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Abstract 

The significance of regulatory T cells in the control of tolerance shows prom-

ise for new therapeutic applications. Cell therapy with regulatory T cells has 

the potential to become a new patient tailored approach in the treatment of 

allergic, autoimmune or inflammatory disorders. Our objective was to define a 

new, straightforward protocol to generate sufficient numbers of inducible reg-

ulatory T cells in vitro applicable for future clinical trials.  

With the use of a novel, two-step T cell activation protocol we generate in 

vitro, within 4 days regulatory T cells. The phenotype and functionality of 

those cells assessed by flow cytometry and MLR’s were sustainable over a pe-

riod of at least 30 days in culture. These cells could be applied either alone or 

together with naturally occurring regulatory T cells in the treatment of allergic, 

autoimmune or inflammatory disorders. 
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Introduction 

Regulatory T cells (Treg) are key players in maintaining peripheral tolerance, 

preventing autoimmune diseases and limiting chronic inflammation [1]. There-

fore, strategies that aim for therapeutic tolerance induction may take ad-

vantage of the functions of Treg [2]. 

The transcription factor FOXP3 is generally considered as the master regula-

tor in the development and function of Treg [3-5]. However FOXP3 expres-

sion can also be induced in human T effector cells which do not have sup-

pressive activity [6]. Thus, FOXP3 expression is necessary, but not sufficient 

to identify functional Treg and other markers have to be taken in considera-

tion as well [6].  

Treg are able to suppress an immune response both by cell contact (e.g. killing 

or functional modulation of antigen presenting cells or effector T cells) and 

soluble factor dependent mechanisms (e.g. secretion of immunosuppressive 

cytokines or deprivation of cytokines necessary for the expansion/survival of 

responder T cells) [7]. They are considered to be an attractive tool for the 

treatment of a broad range of diseases [8-12]. Recently, different groups have 

been able to expand functional, naturally occurring regulatory T cells (nTreg) 

ex vivo [13-15]. In Phase I clinical trials a favorable safety profile was shown 

for nTreg in the treatment of acute graft versus host disease [16, 17]. However 

it was reported by the same group [18] that cellular therapy using Treg in-

duced in vitro has several potential advantages over nTreg, including ease of 

isolation, increased number of the starting population, greater proliferation 

potential and reduced production costs [14]. Additionally multiple defects in 

nTreg in patients with autoimmune diseases have been described [19] which 

could prevent the use of these cells for the treatment of autoimmunity. This 

problem could be overcome by using Treg induced in vitro. These induced 

Treg (iTreg) like nTreg, have been shown to suppress auto-, and alloreactivity 

in vivo [18, 20]. Furthermore, it has been demonstrated that the physiologic 

generation of iTreg from naive T cells in vivo, is essential for establishing oral 

tolerance [21] and that iTreg generated in vitro can act in synergy with nTreg 

from the same donor to restore and maintain tolerance in vivo [22]. It is there-
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fore postulated that iTreg could have an important, non-redundant role in 

establishing tolerance [21-23]. Consequently iTreg generated from CD4+CD25

- T cells in vitro have potential, either alone or together with nTreg, for the 

treatment of allergy, autoimmune or inflammatory disorders. This approach 

has been explored before, whereby stimulation with anti-CD3 was an im-

portant element [24, 25], as anti-CD3 up-regulates FOXP3 expression in vitro 

[26]. However, in contrast to nTreg FOXP3 expression seems to decline over 

time in iTreg [26] resulting in a loss of regulatory function. Apart from activa-

tion with anti-CD3 [24, 25], several other groups have used different strategies 

to generate iTreg in vitro, including use of TGFβ, all-trans-retinoic acid and the 

recently discovered regulatory cytokine IL-35 [27, 28]. All these technologies 

require more or less extensive cell handling and processing and it remains un-

certain whether these methods will enable generation of sufficient iTreg under 

Good Manufacturing Practices (GMP). 

We have established a new, simple and robust method to generate stable and 

functional iTreg from human CD4+CD25- T cells in vitro. This method is com-

posed of two steps of activation with an initial PMA/ionomycin activation 

step followed by anti-CD3 stimulation in presence of a low dose of Interleu-

kin-2 (IL-2). This approach has the advantage of promoting the conversion of 

CD4+CD25- T cells to a high number of functional iTreg and could be suita-

ble for application under GMP. Furthermore, by making use of substances 

that are well known, simple to obtain and relatively low priced this protocol 

could be easy to employ in a routine laboratory setting. 

