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Abstract

Objectives. Regulatory T cells (Tregs) are a vital sub-population of
CD4+ T cells with major roles in immune tolerance and
homeostasis. Given such properties, the use of regulatory T cells
for immunotherapies has been extensively investigated, with a
focus on adoptive transfer of ex vivo expanded natural Tregs
(nTregs). For immunotherapies, induced Tregs (iTregs), generated
in vitro from na€ıve CD4+ T cells, provide an attractive alternative,
given the ease of generating cell numbers required for clinical
dosage. While the combination of TGF-b, ATRA and rapamycin has
been shown to generate highly suppressive iTregs, the challenge
for therapeutic iTreg generation has been their instability. Here,
we investigate the impact of rapamycin concentrations and a-CD3/
CD28 bead ratios on human iTreg stability. Methods. We assess
iTregs generated with various concentrations of rapamycin and
differing ratios of a-CD3/CD28 beads for their differentiation,
stability, expression of Treg signature molecules and T helper
effector cytokines, and Treg-specific demethylation region (TSDR)
status. Results. iTregs generated in the presence of TGF-b, ATRA,
rapamycin and a higher ratio of a-CD3/CD28 beads were highly
suppressive and stable upon in vitro re-stimulation. These iTregs
exhibited a similar expression profile of Treg signature molecules
and T helper effector cytokines to nTregs, in the absence of TSDR
demethylation. Conclusion. This work establishes a method to
generate human iTregs which maintain stable phenotype and
function upon in vitro re-stimulation. Further validation in pre-
clinical models will be needed to ensure its suitability for
applications in adoptive transfer.
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INTRODUCTION

Regulatory T cells (Tregs) are a sup-population of
CD4+ T cells with immune-suppressive and
immune-modulatory properties. With such
properties, Tregs form a vital part of immune
homeostasis, providing tolerance to self and non-
pathogenic foreign antigens, and down-
regulating immune responses once pathogens are
cleared in order to minimise tissue-damage.1

Currently, human natural Tregs (nTregs) are
defined by the surface phenotype
CD4+CD25hiCD127lo, and expression of the master
regulator of Treg-lineage, FOXP3.2–7 Within the
CD4+CD25hiCD127-FOXP3+ population, there are
two main subgroups of nTregs: thymic-derived
thymic Tregs (tTregs) and peripherally induced
peripheral Tregs (pTregs). tTregs are generated
within the thymus from self-reactive CD4+ T cells
and account for 5–10% of circulating CD4+ T
cells.8 Most self-reactive CD4+ T cells are
negatively selected and deleted by apoptosis to
establish central tolerance; however, some self-
reactive CD4+ T cells with relatively high affinity
for self-antigens receive signals to differentiate
into nTregs by the induction of FOXP3
expression.9 tTregs express a T-cell receptor (TCR)
repertoire skewed towards self-antigens allowing
them to curtail autoimmune responses by self-
reactive conventional T cells that have escaped
central tolerance and thus prevent
autoimmunity.10,11 In contrast, peripheral na€ıve
CD4+ T cells, which normally account for 30–50%
of circulating CD4+ T cells in adults aged between
18 to 70,12,13 can acquire FOXP3 expression upon
activation, becoming pTregs. As pTregs are
differentiated from conventional T cells, they
express a TCR repertoire skewed towards foreign
antigens and help establish tolerance to
commensal microbiota, environmental and food
allergens, and foetal alloantigens during
pregnancy.11,14 The induction of pTregs can be
mimicked in vitro to generate induced Tregs
(iTregs).14,15

iTregs provide an attractive alternative to Treg-
based immunotherapies in allogeneic
transplantation. Currently, most Treg-based
immunotherapies employ adoptive transfer of
ex vivo expanded nTregs.16 To generate the

required number of cells for clinical dosage, which
requires up to 5 billion Tregs per patient, nTregs
need to be ex vivo expanded for a prolonged
period of time due their low frequency in
peripheral blood.17,18 Thus, it would be beneficial
to generate large number of Tregs in a shorter
time frame, by differentiating iTregs from na€ıve
CD4+ T cells, which are at a significantly higher
frequency in peripheral blood. Furthermore, the
TCR repertoire of iTregs is potentially more
relevant for allogeneic transplantation, as
rejection of the donor tissue occurs in response to
foreign antigens against which the nTreg pool has
not been educated.15 In addition, the broader TCR
repertoire of iTregs compared with nTregs has
advantages in the generation of antigen-specific
Tregs, potentially providing a more targeted
therapy.14,19

