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A B S T R A C T

Polyclonal T regulatory cells (Treg - CD4+CD25+CD127lowFoxp3+) are used in several protocols for the
treatment of type 1 diabetes (T1D), multiple sclerosis and graft-versus host disease in clinical trials. However,
general opinion is that autoantigen-specific Treg could be more efficient in autoimmunity suppression due to
their direct effect on pathogenic autoantigen-specific effector T cells. This study describes isolation and ex-
pansion of insulin-specific Treg in vitro. Insulin-specific Treg are uniformly distributed in lymphoid tissues
however their number is extremely low. To enrich the proportion of insulin-specific Treg, pure CD4+ cells were
co-cultured with insulin B chain peptide-loaded dendritic cells, isolated from mice that develop T1D sponta-
neously – NOD mice. Insulin-specific CD4+ cell expansion peaked after 48 h of incubation and was in favour of
Treg. These cells were then sorted using insulin peptide-loaded MHC class II tetramers and cultured in vitro for
48 h in the presence of TCR stimulators, TGF-β and IL-2. The proportion of gained insulin-specific cells with T
regulatory phenotype (CD4+CD25highCD127lowGITR+FoxP3+) was in average between 93% and 97%. These
cells have shown potent in vitro suppressive effect on T effector cells, produced IL-10 and TGF-β and expressed
PD-1 and CD39. Further proliferation of these insulin-specific Treg required the presence of dendritic cells, anti-
CD3 antibody and IL-2. This study provides new, reproducible experimental design for the enrichment and
expansion of insulin-specific Treg that can be used for the cell-based therapy of autoimmunity.

1. Introduction

Therapy of autoimmune diseases with T regulatory cells (Treg) is
being exceedingly explored. The role of these Treg is to inhibit auto-
reactive cells and regain self-tolerance. There is a number of Treg po-
pulations that control inflammatory processes and counter-act the de-
velopment of autoimmune reaction, however, one population
(CD4+CD25highCD127−) characterized by the expression of FoxP3 is
usually used for the cell therapy (Liu et al., 2006; reviewed in Milward
et al., 2017 and Stojanovic et al., 2017). Recent clinical trials (phase I)
indicate that treatment of newly-diagnosed diabetic children and adults
with in vitro expanded polyclonal Treg (cells specific for various anti-
gens) is safe, with no adverse effects and in two cases provided insulin-
free period up to 2 years (Marek-Trzonkowska et al., 2012; Marek-
Trzonkowska et al., 2014; Bluestone et al., 2015).

In contrast to commonly used polyclonal Treg, antigen-specific Treg
provide a number of advantages: lower number of cells needed for the

effective therapy, avoidance of general immunosuppression, specific
Treg traffic to tissues under inflammation. The usage of antigen-specific
Treg is mainly restricted to the transgenic animal models of T1D due to
their very low numbers in vivo. It was shown that the presence of the
antigen is mandatory for the prevention of T1D in NOD mice by Treg
(Tonkin et al., 2008). If Treg are polyclonal, i.e. they recognize a variety
of different antigens, they are less efficient in diabetes prevention in
animal models compared to autoantigen-specific Tregs (either used in
the BDC2.5 transgenic T1D mouse model or in NOD mice) (Tarbell
et al., 2004; Masteller et al., 2005; Tang et al., 2004). Also, greater
number of polyclonal Treg is needed for achieving the same effect as
with antigen-specific cells. Moreover, this infusion of large numbers of
polyclonal Treg significantly increases the potential risk of non-specific
immune suppression, such as the transient increase in viral reactivation
in patients receiving cord blood-derived Treg (Tang and Lee, 2012). As
for the quantity of autoantigen-specific Treg, in some cases, as little as
5000 Treg were sufficient to prevent T1D (Tarbell et al., 2004). It is
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reasonable to assume that the efficacy of these autoantigen-specific
Tregs ensues from their direct and specific inhibitory action on auto-
antigen-specific pathogenic T cells.