Material and methods  

Samples 

Buffy Coats from healthy adults were obtained from the blood bank (Sanquin, 

the Netherlands). The study was reviewed and approved by the ethical board 

of Sanquin Blood Supply Foundation. Peripheral Blood Mononuclear Cells 

(PBMC’s) were extracted using cell preparation tubes with sodium citrate (BD 

Vacutainer® CPT™, BD Biosciences). 

Isolation and stimulation of CD4+CD25- T cells  
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CD4+CD25- T cells were obtained from PBMC’s by means of negative selec-

tion using the naive CD4+ T cells isolation kit (Miltenyi Biotec®) and CD25 

microbeads (Miltenyi Biotec®) for additional CD25 depletion to ensure that 

no CD4+CD25+ cells remained, as described before [29]. Both isolation steps 

were performed according to the instructions of the manufacturer with the 

use of LD columns (Miltenyi Biotec®). Routine evaluation of the obtained 

CD4+ CD25- population analyzed by flow cytometry showed a purity of 

>95%.  

CD4+CD25- T cells were re-suspended in X-vivo15 human medium (Lonza) 

containing 5% human serum (Lonza) at 2.5 x 105 cells/ml and subsequently 

activated with PMA (10 ng/ml, obtained from Sigma-Aldrich) and ionomycin 

(250 ng/ml, obtained from Sigma-Aldrich). After 48 h cells were washed twice 

with PBS, re-suspended in medium and activated with 10 μg/ml anti-human 

CD3 (Clone OKT3, eBioscience) in the presence or absence of IL-2 (50 U/

ml, obtained from eBioscience). Cells were cultured in 96-well, flat bottom 

plates. IL-2 (50 U/ml) was added every 72 h.  

Phenotypical characterization  

Cells were analyzed using flow cytometry (FACSCalibur, BD Biosciences) and 

CellQuest Pro software (BD Biosciences). For Treg staining the human regu-

latory T cell staining kit was used (PE-conjugated FOXP3, clone PCH101, 

FITC-conjugated CD4, clone RPA-T4 and APC-conjugated CD25, clone 

BC96) obtained from eBioscience. To assess the specificity of the PCH101 

clone we performed FOXP3 staining with clone PCH101 (eBioscience), 

259D/C7 (BD biosciences) and 3G3 (Miltenyi Biotec®) in parallel, according 

to the instructions of the manufacturer (experiments in triplicate, n=2, data not 

shown). Overall little (<5%), non significant differences were observed in our 

experimental setup and therefore we continued with PCH101 as this clone has 

been validated for FOXP3 detection [30]. 

Additional monoclonal anti-human antibodies used in this study were as fol-

lows: anti-CD127 (PerCP Cy5.5-conjugated, clone eBioRDR5), anti-CD4 (PE-

conjugated, clone RPA-T4), anti-CD152 (CTLA-4, PE-conjugated, clone 

14D3), anti-AITR/GITR (PE-conjugated, clone eBioAITR), anti-OX40 
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(CD134, FITC-conjugated, clone ACT35), anti-ICOS (APC-conjugated, clone 

ISA-3) and anti-IL-10 (APC-conjugated, clone JES3-9D7) obtained from   

eBioscience. The viability dye 7-AAD (BD Biosciences) and the scatter dot 

plot were used to exclude dead cells from analysis. For intracellular staining 

(FOXP3, CTLA-4 and IL-10), cells were fixed and permeabilized using the 

FOXP3 staining buffer set from eBioscience. The IL-10 staining was per-

formed intracellularly, as it has been described before [29]. High expression of 

a marker is defined as fluorescence intensity greater than 100, as it has been 

described before [31]. Regulatory markers were followed over time up until 30 

days in culture, with or without supplementation of a low dose of IL-2 (50 U/

ml, every 72 h). As control, CD4+CD25- T cells activated with PMA (10 ng/

ml)/ionomycin (250 ng/ml) followed by IL-2 (50 U/ml) or anti-CD3 (10 μg/

ml) followed by IL-2 (50 U/ml) were analyzed by flow cytometry after 9 days 

or after 30 days in culture.  

Viability and proliferation 

Viability of the cells was determined by staining with 7-AAD (BD Bioscienc-

es) followed by flow cytometry analysis. Cell number was determined by use 

of the NucleoCounter to assess proliferation rate in culture (NucleoCounter, 

Chemometec). 