The pivotal point in the generation of iTregs
has been the discovery of differentiation
induction molecules converting na€ıve CD4+ T cells
into pTregs. One particular environment in which
pTregs are present in significant numbers is the
gut.20,22 The gut mucosal environment contains
TGF-b, all-trans retinoic acid (ATRA), and short
chain fatty acids, such as butyrate, which have
been shown to promote pTreg differentiation.22,23

Additionally, manipulation of ex vivo iTreg
generation has validated various molecules such
as IL-2, rapamycin and progesterone as enhancer
of pTreg differentiation.15 To date, different
approaches using combinations of these molecules
have been explored to generate human iTregs.24–
32 In particular, the combination of TGF-b, ATRA
and rapamycin has been shown to generate
highly suppressive iTregs that are stable upon
resting26; however, phenotypic instability of iTregs
upon re-stimulation remains a major challenge
significantly limiting the use of iTregs for
therapeutic applications.

Here, we aimed to optimise an iTreg
differentiation method for the robust and
reproducible production of iTregs with phenotypic
and functional stability in vitro. Various
concentrations of rapamycin have been utilised
previously for the induction of human iTregs,
ranging from 0.45 to 100 ng mL�1.26,27,29,33–36 In
addition, the effect of rapamycin concentration
(1, 10 and 100 ng mL�1) on the proportion of cells
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that differentiate into iTregs has been studied;29

however, the effect on iTreg stability remains
unknown. Thus, we investigated which
concentration of rapamycin is optimal for the
generation of stable iTregs, comparing low-dose
rapamycin of 1 ng mL�1, medium-dose rapamycin
of 10 ng mL�1 and high-dose rapamycin of
100 ng mL�1. Various TCR stimulation methods
appear across the literature for the generation of
human iTregs, with no clear consensus.24–28 In
particular, different ratios of a-CD3/CD28 beads
(3:1 and 1:10 bead to cell) have been
utilised.25,27,29 Hence, we explored the impact of
TCR stimulation bead ratio by using 1:1 and 1:10
a-CD3/CD28 beads to represent ‘high’ and ‘low’
ratios of a-CD3/CD28 beads, respectively. We
assessed phenotype and suppressive function of
iTregs generated under various conditions after
initial stimulation and upon re-stimulation
without iTreg-differentiating factors. We further
characterised the functionality of iTregs by
measuring expression of Treg signature molecules
and T helper signature cytokines. In addition,
phenotypic stability and T helper signature
cytokine production of iTregs upon challenge
with Th17-polarising cytokines were evaluated.
Lastly, Treg-specific demethylation region (TSDR)
methylation status of iTregs was analysed.

RESULTS

Phenotype and function of iTregs generated
with varied rapamycin concentration

To investigate the impact of rapamycin
concentration on human iTreg induction, na€ıve
CD4+ T cells and na€ıve nTregs were isolated from
human peripheral blood (Supplementary figure 1).
Na€ıve CD4+ T cells were differentiated into iTregs
over a 7-day stimulation using TGF-b, ATRA, IL-2,
a-CD3/CD28 beads (1:1 bead to cell) and various
concentrations of rapamycin (0, 1, 10 and
100 ng mL�1; these iTregs were termed iTreg-0,
iTreg-1, iTreg-10 and iTreg-100, respectively).
Na€ıve nTregs were stimulated using IL-2 and a-
CD3/CD28 beads (1:1 bead to cell) as a positive
control for Treg phenotype and function (nTreg),
and na€ıve CD4+ T cells were stimulated using IL-2
and a-CD3/CD28 beads (1:1 bead to cell) without
iTreg differentiation components as a mock
stimulation control (Tconv). Following the 7-day
stimulation, all cell types were rested for 7 days in
the presence of IL-2 and were assessed after 3