Limited efforts were made to exploit the naturally-occurring an-
tigen-specific Treg for ex vivo expansion. This study sets up a re-
producible protocol for the expansion of insulin-specific Treg isolated
from NOD mice. These cells exhibited higher suppressive capacity
compared to the polyclonal Treg and was mediated both by cell contact
(GITR) and soluble mediators (IL-10 and TGF-β).

2. Material and methods

2.1. Chemicals

Fetal bovine serum (FBS), bovine serum albumin, fraction V (BSA),
5-aza 3′deoxycitidine, Na-pyruvate, β-mercaptoethanol, L-glutamine,
HEPES, lipopolysaccharide (LPS) and rapamycine were purchased from
(Sigma-Aldrich, MA, USA), RPMI 1640 (Biological Industries USA,
Cromwell, CT, USA), RBC Lysis buffer (eBioscience, San Diego, CA,
USA), STAT3 inhibitor (SantaCruz Biotechnology, San Diego, CA, USA),
acutase (ThermoFisher Scientific, Waltham, MA USA).

2.2. Mice

NOD/Ltj mice were purchased from Charles River (Italy), bred and
maintained at the Uniprotect Air Flow Cabinet (ZOONLAB GmbH,
Castrop-Rauxel, Germany) at the Institute for Biological Research
“Sinisa Stankovic”, University of Belgrade with free access to food and
water. All animals handling and procedures were approved by the
Ethical Committee of the Institute for Biological Research “Sinisa
Stankovic”, University of Belgrade and were in accordance with the
Directive 2010/63/EU (App. No 08-04/15).

2.3. Isolation of lymphocytes

Lymphocytes were isolated from cervical, mesenteric, pancreatic
lymph nodes, Peyer's patches and spleen under aseptic conditions.
Lymphoid tissue (in PBS+3% FBS) was pressed through 70 μm mesh,
single cell suspension was centrifuged at 550 g (5min) and resuspended
in RBC Lysis Buffer. After erythrocyte lysis (5 min, RT, and occasional
vortexing), tubes were filled with PBS+ 3% FBS and centrifuged at
550 g (5 min). Cell pellet was resuspended in PBS+3%FBS and sub-
jected either to magnetic separation of CD4+ or analysis of insulin-
specific effector (CD4+CD25med) or Treg. The cell concentration was
measured by trypan blue exclusion assay on LUNA-II™ Automated Cell
Counter (Logos Biosystems, Gyeonggi-do, South Korea).

2.4. CD4+ magnetic separation

Lymphocytes (60×106) in 600 μl of PBS+3%FBS were incubated
with biotin conjugated anti-mouse CD4 (1:60) (eBioscience) for 15min
on ice with occasional shaking. After washing once with PBS+3% FBS
and once with magnetic bead buffer (PBS+0.5% BSA+2mM EDTA),
the cells were resuspended in cold beads buffer containing BD IMag™
Streptavidin Particles Plus - DM (1:20, BD Biosciences, Bedford, MA,
USA). CD4+ cells were purified by placement in a BD IMag™ Cell
Separation Magnet (BD Biosciences), 3× for 8min, and finally re-
suspended in a T lymphocyte medium – X-VIVO™ 15 Hematopoietic
Cell Medium| (Lonza Biologics, Manchester, UK) supplemented with
10% FCS, 1% penicillin and streptomycin, 0.02mM Na-pyruvate and
5 μM β-mercaptoethanol. The yield was 95.2 ± 2.1% of pure CD4+

and the rest were around 1% of CD8+ and around 6% of B cells and
macrophages.

