T cells in the
co-culture system.

The role of mast cells in transplant immunity has been
debated [19]. Boerma et al. showed that donor heart survival
was reduced significantly in mast cell-deficient rats [20]. Lu
et al. have suggested that recipient-derived MCs are crucial
for Treg-mediated peripheral tolerance [11], indicating that
the function of mast cells in suppressing immune responses
was related to Tregs. Our study showed that CD4+CD25+

FoxP3+ cells could be induced by BMMCs. This finding may
supply a new mechanism suggesting that MCs are crucial for

Treg-mediated transplant tolerance [11]. This method may
also become a new method for the induction of Tregs in vitro.

Our results showed that the highest percentage of Tregs was
found in the highest ratio (2:1) of BMMCs to T cells. TGF-b1
expression in BMMCs was determined in our experimental
groups. Jahanyar et al. concluded that mast cell-derived
TGF-b may serve as important mediators for Treg activation
in allografts [21], and other studies reported that the per-
centage of Tregs increased with the higher level of added
TGF-b1 [22]. Therefore, it seems that the increase of Tregs

with a higher ratio of BMMCs may be related to more
BMMCs-derived TGF-b1.

Consistent with previous studies, and in order to test
whether BMMC-derived TGF-b1 is involved in the genera-
tion of Tregs, TGF-b1 neutralizing antibody was added to the
co-culture system [4]. The conversion of Tregs was reduced
significantly by the TGF-b1 neutralizing antibody, but the
TGF-b1 neutralizing antibody could not reverse Treg induc-
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tion completely. The percentages of Tregs were still higher
than control, even with the application of TGF-b1 neutral-
izing antibody. Whether there were some other mediators
derived from BMMCs which also had the potential to induce
Tregs is debatable. Metz considered that IL-4 may be related to
the suppression function of MC in the immune response [6].
Therefore, IL-4 neutralizing antibody was applied to block
the function of IL-4, but there were no significant differences
after the application of IL-4 neutralizing antibody. Although
this study did not provide direct evidence for BMMCs as the
main source of TGF-b1, it suggests that BMMC-derived
TGF-b1 is involved in the regulation of Treg cell generation
in vitro.

Our experiment concerned mainly the relationship
between mast cells and Tregs in vitro. Huang et al. showed that
tumour-infiltrating mast cells may promote tumour growth
through one way of increasing Treg cells in vivo [23]. This
leads us to conclude that perhaps Tregs can be induced by
mast cells in vivo. More studies will be conducted to clarify
this phenomenon.

In conclusion, our experiments demonstrate that Tregs can
be induced by BMMCs in vitro, and secreting TGF-b1 by
BMMCs is one of the principal factors for the effect. This
finding may provide new evidence that mast cells have the
ability to suppress immune responses by way of Treg

induction. Furthermore, the study may supply new data for
identifying clearly the role of mast cells in immune systems.
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