days and 7 days of rest. After a 3-day rest, cells
were assessed for expression of Treg markers
FOXP3 and CD25. FOXP3 and CD25 expression
levels were measured via flow cytometry and
expressed as a percentage (%FOXP3+CD25+) of the
viable CD4+ population, and as protein expression
levels by MFI (Supplementary figure 2). In each
experiment, CD25 and FOXP3 MFI were
normalised to the highest raw MFI and
represented as nMFI (%). Tconv cells were 77%
FOXP3+CD25+, iTreg-0 cells were 87%
FOXP3+CD25+, nTreg and iTreg-1 cells were 91%
FOXP3+CD25+, and iTreg-10 and iTreg-100 cells
were 95% FOXP3+CD25+. %FOXP3+CD25+ of Tconv
was significantly lower than nTreg, iTreg-1, iTreg-
10 and iTreg-100 (P = 0.0398, 0.0343, 0.0105 and
0.0088). FOXP3 MFI of Tconv was significantly
lower than nTreg, iTreg-10 and iTreg-100
(P = 0.0121, 0.0017 and 0.0011) while FOXP3 MFI
of iTreg-0 was significantly lower compared with
iTreg-10 and iTreg-100 (P = 0.0080 and 0.0049).
CD25 MFI of iTreg-10 and iTreg-100 were
significantly higher than other cell types
(Figure 1a; raw MFI for CD25 and FOXP3 shown in
Supplementary figure 3; nTreg: P = 0.0228 and
0.0180, Tconv: P = 0.0017 and 0.0013, iTreg-0:
P = 0.0217 and 0.0172, and iTreg-1: P = 0.0330
and 0.0260). Generated iTregs were then assessed
for their suppressive function. Cell Trace Violet
(CTV) was used to track cell proliferation of
responder cells (na€ıve CD4+ T cells) in the presence
of a-CD3/CD28 beads (1:5 bead to cell) and
different ratios of Tregs (1:1 to 1:8 Treg to
Tresponder). Based on the positive proliferation
control (CTV-stained and stimulated with no
Tregs), suppression was calculated (Supplementary
figure 4). Suppressive activities of iTreg generated
in the presence of rapamycin showed no
significant differences compared with nTreg,
while Tconv and iTreg-0 displayed significantly
lower suppressive activities than nTreg, iTreg-1,
iTreg-10 and iTreg-100 at most Treg:Tresponder
ratios (1:1 – Tconv: P = 0.0409, 0.0250, 0.0233 and
0.0250, 1:2 – Tconv: P < 0.0001 for all and iTreg-0:
P = 0.0688, 0.0331, 0.0226 and 0.0250, 1:4 – Tconv:
P < 0.0001 for all and iTreg-0: P = 0.0020,
P < 0.0001, 0.0001 and 0.0001, 1:8 – Tconv:
P < 0.0001 for all and iTreg-0: P = 0.0038,
P < 0.0001, 0.0001 and 0.0001). Additionally,
suppressive activities of Tconv were significantly
lower than iTreg-0 (Figure 1b; 1:2 – P = 0.0387
and 1:4 – P = 0.0336). After a 7-day rest, FOXP3
and CD25 expression were assessed again. nTreg,
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iTreg-0, iTreg-1, iTreg-10 and iTreg-100 retained
their %FOXP3+CD25+ at 87%, 78%, 86%, 91% and
92%, respectively. % FOXP3+CD25+ of Tconv was
significantly lower than nTreg, iTreg-0, iTreg-1,
iTreg-10 and iTreg-100 at 45% (P < 0.0001,
P = 0.0004, P < 0.0001, 0.0001 and 0.0001,
respectively). While no significant differences in
FOXP3 MFI between Tconv and other cell types
were observed, CD25 MFI of Tconv was
significantly lower than nTreg, iTreg-0, iTreg-1,
iTreg-10 and iTreg-100 (P = 0.0116, 0.0254, 0.0006,
P < 0.0001 and 0.0001). CD25 MFI of iTreg-10 and
iTreg-100 remained significantly higher than
nTreg and iTreg-0 (Figure 1c; raw MFI for CD25
and FOXP3 shown in Supplementary figure 5;
iTreg-10: P = 0.0096 and 0.0045 and iTreg-100:
P = 0.0022 and 0.0011). Furthermore, cell growth
rates at the end of the stimulation cycle were
assessed, which showed iTreg-10 and iTreg-100
with significantly lower cell growth rate
compared with nTreg, Tconv and iTreg-0
(Supplementary figure 6; iTreg-10: P = 0.0135,
0.0578, 0.0267 and iTreg-100: P = 0.0064, 0.0267,
0.0021).

Reductions in FOXP3 expression and suppressive
activities have been observed in human iTregs
upon re-stimulation without iTreg differentiation
components,25,26 which could occur in vivo
resulting in generation of non-functional ex-
Tregs. Thus, the impact of rapamycin
concentration on human iTreg stability upon
in vitro re-stimulation was evaluated. Following a
7-day stimulation and 3-day rest, cells were re-
stimulated using IL-2 and a-CD3/CD28 beads (1:1
bead to cell) without the iTreg differentiation
factors for 7 days, then extensively washed and
rested for 3 days in the presence of IL-2. After re-
stimulation, FOXP3 and CD25 expression and
suppressive function of cells were assessed. nTreg,
iTreg-1, iTreg-10 and iTreg-100 retained their %
FOXP3+CD25+ at 89%, 81%, 89% and 90%. %
FOXP3+CD25+ of Tconv was significantly lower
than nTreg, iTreg-0, iTreg-1, iTreg-10 and iTreg-
100 at 38% (P < 0.0001, P = 0.0007, P < 0.0001,
0.0001 and 0.0001). iTreg-0 exhibited significantly
lower %FOXP3+CD25+ than nTreg, iTreg-1 and
iTreg-10 and iTreg-100 at 66% (P = 0.0032, 0.0127,
0.0038 and 0.0028). FOXP3 MFI of Tconv and
iTreg-0 were significantly lower than nTreg
(P = 0.0349 and 0.0496). Tconv showed
significantly lower CD25 MFI compared with
nTreg, iTreg-1, iTreg-10 and iTreg-100 (P = 0.0002,
0.0011, 0.0003 and 0.0002), and iTreg-0 displayed