2.5. In vitro generation of dendritic cells

Dendritic cells (DC) were obtained from progenitor bone marrow
cells of NOD mice. Femur was isolated and flushed aseptically with
RPMI1640+10% FBS. Cells were then centrifuged, erythrocytes lysed
with RBC lysis buffer and cells resuspended in RPMI1640 supplemented
with 20% FBS, 2mM L-glutamine and 1mM Na-pyruvate. Obtained
cells were cultivated with 20 ng/ml GM-CSF (Peprotech, London, UK)
for 7 days with medium change every second day. To induce mature DC
(mDC), on day 7 cells were treated with maturation stimuli, 100 ng/ml
LPS for 24 h. To induce tolerogenic DC (tolDC), treatment with vitamin
D3 was performed (2 nM) on days 0, 2, 4 and 6. These cells were also
stimulated with LPS on day 7. After maturation, cells were then wa-
shed, collected with acutase (ThermoFisher) treatment and seeded at
50,000 cells/well in 96-well U plate (Sardstedt). DCs were treated with
InsB9:23 peptide (10 μg/ml) (GenScript, Piscataway, NJ, USA) for 4 h
before adding CD4+ cell.

2.6. Co-culture of CD4+ and DC

Purified CD4+ cells (500,000) were cultured in 96-well U plate with
mature DC (50,000) pre-loaded with InsB9:23 peptide either in T lym-
phocyte medium (previously described X-VIVO™15) or DC medium
(previously described RPMI1640). The cells were incubated up to
6 days at 37 °C in the atmosphere with 5% CO2.

2.7. Insulin-specific cell sorting

After 48 h co-culture with DC, CD4+ cells were stained with PE-
conjugated MHC II tetramer of I-A(g7) bound to InsB9–23 (HLVERLYL-
VAGEEG) or with PE-conjugated human CLIP peptide-containing ne-
gative control (PVSKMRMATPLLMQA) (obtained from the National
Institutes of Health Tetramer Core Facility at Emory University, New
York, USA). Cells were incubated in tetramer solution in pure
RPMI1640 with the addition of Fc Block (antiCD16/32 antibody -
eBioscience) for 30min at 37 °C. Subsequently, cells were stained in
PBS+1% BSA containing anti-CD4 PE-Cy7, anti-CD8 APC-Cy7, anti-
B220 FITC, anti-F4/80 FITC (eBioscience) for exclusion or potential
contaminating cells. Following staining procedure cells were re-
suspended in culture medium up to 107/ml, and separated according to
the surface marker expression on FACS Aria III flow cytometer (BD
Biosciences, San Jose, CA), using FACSDiva software. The following
gating strategy was employed: FSC/SSC gate was used to exclude
debris, doublets were eliminated by FSC-A/FSC-W gate, and the insulin-
specific CD4+ cells were identified as B220−CD8−CD4+ Tet+.

2.8. Incubation of sorted insulin-specific CD4+ cells

Sorted insulin-specific CD4+ cells were cultured for further 48 h in
the presence of TCR stimulators (plate-bound anti-CD3 and soluble anti-
CD28 antibody), TGF-β and IL-2. After 48 h cells were stained with anti-
CD4 PE-Cy7and anti-CD25 PE, and then sorted as CD4+CD25high (Treg)
or CD4+CD25− (Teff) for functional analysis. Polyclonal Treg were also
sorted from the ex vivo purified CD4+ cells as CD4+CD25high.

Pure insulin-specific CD4+ cells were incubated in the presence of
TCR stimulators and IL-2 in combination with rapamycine (100 nM), 5-
aza 3’deoxycytidine (1 μM) or STAT-3 inhibitor (10 μg/ml). The pro-
portion of Treg was examined after different time points by flow cy-
tometry.

Pure insulin-specific Treg (obtained after 48 h incubation with TCR
stimulators TGF-β and IL-2) were cultured with mature DC (50,000/
well) and their number was monitored after 48 h of incubation.