Functional characterization 

Regulatory function was analyzed using Mixed Leukocyte Reactions (MLR’s) 

with CFSE stained responder cells [32], described previously as a valuable tool 

to study suppressor T cells [33]. Shortly CFSE labelling: The CellTrace CFSE 

cell proliferation Kit (Molecular Probes, Invitrogen) was used to stain PBMC’s 

from the same donor as the experimental cells according to the manufactur-

er’s instructions. These cells are referred to as responder cells. A final working 

concentration of 5 μM CFSE was used per 5 x 106 PBMC’s, to obtain a 

CFSEhigh stained responder population, as determined by flow cytometry us-

ing different titrations of CFSE. CFSE expression was routinely evaluated 

after staining by flow cytometry.  

MLR 
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CFSE labelled PBMC’s (responder cells) were cultured in 96-well round bot-

tom plates at 2.5 × 104 cells/well with 5 × 104 cells/well irradiated allogenic 

PBMC’s (as feeder cells) in the presence of varying amounts of experimental 

T cells. Autologous PBMC’s as feeder cells for the autologous control, 

CD4+CD25- T cells as negative control and rapamycin (100 ng/ml) as positive 

control were plated out to assess their effect on proliferation. Cell cultures 

were stimulated with 2 μg/ml anti-human CD3. All culture settings were per-

formed in triplicate.  

Experimental T cells, generated with the two-step activation protocol, were 

analyzed for their suppressive function in the described MLR’s after 9 days in 

culture or after 30 days in culture. The MLR was set, after 5 days cells were 

harvested, washed with PBS and the CFSE signal was analyzed by flow cy-

tometry. Routine evaluation during titration experiments showed that prolifer-

ating cells loose their CFSEhigh staining and become CFSElow. Therefore sup-

pression of CFSElow represents the suppression of proliferating responder 

cells compared to control (see: Figure 4.B), as described before  [33]. Cell 

cultures were set with or without a 0.4 μm transwell permeable support sys-

tem (Corning), in order to determine cell contact or cytokine dependence in 

the Treg functionality assay. 

Results  

Induction of a regulatory phenotype in CD4+CD25- T cells     

CD4+CD25- T cells were activated with PMA/ionomycin and subsequently 

with anti-CD3, in the presence of IL-2 (50 U/ml). After 9 days in culture, the 

T cells from four different donors were analyzed by flow cytometry and 55% 

to 83% of the cells were shown to express the classical regulatory phenotype 

(CD4+CD25highFOXP3+, Figure 1.A). Inter-donor variation was observed, 

but for every analyzed donor more than 50% of the CD4+CD25- T cells dif-

ferentiated into (CD4+CD25highFOXP3+) Treg. We will refer to this inducible 

regulatory T cell population as ‘TregPMA’ cells. 

In order to demonstrate the specificity and effectiveness of our two-step acti-

vation procedure, CD4+CD25- T cells from three of the four donors were 
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activated with PMA/ionomycin followed by IL-2 or activated with anti-CD3 

followed by IL-2, as control groups. The cells were analyzed by flow cytome-

try after 9 days in culture. Between 0.1% and 2% of the cells in the anti-CD3/

IL-2 group and between 13% and 31% in the PMA/ionomycin/IL-2 group 

were shown to express the classical regulatory phenotype 

(CD4+CD25highFOXP3+) after 9 days in culture (Figure 1.B).  

Expression of regulatory markers by the TregPMA  

High CD25 expression [34] and down-regulation of CD127 [35, 36] are estab-

lished characteristics of the Treg phenotype in humans. Therefore expression 

of those markers on the surface of the TregPMA was monitored by flow cy-

tometry. Furthermore, we analyzed the expression of CTLA-4, which is linked 

to Treg function [37, 38], glucocorticoid-induced TNF receptor (GITR), 

linked to Treg survival  [1], ICOS, linked to Treg function [39, 40] and OX40, 

also known as CD134, which is linked to Treg homing and survival [41, 1]. 

Additionally, we analyzed the expression of IL-10, a regulatory cytokine that 

down-regulates the expression of T helper cell cytokines, MHC class II anti-

gens, co-stimulatory molecules on macrophages and has been associated with 

Treg function [42].  