significantly lower CD25 MFI than nTreg, iTreg-10
and iTreg-100 (Figure 2a; raw MFI for CD25 and
FOXP3 shown in Supplementary figure 7;
P = 0.0053, 0.0085 and 0.0051). Furthermore,
iTreg-1, iTreg-10 and iTreg-100 retained their
suppressive function with no significant
differences compared with nTreg. Tconv and
iTreg-0 exhibited significantly lower suppressive
activities than nTreg, iTreg-1, iTreg-10 and iTreg-
100 (Figure 2b; 1:1 – Tconv: P = 0.0001, 0.0001,
P < 0.0001 and 0.0001, and iTreg-0: P = 0.0134,
0.0125, 0.0036 and 0.0055, 1:2 – Tconv: P < 0.0001,
P = 0.0006, 0.0001 and 0.0003, iTreg-0: P = 0.0012,
0.0375, 0.0098 and 0.0202, 1:4 – Tconv: P < 0.0001,
P < 0.0099, 0.0046 and 0.0037, iTreg-0: P = 0.0019,
0.1149, 0.0630 and 0.0525 and 1:8 – Tconv:
P = 0.0356, 0.1588, 0.0427 and 0.0315). Notably,
assessment of cell growth rates upon re-
stimulation revealed significantly higher fold
expansion in iTreg-10 and iTreg-100 than in
nTreg, Tconv and iTreg-0 (iTreg-10: P = 0.0303,
0.0005 and 0.0010, and iTreg-100: P = 0.0042,
0.0001 and 0.0002). Moreover, cell growth rate of
iTreg-1 was significantly higher than Tconv and
iTreg-0 (Supplementary figure 8; P = 0.0051 and
0.0114).

Phenotype and function of iTregs generated
with differing ratios of a-CD3/CD28 beads

To investigate the impact of TCR stimulation bead
ratios on human iTreg induction, iTregs were
generated from na€ıve CD4+ T cells using TGF-b,
ATRA, 100 ng mL-1 rapamycin, IL-2 and differing
ratios of a-CD3/CD28 beads (1:1 and 1:10 bead to
cell; termed iTreg-100 as previous and iTreg-1:10).
As above, stimulated na€ıve nTreg and na€ıve CD4+

T cells were used as controls (nTreg and Tconv),
and cells were stimulated and rested for 7 days
each. After 3 days of rest, cells were assessed for
their FOXP3 and CD25 expression and suppressive
function. iTreg-1:10 showed significantly lower %
FOXP3+CD25+ than nTreg (91%), Tconv (85%) and
iTreg-100 (95%) at 54% (P = 0.0015, 0.0036 and
0.0009). This was accompanied with a significant
difference in FOXP3 MFI between iTreg-1:10 and
nTreg (P = 0.0452). Additionally, Tconv showed
significantly lower FOXP3 MFI than nTreg
(P = 0.0422). CD25 MFI of iTreg-100 was
significantly higher than nTreg, Tconv and iTreg-
1:10 (Figure 3a; raw MFI for CD25 and FOXP3
shown in Supplementary figure 9; P = 0.0002,
0.0003 and P < 0.0001). The suppressive activities
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Figure 1. The impact of rapamycin concentrations on iTreg differentiation. Na€ıve nTregs were stimulated with a 1:1 a-CD3/CD28 beads and IL-2

(nTreg). Na€ıve CD4+ T cells were mock-stimulated with a 1:1 a-CD3/CD28 beads and IL-2 (Tconv). iTregs were differentiated from na€ıve CD4+ T

cells using a 1:1 a-CD3/CD28 beads, IL-2 TGF-b, ATRA and various concentrations of rapamycin (0, 1, 10 and 100 ng mL�1; iTreg-0, iTreg-1,

iTreg-10 and iTreg-100). Following a 7-day stimulation, cells were rested up to 7 days with IL-2. After 3 days of rest, (a) expression of FOXP3

and CD25 (b) suppressive activities were evaluated. After 7 days of rest, (c) expression of FOXP3 and CD25 was evaluated. MFI of FOXP3 and