2.9. In vitro suppression assay

For the suppression assay, CD4+CD25− cells (effector cells) were
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sorted and incubated with 2 μM carboxyfluorescein succinimidyl ester
(CFSE) (Invitrogen) for 20min at RT and 5min at 37 °C, washed with
PBS and resuspended in the T lymphocyte medium. mDC were seeded
at 5000 cells/well in U-bottom 96-well plate (Sardstedt, Numbrecht,
Germany) in X-VIVO™ 15 in the presence of soluble anti-mouse CD3
(1 μg/ml, eBioscience), and an equal number of purified CD4+CD25−

cells (25×103) was placed in each well. Insulin-specific Treg or
polyclonal Treg (CD4+CD25high) were then added in a series of di-
lutions, starting from 25×103 cells per well, and continuing to a 2×,
4×, 8× and 16× lesser number of cells. Certain wells contained only
CD4+CD25− cells, as control. After 3 days of cultivation, the cells were
washed, resuspended in PBS and their division was analyzed by CFSE
dilution by flow cytometry.

2.10. Detection of extracellular and intracellular markers by flow cytometry

Surface molecules were detected on viable cells dispersed in
PBS+1% BSA. The following antibodies were used: anti-mouse CD4
PerCP-Cyanine5.5 (rat IgG2a,κ), anti-mouse CD4-FITC (rat IgG2b,κ),
CD4-APC (rat IgG2b,κ), anti-mouse CD8-PE (rat IgG2a,κ), anti-mouse
B220-FITC (rat IgG2a,κ), CD11c-PE-Cy5 (Armenian hamster IgG), F4/
80-FITC (rat IgG2a,κ), CD25-Alexa Fluor® 488 (rat IgG1,λ), CD25-PE
(rat IgG1,λ), CD127 APC-eFluor 780 (rat IgG2a,κ), CD357 (GITR)-FITC
(rat IgG2b,κ), PD-1-FITC (rat IgG2a,κ), CXCR3-PE (Armenian hamster
IgG), CD39-PE (rat IgG2b, κ), CTLA-4-PE (Armenian hamster IgG)
(eBioscience). The staining was performed for 30min at 4 °C.
Intracellular staining of IL-10 (FITC-conjugated rat IgG2b, κ -
eBioscience) and TGF-β (rabbit anti-mouse + ZyMAX goat anti-rabbit
FITC – Thermo Fisher Scientific, Waltham, MA, USA) was performed
after 4 h long incubation with Cell Stimulation cocktail that includes
phorbol 12-myristate 13-acetate (PMA), ionomycin and brefeldin
(eBioscience) in the incubator at 37 °C with 5% CO2. Cells were first
stained with insulin-specific tetramers and then subjected to fixation
with 2% paraformaldehyde on room temperature (20min). Fixed cells
were washed in the Permeabilization buffer (eBioscience) and stained
with the appropriate antibodies. Regulatory T cells (Treg) were de-
tected by Mouse Regulatory T cell Staining Kit (FoxP3) according to the
manufacturer's instructions (eBioscience). Isotype-matched controls
were included in all experiments (eBioscience). For Ki67-FITC (goat
polyclonal antibody) (SantaCruz Biotechnology, San Diego, USA), cells
were permeabilized using the same protocol as for FoxP3 (Treg) de-
tection. Cells were acquired on Partec CyFlow Space by FlowMax
software (Partec, Görlitz, Germany) or by BD FACSAria III (BD
Biosciences) and analyzed by FlowMax (Partec) or FlowJo software
(Treestar, Ashland, OR, USA). Cells were first gated on live cells (em-
pirically determined) and then further gated appropriately to the re-
quired analysis.

2.11. ELISA

Supernatants were collected from the culture after in vitro sup-
pression assay and used for the determination of cytokines by sandwich
ELISA using MaxiSorp plates (Nunck, Rochild, Denmark) and anti-
mouse paired antibodies raised against IL-17 or IL-10 (eBioscience)
according to the manufacturer's instructions. The final absorbance was
measured by LKB microplate reader (LKB Instruments, Vienna, Austria)
at 450 and 570 nm. A standard curve created from the known con-
centrations of appropriate recombinant cytokines was used to calculate
concentration values of measured cytokines.