The TregPMA demonstrate down-regulation of CD127 and up-regulation of 

CD25, FOXP3, IL-10, CTLA-4, GITR, ICOS and OX40 when compared to 

the PMA/ionomycin/IL-2 control group and to non-activated T cells (Figure 

2).  

To monitor the acquisition of the regulatory phenotype over time by the 

TregPMA in culture, the profile of expression of the established regulatory 

markers CD25, CD127, FOXP3 and IL-10 was analyzed by flow cytometry at 

different time points (Figure 3). A clear up-regulation of the Treg lineage 

transcription factor FOXP3 was observed over time, as well as of the markers 

CD25 and IL-10. CD127 was down-regulated, further confirming the regula-

tory phenotype [35, 36]. For these markers the PMA/ionomycin and anti-

CD3 steps seemed to act synergistically to achieve the expression of a regula-

tory profile. 
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It has to be noted that the expression of CD4 at the cell surface was down-

regulated after the PMA/ionomycin activation step, but was gradually restored 

after anti-CD3 activation, as it was described before [43, 44, 45].  

The expression profiles, determined by flow cytometry of CD4+, CD25high, 

CD127-/low and FOXP3+ demonstrate that within 4 days in culture the   

TregPMA obtain their regulatory phenotype (Figure 3).  

Using the described TregPMA protocol we are able to generate a mean of 2.2 

x 106 TregPMA cells/ml (SD 1.0 x 106; N=3) after 9 days in culture starting 

from 2.5 x 105 CD4+CD25- T cells/ml. The mean cell viability was >95% as 

confirmed by both NucleoCounter and 7-AAD staining (data not shown). 

TregPMA suppress the proliferation of responder cells in vitro  

Since the main functional characteristic of Treg is the capacity to suppress the 

proliferation of responder cells in vitro, the capacity of the TregPMA to sup-

press the proliferation of responder cells was analyzed by MLR’s, after 9 days 

in culture. A fixed number of CFSE labelled responder cells was co-cultured 

with a varying amount of TregPMA (responder cells to TregPMA ratio 1:0, 

1:0.33, 1:0.67 and 1:1.67). The cells of three different donors were analyzed. 

Inter-donor variations were observed, but TregPMA always suppressed the 

proliferation of responder cells in co-culture with an efficacy between 25% 

and 43% (Figure 4.A). The observed effect was proportional to the number 

of TregPMA added in the assay, demonstrating a dose dependent inhibition. 

The separation of TregPMA from the responder cells, in a transwell assay, 

abrogates their suppressive function demonstrating contact-dependent sup-

pression of the proliferation of responder cells (data not shown).   

It has to be noted that the inhibition of proliferation was not due to depletion 

of nutrients or accumulation of waste products as in the negative control the 

addition of an equal amount of CD4+CD25- T cells, instead of the TregPMA 

caused no inhibition of the CFSE division (Figure 4.A and B).  

All together the obtained data show that the TregPMA suppress the prolifera-

tion of responder cells in vitro in a dose and contact dependent manner. 
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Phenotype and function of TregPMA are stable in long term culture 

Since the sustainability of TregPMA phenotype and functionality over time is 

important for possible clinical applications [46], the TregPMA were kept in 

culture for 30 days and analyzed by flow cytometry and MLR’s.  

Expression of regulatory markers after long term culture 

To monitor the sustainability of the regulatory phenotype over time of the 

TregPMA, the profile of expression of the regulatory markers, CD127, CD25, 

FOXP3, IL-10, CTLA-4, GITR, ICOS and OX40 was analyzed by flow cy-

tometry after 30 days in culture. After following our two-step protocol, the 

TregPMA of two different donors demonstrated a sustainable down-

regulation of CD127 as well as up-regulation of CD25, FOXP3, IL-10, CTLA

-4, GITR, ICOS and OX40 when compared to the PMA/ionomycin/IL-2 

control group and to non-activated T cells (data not shown).  

Stable regulatory function of the TregPMA after 30 days in culture 

The capacity of the TregPMA, after 30 days in culture, to suppress the prolif-

eration of responder cells was analyzed by MLR’s. The TregPMA from two 

different donors cultured for 30 days were shown to inhibit the proliferation 

of responder cells (mean inhibition up to 40%). Therefore it can be concluded 

that the regulatory function of the TregPMA is maintained over time in cul-

ture.  