CD25 were normalised to highest raw MFI value in each experiment and represented as nMFI (%). Raw MFI for (a and c) Supplementary

figures 3 and 5, respectively. For (b), grey-shaded histogram represents positive control (no Treg control). Data are represented as mean � sem,

N = 3 in three independent experiments. For each donor (N), technical triplicates were utilised, and the average of technical replicates was used

for each datapoint. Statistical significance identified by RM one-way (a and c) and RM two-way (b) ANOVA with Dunnett’s multiple comparisons

test: *P < 0.05, **0.01, ***0.001, ****0.0001.
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Figure 2. The impact of rapamycin concentrations on iTreg stability upon re-stimulation. Following a 7-day stimulation and a 3-day rest, cells

were re-stimulated using a 1:1 a-CD3/CD28 beads and IL-2 without iTreg differentiation factors for 7 days then rested with IL-2 for 3 days. After
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of Tconv were significantly lower than nTreg,
iTreg-100 and iTreg-1:10 (Figure 3b; 1:2 –
P = 0.0348, 0.0009 and 0.0493, and 1:4 –
P = 0.0109, 0.0002 and 0.0479, and 1:8 –
P = 0.04151, 0.0316 and 0.6079). After a 7-day
rest, expression of FOXP3 and CD25 were further
assessed. %FOXP3+CD25+ of Tconv and iTreg-1:10
were significantly lower than nTreg (86%) and
iTreg-100 (93%) at 38% and 48%, respectively
(Tconv: P = 0.0027 and 0.0012, and iTreg-1:10:
P = 0.0090 and 0.0037). FOXP3 MFI of iTreg-100
were significantly higher than nTreg and Tconv
(P = 0.0436 and 0.0244). CD25 MFI of iTreg-100
remained significantly higher than nTreg, Tconv
and iTreg-1:10 (P = 0.0174, 0.0002, and 0.0002),
and nTreg exhibited significantly higher CD25 MFI
than Tconv and iTreg-1:10 (Figure 3c; raw MFI for
CD25 and FOXP3 shown in Supplementary
figure 10 P = 0.0039 for both). Additionally,
evaluation of cell growth rates showed that fold
expansion of iTreg-1:10 is significantly lower than
nTreg, Tconv and iTreg-100 (P = 0.0064, 0.0010
and 0.0391). Cell growth rate of iTreg-100 was
significantly lower than in Tconv (Supplementary
figure 11; P = 0.0179).

Following this up, the impact of TCR stimulation
bead ratios on human iTreg stability upon in vitro
re-stimulation was assessed. As above, after initial
stimulation and rest, cells were re-stimulated
using IL-2 and a-CD3/CD28 beads (1:1 bead to cell)
for 7 days, then rested for 3 days in the presence
of IL-2. Upon re-stimulation, FOXP3 and CD25
expression and suppressive activities of cells were
evaluated. Significantly lower %FOXP3+CD25+

were observed in Tconv and iTreg-1:10 than in
nTreg (91%) and iTreg-100 (91%) at 52% and
63%, respectively (Tconv: P = 0.0042 and 0.0039,
and iTreg-1:10: P = 0.0185 and 0.0168). While
Tconv showed significantly lower FOXP3 MFI than
nTreg and iTreg-100 (P = 0.0078 and 0.0244),
iTreg-1:10 displayed no significant differences in
FOXP3 MFI compared with nTreg and iTreg-100.
CD25 MFI showed similar trends to %
FOXP3+CD25+, with Tconv and iTreg-1:10
exhibiting significantly lower CD25 MFI than
nTreg and iTreg-100 (Figure 4a; raw MFI for CD25
and FOXP3 shown in Supplementary figure 12;
Tconv: P = 0.0011 and 0.0003, and iTreg-1:10:
P = 0.0016 and 0.0004). Moreover, no significant
differences were shown with suppressive activities
of nTreg, iTreg-100 and iTreg-1:10, while Tconv
displayed significantly lower suppressive activities
compared with nTreg, iTreg-100 and iTreg-1:10

(Figure 4b, 1:1 – P = 0.0582, 0.0062 and 0.0167,
1:2 – P = 0.0009, 0.0002 and 0.0009, and 1:4 –
P = 0.0010, 0.0030 and 0.0206). In addition, cell
growth rates upon re-stimulation were measured.
Tconv exhibited significantly lower fold expansion
compared with iTreg-100 and iTreg-1:10
(P = 0.0179 and 0.0117), and cell growth rate of
nTreg was significantly lower than iTreg-1:10
(Supplementary figure 13; P = 0.494).