2.12. Statistical analysis

Data are presented as mean ± SD. The presented results are re-
presentative of four repeated experiments with comparable results. The
significance of differences between groups was determined by two-
tailed Student's t-test. Differences are regarded as statistically

significant if p ˂ 0.05. Statistical analyses were performed using
GraphPad Prism 5 software (GraphPad Software, Inc., La Jolla, CA,
USA).

3. Results

3.1. Insulin-specific CD4+ T cell distribution

Insulin-specific CD4+ T lymphocytes are uniformly distributed in
the lymphoid tissue of 2months old prediabetic NOD mice. In addition
to the pancreatic lymph nodes and pancreatic infiltrates, these cells
were easily detectable in the spleen and cervical lymph nodes as well as
within the gut-associated lymphoid tissue (mesenteric lymph nodes and
Peyer's patches). The proportion of conventional insulin-specific T cells
(CD4+CD25med) compared to insulin-specific Treg (CD4+CD25high) is
slightly higher in spleen and mesenteric lymph nodes, the proportions
of these two populations were more or less equal in the pancreatic
lymph nodes and pancreatic infiltrates while in Peyer's patches insulin-
specific Treg predominate (Fig. 1).

3.2. Ex vivo insulin-specific CD4+ cells enrichment

Since autoantigen-specific Treg cells are extremely difficult to iso-
late from the whole blood (in the case of human source) (Pihl et al.,
2017) or from the rodent lymphoid tissues (spleen, cervical, mesenteric
or pancreatic lymph nodes, or Peyer's patches) due to the very low
numbers (Fig. 1), we have set out to explore different modes for insulin-
specific Treg expansion in vitro. In order to get higher numbers of in-
sulin-specific T cells, purified CD4+ cells were incubated in the pre-
sence of mDC previously loaded with insulin B chain peptide (InsB9:38).
The initial experiments proved low presence of other cell contaminants
in the purified population of CD4+ (purity was around 95%). After
48–72 h of incubation, the proportion (Fig. 2A) and the number
(Fig. 2B) of insulin-specific CD4+ cells was the highest. The proportion
of insulin-specific CD4+ cells varied from 1.9% up to 8.1% depending
upon the experiment (Fig. 2C). The best viability of CD4+ cells in co-
culture with mDC was obtained when cells were incubated in X-
VIVO™15 supplemented with 10% FBS and in the absence of additional
IL-2 (Fig. 2D).

Phenotypic determination of insulin-specific cells revealed that Treg
(CD4+CD25high) population increased over time while the proportion
of insulin-specific T effector cells (CD4+CD25med) stagnated (Fig. 2E).
Moreover, this trend of insulin-specific Treg increase was similar when
tolDC were used (Fig. 2F).

3.3. The function of insulin-specific Treg

The in vitro gained insulin-specific CD4+ cells were sorted and
cultured in the presence of Treg cocktail (plate-bound anti-CD3

Fig. 1. Insulin-specific CD4+ cells distribution in lymphoid tissues in NOD
mice. Insulin-specific conventional CD4+CD25med and Treg (CD4+CD25high)
cells were detected in spleen, cervical, pancreatic and mesenteric lymph nodes,
pancreatic infiltrates and Peyer's patches of 2-months old prediabetic NOD
mice.
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antibody, soluble anti-CD28 antibody, recombinant IL-2 and TGF-β).
After 48 h, the outcome was almost 100% pure CD4+CD25highFoxP3+

(Fig. 3A). These cells were subjected to different assays to test their
suppressive properties. First of all, they exhibited full Treg phenotype
through expression of glucocorticoid-induced TNFR family related

(GITR) and lack of CD127 surface molecule (Fig. 3B).
Further, they produced IL-10 and TGF-β in culture and the pro-

duction of these cytokines increased over time (Fig. 4A and B). The
proportion of insulin-specific IL-10+ cells was 10.5 ± 1.2%, while
TGF-β+ was 27.3 ± 2.6%. Insulin-specific Treg successfully blocked T