IL-2 contributes to FOXP3 transcription through activation of Stat5 and is 

thereby of importance both for Treg homeostasis and for maintaining their 

suppressive program [47]. Therefore we cultured the generated TregPMA in 

the presence or absence of IL-2 and examined their regulatory properties. 

Cells of two different donors were analyzed by flow cytometry and it was de-

termined that 65% and 70% of the TregPMA express FOXP3 when cultured 

in the presence of a low dose of IL-2, while less than 5% of cells express 

FOXP3 without IL-2 supplementation. Furthermore, the TregPMA, cultured 

in the absence of exogenous IL-2, were not able to suppress the proliferation 

of responder cells in MLR’s (data not shown).  
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Discussion  

This paper describes a new and simple method to generate in vitro, within 4 

days, stable and functional CD4+CD25highFOXP3+CD127-/low iTreg. This  

approach could be easily adapted to clinical application under Good Manufactur-

ing Practices (GMP) and thereby allow the preparation of a sufficient quantity of 

cells to enable use of iTreg for both prevention and subsequent therapy [48]. 

Other techniques to generate iTreg have been reported and are available [27, 

28]. However, the protocol described in this paper presents a straightforward 

and robust alternative, by making use of substances which are well known, 

easy to obtain and relatively low priced.  

Our protocol consists of two steps. The first step is the activation of 

CD4+CD25- T cells with PMA/ionomycin. This combination provides a po-

tent stimulation allowing us to bypass the T cell receptor activation essential 

for Treg development and prevent the emergence of CD4-CD8+ cells in the 

culture [49]. PMA activates protein kinase C [50] while ionomycin is a Ca2+ 

mobilizing agent [51]. This combination has shown to up-regulate CD25 on T 

lymphocytes [49] and a high CD25 expression is a marker of the Treg pheno-

type [34]. Additionally, it was demonstrated that Ca2+ signaling is required for 

the development and function of Treg [52, 53]. Therefore we expected that 

raising the intracellular levels of Ca2+ in CD4+CD25- T cells using ionomycin 

would have a synergistic effect with PMA in starting a regulatory developmen-

tal program in CD4+CD25- T cells. The expression profiles, analyzed by flow 

cytometry, after activation with PMA/ionomycin, show a clear up-regulation 

of the Treg lineage transcription factor FOXP3, as well as of the markers 

CD25 and IL-10. Conform to the regulatory phenotype [35, 36], CD127 was 

down-regulated. 

The second step in our protocol is a step of activation with anti-CD3 in the 

presence of a low dose of IL-2. This second stimulation is needed to maintain 

the regulatory developmental program, since the initial up-regulation of 

FOXP3 expression, as well as the expression of CD4 on the cell surface de-

clines in time after only PMA/ionomycin stimulation. Anti-CD3 was used for 

this purpose since it has been shown to maintain and expand Treg [54, 55] 
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and restore CD4 expression [45]. We show here that, for the established regu-

latory markers, CD25high, CD127-/low, and FOXP3+ [34-36] the PMA/

ionomycin and anti-CD3 steps seem to act synergistically to achieve the ex-

pression of a regulatory profile within 4 days in culture. Furthermore, the anti-

CD3 activation step in our protocol restores the CD4 expression, which is 

down-regulated after the PMA/ionomycin activation step. 

IL-2 contributes to FOXP3 transcription through activation of Stat5 and is 

thereby of importance both for Treg homeostasis and for maintaining their 

suppressive program [47]. Therefore we cultured the generated TregPMA in 

the presence or absence of IL-2 and examined their regulatory phenotype and 

function. We demonstrate that the expression of regulatory markers and capa-

bility of suppressing proliferation of responder cells in vitro are dependent on 

exogenous IL-2. Furthermore we show that in the presence of IL-2 the phe-

notype and function are stable over a long period of time.  

 

Conclusions  

Generating sufficient numbers of iTreg from human PBMC’s and preserving 

their regulatory function for clinical application still proves to be difficult. In 

this paper we describe a protocol which permits to induce a stable regulatory 

phenotype and function in CD4+CD25- T cells in vitro, within 4 days. We pre-

sent a good alternative to previously established methods [27, 28] by making 

use of substances which are well known, simple to obtain and relatively low 

priced. Therefore, our two-step activation protocol could be easily adapted to 

routine laboratory settings, for future clinical applications, using iTreg either 

alone or together with nTreg in the treatment of allergic, autoimmune or in-

flammatory disorders. 
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