Functional characterisation of iTregs
generated with varied concentrations of
rapamycin and differing ratios of
a-CD3/CD28 beads

To provide a broader understanding of iTregs
generated under different conditions, their
functionality was further characterised. After an
initial 7-day stimulation and 3-day rest, expression
levels of Treg signature molecules and CD4+ T cell
effector cytokines were assessed by measuring
CTLA4 and IL2 gene expression and production of
active TGF-b, IL-4, IL-6, IL-10, TNF-a, IFN-c and IL-
17A.37–39 While no significant differences were
observed in CTLA4 expression amongst cell types
(Figure 5a), Tconv exhibited significantly higher
IL2 expression compared with nTreg, iTreg-1,
iTreg-10, iTreg-100 and iTreg-1:10 (Figure 5b;
P = 0.0415, 0.0423, 0.0423, 0.0430 and 0.0445). No
significant differences were shown in production
of active TGF-b (Figure 5c), IL-4, IL-6 and IL-17A.
Furthermore, IL-10 production in nTreg was
significantly higher than Tconv, iTreg-0, iTreg-1,
iTreg-10, iTreg-100 and iTreg-1:10 (P = 0.0401,
0.0489, 0.0493, 0.0400, 0.0391 and 0.0387). Tconv
produced significantly more TNF-a compared with
nTreg, iTreg-0, iTreg-1, iTreg-10, iTreg-100 and
iTreg-1:10 (P < 0.0001, P = 0.0130, 0.0012, 0.0002,
0.0002 and 0.0192), and iTreg-0 and iTreg-1:10
produced significantly more TNF-a compared with
nTreg (P = 0.0102 and 0.0070). Lastly, IFN-c
production in Tconv was significantly greater than
nTreg, iTreg-0, iTreg-1, iTreg-10, iTreg-100 and
iTreg-1:10 (Figure 5d; P = 0.0017, 0.0056, 0.0021,
0.0017, 0.0017 and 0.0016).

Th17-polarising challenge of iTregs
generated with varied concentrations of
rapamycin and differing ratios of TCR
stimulation bead

It has previously been shown that iTregs can convert
to pathogenic Th17 cells in a pro-inflammatory
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Figure 3. The impact of a-CD3/C28 bead ratios on iTreg differentiation. Na€ıve nTregs were stimulated with a 1:1 a-CD3/CD28 beads and IL-2

(nTreg). Na€ıve CD4+ T cells were mock-stimulated with a 1:1 a-CD3/CD28 beads and IL-2 (Tconv). iTregs were differentiated from na€ıve CD4+ T

cells using IL-2 TGF-b, ATRA and 100 ng mL�1 rapamycin and various ratios of a-CD3/CD28 beads (1:1 and 1:10 bead to cell; iTreg-100 as

before and iTreg-1:10). Following a 7-day stimulation, cells were rested up to 7 days with IL-2. After 3 days of rest, (a) expression of FOXP3 and

CD25 (b) suppressive activities were evaluated. After 7 days of rest, (c) expression of FOXP3 and CD25 was evaluated. MFI of FOXP3 and CD25

were normalised to highest raw MFI value in each experiment and represented as nMFI (%). Raw MFI for (a and c) is shown in Supplementary

figures 9 and 10, respectively. For (b), grey-shaded histogram represents positive control (no Treg control). Data are represented as mean � sem,

N = 3 in three independent experiments. For each donor (N), technical triplicates were utilised, and the average of technical replicates was used

for each datapoint. Statistical significance identified by RM one-way (a and c) and RM two-way (b) ANOVA with Dunnett’s multiple comparisons

test: *P < 0.05, **0.01, ***0.001, ****0.0001.
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environment,40,41 and that challenging iTregs with
Th17-polarising cytokines can compromise their
FOXP3 expression and protective abilities in vivo.28

Therefore, the stability of iTregs upon Th17-
polarising challenge was investigated by culturing

them for 3 days with Th17-polarising cytokines IL-
1b, IL-6, IL-21 and IL-23,42,43 a-CD3/CD28 beads (1:10
bead to cell) and low-dose IL-2, after initial 7-day
stimulation and 3-day rest. Low-dose IL-2 was
utilised to maintain cell viability with minimal
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Figure 4. The impact of a-CD3/C28 bead ratios on iTreg stability upon re-stimulation. Following a 7-day stimulation and a 3-day rest, cells were

re-stimulated using a 1:1 a-CD3/CD28 beads and IL-2 without iTreg differentiation factors for 7 days then rested with IL-2 for 3 days. After