Fig. 2. Enrichment of insulin-specific T cells. The proportion (A) and absolute number (B) of insulin-specific CD4+ cells after co-culture of pure CD4+ and mature
InsB9:23-loaded DC. The proportion of insulin-specific CD4+ cells after 48 h of co-culture (C). The representative dot plots are presented on the right-hand side. Cells
were first gated on live cells and then the proportion of control tetrames-stained and insulin-tetramer-stained cells was determined. The absolute number of CD4+

cells in co-culture with mature InsB9:23-loaded DC in X-VIVO™ 15 or RPMI1640 medium (the composition of medium is described in Material and Methods) in the
presence or absence of additional IL-2 (10 ng/ml) after 6 days of incubation (D). The proportion of effector CD4+CD25med and Treg (CD4+CD25high) within insulin-
specific T cells during co-culture with mature InsB9:23-loaded DC (E). The representative dot plots of cells after 48 h of incubation are presented on the right-hand
side. The proportion of effector CD4+CD25med and Treg (CD4+CD25high) within insulin-specific T cells during co-culture with mature (m) or tolerogenic (tol)
InsB9:23-loaded DC after 48 h of incubation (F). *p < 0.05 represents a statistically significant difference between different time points and the beginning of culture
(A, B, C), or between samples in X-VIVO™ 15 and RPMI1640 medium (D), or between the proportion of CD4+CD25high and CD4+CD25med cells (E, F).
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effector cell proliferation in the suppression assay and were more po-
tent than polyclonal Treg (Fig. 4C). Along with the inhibition of IL-17
production (Fig. 4D), the amount of TGF-β was significantly up-regu-
lated (Fig. 4E). The inhibitory molecule CD39 was present on> 60% of
Treg population, PD-1 was found on the half of Treg, while CTLA-4 was
expressed in around 8% of Treg. The expression of CXCR3 was found on
almost all insulin-specific Treg (Fig. 4F).

3.4. Expansion of sorted insulin-specific Treg

The further expansion of insulin-specific Treg was tested in the cell-
free system or in the presence of mDC. Cell-free system implies the
stimulation of cells with plate-bound anti-CD3 antibody and soluble
anti-CD28 antibody in the presence of IL-2. In this setting, insulin-
specific Treg did not engage in further proliferation and after 72 h, they
started to lose Treg phenotype. The simultaneous application of rapa-
mycine (mTOR inhibitor and stimulator of Treg proliferation) or 5-aza
3′deoxycitidine (demethylating agent that promotes FoxP3 expression)
were not able to stabilize the Treg phenotype (Fig. 5A). In addition,
STAT3 inhibitor (inhibitor of Th17 cell differentiation) partly main-
tained Treg phenotype of insulin-specific cells after 5 days of incubation
(Fig. 5A). The best results were obtained when mDC were used, i.e. the
presence of mDC (along with soluble anti-CD3 antibody and IL-2) had
stimulating influence on Treg proliferation (Fig. 5B).

4. Discussion

This study provides new experimental design for the enrichment
and expansion of insulin-specific Treg that can be used for the cell-
based therapy of autoimmunity. This protocol implies the usage of
mature dendritic cells both in the phase of Treg enrichment and in the
phase of Treg expansion.

Autoantigen-specific Treg are extremely rarely found in the blood
and lymphoid tissues, but have been shown to possess significant po-
tential for inhibition of autoantigen-specific T effector cells. For ex-
ample, as low as 5000 BDC 2.5-specific Treg were enough to delay the
T1D transfer in BDC 2.5 transgenic NOD mice. All autoantigen-specific
Treg that have been investigated for T1D treatment were transgenic,

either they come from the animal that expresses the specific TCR for
autoantigen, or T cells were engineered via transfection of viral vectors
encoding specific T cell receptors (TCRs) or chimeric antigen receptors
(CARs) (Zhang et al., 2018). We have chosen to try to expand insulin-
specific Treg because insulin is the key autoantigen for driving the in-
itiation and progression of autoimmune beta cell destruction
(Nakayama et al., 2005; Nakayama et al., 2007; Jaeckel et al., 2004).
The potency of innate insulin-specific Treg in the combat against T1D is
represented by the fact that high frequency of these cells were found in
the blood of prediabetic subjects that have long history of anti-islet
autoimmunity compared to healthy subjects and those with diabetes
onset at a young age (Serr et al., 2016). Our results suggest that insulin-
specific Treg can be found in all lymphoid tissues in NOD mice. Also,
the observations made by Spence et al. about the higher frequency in-
sulin-specific Treg compared to the conventional T cells within the
pancreatic infiltrates was confirmed in this study (Spence et al., 2018).

The kinetics of insulin-specific Treg proliferation during encounter
with the InsB9:23-loaded DC showed that these cells were significantly
more expanding compared to the conventional insulin-specific T lym-
phocytes. This preference for Treg expansion was not surprising, as
previously published observations suggest that mature DCs were able to
stimulate Treg differentiation from naïve CD4+CD25− cells (Banerjee
et al., 2006). Surprisingly, tolDCs were equally efficient in promoting
insulin-specific Treg as were mature DCs. Hypothetically, this can be
due to the fact that in the “normal” system, the proliferation of effector
T cells to the self- antigen is limited, and even mature DC have the
capacity to promote autoantigen-specific Treg.

Treg obtained by in vitro enrichment were fully functional since they
exhibited suppressive effect on T efector cells. Most importantly, these
Treg had higher inhibitory influence compared to polyclonal, freshly
isolated CD4+CD25high Treg cells suggesting that their action is specific
and more focused. Also, the fact that smaller number of insulin-specific
Treg was effective suggests their higher potency. This was also docu-
mented in the literature when as little as 5000 BDC2.5-specific Treg
were used to halt T1D in the transfer model of the disease, compared to
105 polyclonal Treg (Tarbell et al., 2004). Treg exhibit their inhibitory
effect on T cell proliferation either through cell contact (by expression
of various surface molecules including GITR and CTLA-4) (Kumar et al.,

Fig. 3. Purification of insulin-specific Treg
in culture. The proportion of insulin-spe-
cific Treg within insulin-specific T cells
sorted after 48 h co-culture with mature DC
(sorted) or after culture of sorted cells with
TCR stimulators in the presence of IL-2
(10 ng/ml) and TGF-β (2 ng/ml). (A).
Representative dot plots of
CD25highFoxP3+ insulin-specific cells are
shown at the right-hand side. The presence
of CD127 and GITR on CD4+CD25high in-
sulin-specific T cells after 48 h with TCR
stimulators in the presence of IL-2 (10 ng/
ml) and TGF-β (2 ng/ml) (B).
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2018) or by secretion of immunosuppressive cytokines (Yu et al., 2018).
Also, Treg express on their surface ecto-nucleotidase CD39 that con-
verts ATP to adenosine, an immunosuppressive molecule (Dwyer et al.,
2007). The expanded insulin-specific Treg probably used versatile ways
for suppression: inhibition by cell-to-cell contact through GITR (and to
smaller extent through CTLA-4), soluble factors (IL-10 and TGF-β) and

through generation of adenosine in the extracellular milieu.
Migratory properties of Treg are extremely important for the po-

tential in vivo application. Therefore, the observed expression of CXCR3
on almost all obtained insulin-specific Treg is crucial for directing cells
into the inflamed tissue (in this case pancreatic islets). CXCR3 responds
to CXCL9, CXCL10 and CXCL11 that are highly expressed during