3 days of rest, (a) expression of FOXP3 and CD25 (b) suppressive activities were evaluated. MFI of FOXP3 and CD25 were normalised to highest

raw MFI value in each experiment and represented as nMFI (%). Raw MFI for (a) is shown in Supplementary figure 12. For (b), grey-shaded

histogram represents positive control (no Treg control). Data are represented as mean � sem, N = 3 in three independent experiments. For each

donor (N), technical triplicates were utilised, and the average of technical replicates was used for each datapoint. Statistical significance identified

by RM one-way (a) and RM two-way (b) ANOVA with Dunnett’s multiple comparisons test: *P < 0.05, **0.01, ***0.001, ****0.0001.
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stabilisation of FOXP3 expression and inhibition
of Th17 polarisation during the challenge.44,45

After the challenge, FOXP3 and CD25 expression,
production of CD4+ T cell cytokines and gene
expression of Th17 master regulator, RORC,46

were assessed. While no significant differences

were observed in %FOXP3+CD25+ and FOXP3 MFI
for all cell types after the challenge, challenged
nTreg, Tconv, iTreg-0, iTreg-1, iTreg-10, iTreg-100
and iTreg-1:10 displayed significant increases in
their CD25 MFI compared with ‘unchallenged’
cells (Figure 6a; raw MFI for CD25 and FOXP3

Figure 5. The impact of rapamycin concentrations and a-CD3/C28 bead ratios on iTreg functionality. Following a 7-day stimulation and a 3-day

rest, cells were stimulated using a 1:10 a-CD3/CD28 beads and low-dose IL-2. After 3 days of stimulation, (a) CLTA4 gene expression, (b) IL2

gene expression, production of (c) active TGF-b, (d) IL-4, IL-6, IL-10, TNF-a, IFN-c and IL-17A were measured. For (c and d), the cells were

stimulated with PMA and ionomycin for 6 hours prior to collection of cell supernatants. Cell-free medium was used as a control to measure

background cytokine levels in the medium which was supplemented with heat-inactivated human serum. Background cytokine levels in the

medium were negligible (below the lowest standards). Data are represented as mean � sem, N = 3 in three independent experiments (a and b)

or in one independent experiment (c and d). For each donor (N), technical triplicates (a and b) or technical duplicates (c and d) were utilised,

and the average of technical replicates was used for each datapoint. Statistical significance identified by RM one-way Dunnett’s multiple

comparisons test: *P < 0.05, **0.01, ***0.001, ****0.0001.
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shown in Supplementary figure 14; P = 0.0439,
0.0239, 0.0318, 0.0040, 0.0370, 0.0228 and
0.0097). All cell types exhibited no significant
differences in production of IL-17A (Figure 6b).
Additionally, no significant differences were
shown with IL-2, IL-4, IL-6, IL-10 TNF-a and IFN-c
after the challenge (Supplementary figure 15).
Notably, both unchallenged and challenged cells
lacked RORC expression (Supplementary
figure 16).

TSDR methylation status of iTreg generated
with varied concentrations of rapamycin
and differing ratios of a-CD3/CD28 beads

The demethylation status of Treg-specific
demethylation region (TSDR) is an important
indicator of stability of FOXP3 expression.47,48

Methylation levels of 11 CpG motifs in the TSDR
were measured via targeted bisulphite
pyrosequencing. DNA was collected after an initial
7-day stimulation and 3-day rest. TSDR methylation
levels of Tconv, iTreg-0, iTreg-1, iTreg-10, iTreg-100
and iTreg-1:10 were above 90% in average with
each CpG motifs showing various levels of
methylation between 78% and 100%, while nTreg
showed TSDR methylation level of 45% in average
with each CpG motifs showing various levels of
methylation between 40% and 67% (Figure 7).

DISCUSSION

In this study, we optimised an iTreg differentiation
method utilising TGF-b, ATRA, rapamycin, IL-2 and
a-CD3/CD28 beads to differentiate and expand
human iTregs from na€ıve CD4+ T cells, which are 7-
and 20-fold more frequent in human peripheral
blood compared with nTregs and na€ıve nTregs.
(Supplementary figure 17). These molecules have
previously been shown to induce or enhance iTreg
generation. TGF-b secreted by CD103+ intestinal
dendritic cells (DCs) plays an essential role in the
generation of pTregs in the gut by inducing
binding of the transcription factors Smad2 and
Smad3 to conserved non-coding DNA sequence 1
(CNS1) region of FOXP3 locus,14,15 which is
crucial for FOXP3 induction in pTregs but not in
nTregs.49 Additionally, ATRA secreted by CD103+

intestinal DCs reinforces binding of Smad3 to CNS1
region through histone acetylation of Smad3-
binding region, preventing potential Th17
polarisation.14,15,50 Furthermore, the mTOR
(mammalian target of rapamycin)-targeting drug,

rapamycin, has been shown to induce FOXP3
expression, promote expansion and stabilise FOXP3
expression via inhibition of mTORC1 complex.51,52