Fig. 4. The function of insulin-specific Treg expanded in culture. Production of IL-10 (A) and TGF-β (B) in the culture of sorted insulin-specific CD4+ cells with TCR
stimulators in the presence of IL-2 (10 ng/ml) and TGF-β (2 ng/ml). IL-10+ and TGF-β+ population within insulin-specific cells (C). Polyclonal Treg and insulin-
specific cells capacity of inhibition of T effector cell (Teff) proliferation measured by CFSE dilution in in vitro suppression assay (D). (E) Representative dot plots of
CFSE dilution that represents the proliferation of Teff are shown (Teff/Treg ratio was 1:1). IL-17 (F) and TGF-β (G) secretion during in vitro suppression assay. (H)
CD39+, PD-1+, CTLA-4+ and CXCR3+ proportion within insulin-specific Treg cells after 48 of culture with TCR stimulators in the presence of IL-2 (10 ng/ml) and
TGF-β (2 ng/ml). *p < 0.05 represents a statistically significant difference between secretion of IL-10 and TGF-β over time compared to the starting point of culture
(0) (A, B), or the difference between the effects of polyclonal vs insulin-specific Treg (D, E), or IL-17 and TGF-β production between Teff+Treg cultures and those
with Teff alone (F, G).
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inflammation (Groom and Luster, 2011).
Further expansion of pure insulin-specific Treg was dependent upon

the presence of direct cell contact with DC. The ever-present problem
for in vitro expanded or generated Treg is their potential reversion to the
inflammatory phenotype (Ren and Li, 2017). The observed destabili-
zation of insulin-specific Treg phenotype in the absence of supporting
cells was partly ameliorated by the addition of STAT3 inhibitor that
blocks Th17 differentiation (Chen and Laurence, 2007). Treg conver-
sion into Th17 is well-documented and it happens because these cells
share the same progenitor and the cytokine requirements for their
differentiation are very similar (Ren and Li, 2017). The absence of the
supporting effect for rapamycine and 5-aza 3’deoxycytdine was in
contrast to the previously published studies. Specifically, rapamycine is
known to stimulate Treg proliferation by blocking mTOR pathway
(Battaglia et al., 2005; Hou et al., 2018), while 5-aza 3′deoxycytdine

through demethylation of FoxP3 promotor stabilizes long-term FoxP3
expression (Freudenberg et al., 2018). This discrepancy may be a result
of already optimal engaged signalling pathways (through TCR and IL-2)
that lead to FoxP3 expression, and therefore the addition of stimulators
has no further impact on proliferation or gene expression.

In conclusion, in vitro generation of insulin-specific Treg is a three-
stage protocol and it consists of: enrichment stage where insulin-spe-
cific CD4+ cells are expanded in the presence of cellular signal from
mDC, purification stage where sorted insulin-specific CD4+ are sub-
jected to TCR signal, IL-2 and TGF-β and the only population that
survives is insulin-specific Treg population, and finally expansion stage
where again in the presence of mDC, insulin-specific Treg proliferate
(Fig. 6). The obtained insulin-specific Treg are fully functional and this
protocol repeatedly provided sufficient numbers of Treg needed for the
future in vivo application in the mouse model of T1D.

Fig. 5. Expansion of insulin-specific Treg. The proportion of insulin-specific Treg after incubation with TCR stimulators and IL-2 (Stim) and in the combination with
rapamycine (100 nM), 5-aza3’deoxycytidine (1 μM), or STAT3 inhibitor (10 μg/ml) (A). The representative dot plots are shown below and present the proportion of
FoxP3+CD25high cells. The absolute number of pure insulin-specific Treg cultured in the cell-free system with TCR stimulation and IL-2, or in the presence of mature
DC (mDC) and anti-CD3 antibody (1 μg/ml) and IL-2 (10 ng/ml) (B). *p < 0.05 represents a statistically significant difference between stimulated culture and those
treated with various modulators (A) or difference between absolute cell number after 48 h of incubation compared to point 0 (B).
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