Rapamycin also enhances purity of generated
iTregs by selectively inhibiting the activation of
conventional T cells,8 as Tregs utilise an IL-2R-
dependent STAT5 pathway for activation while
conventional T cells require the mTOR pathway for
activation.53,54 Lastly, IL-2 promotes FOXP3
expression and Treg expansion, and inhibits Th17
polarisation.15,55 The combination of TGF-b, ATRA,
rapamycin and IL-2 has previously been used to
successfully generate iTregs with superior in vitro
suppressive activities.26,27 However, these iTregs
lost FOXP3 expression upon re-stimulation and
were then not able to prevent the onset of
xenogeneic graft-versus-host disease in a
humanised mouse model.26

We demonstrated that any concentration of
rapamycin in conjunction with 1:1 beads robustly
generate highly suppressive iTregs that are
phenotypically and functionally stable upon
in vitro re-stimulation, without compromising cell
viability (Supplementary figure 18). While all
three concentrations of rapamycin-induced high
expression of FOXP3 and CD25, medium- and
high-dose rapamycin resulted in elevated FOXP3
and CD25 expression after initial stimulation,
compared with low-dose rapamycin. Conversely,
iTregs generated without rapamycin were not as
suppressive as nTregs or rapamycin-induced iTregs
despite having comparable FOXP3 and CD25
expression to nTregs. These iTregs lost FOXP3 and
CD25 expression upon re-stimulation. This
demonstrated the importance of rapamycin for
suppressor function and stability upon in vitro re-
stimulation. Interestingly, with 1:10 beads, FOXP3
and CD25 expression of rapamycin-induced iTregs
were not comparable to nTregs and yet were
highly suppressive after initial stimulation and
upon re-stimulation. This was in line with a
previously published protocol utilising the
combination of TGF-b, ATRA, high-dose rapamycin
and 1:10 beads, even though the authors re-
sorted CD25+FOXP3+ iTregs prior to their
functional analysis.27 Moreover, with 1:10 beads,
extremely limited cell growth was observed,
which together indicated cells have limited
accessibility to beads when 1:10 beads are utilised.
iTregs generated with 1:10 beads showed
stabilisation of FOXP3 expression similar to nTregs
after a 7-day rest and upon re-stimulation, while
their CD25 expression remained low compared
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Figure 6. The impact of rapamycin concentrations and a-CD3/C28 bead ratios on iTreg stability upon challenge with Th17-polarising cytokines.

Following a 7-day stimulation and a 3-day rest, cells were challenged using a 1:10 a-CD3/CD28 beads, low-dose IL-2, IL-1b, IL-6, IL-21 and IL-23

for 3 days. Unchallenged controls were stimulated using a 1:10 a-CD3/CD28 beads and low-dose IL-2 for 3 days. After 3 days of challenge, (a)

expression of FOXP3 and CD25 and (b) production of IL-17A were assessed. MFI of FOXP3 and CD25 were normalised to highest raw MFI value

in each experiment and represented as nMFI (%). Raw MFI for (a) is shown in Supplementary figure 14. For (b), the cells were stimulated with

PMA and ionomycin for 6 hours prior to collection of cell supernatants. Cell-free medium was used as a control to measure background cytokine

levels in the medium which was supplemented with heat inactivated human serum. Background cytokine levels in the medium were negligible

(below the lowest standards). Data are represented as mean � sem, N = 3 in three independent experiments (a) or in one independent

experiment (b). For each donor (N), technical triplicates (a) or technical duplicates (b) were utilised, and the average of technical replicates was

used for each datapoint. Statistical significance identified by a paired t-test: *P < 0.05, **0.01, ***0.001, ****0.0001.
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with nTregs and rapamycin-induced iTregs with
1:1 beads. Together, these suggested that using a
high ratio of a-CD3/CD28 beads is beneficial for
generation of iTregs. In addition, while we
compared different ratios of a-CD3/CD28 beads,
direct comparison to other forms of TCR
stimulation, such as plate-bound a-CD3 and
soluble a-CD28,24,26 would provide valuable
insights, as different forms would present the cells
with varying TCR stimulation intensity and
density. Indeed, the importance of TCR signal
intensity on iTreg generation has been extensively
investigated. While some have demonstrated that
sub-optimal TCR stimulation, which results in low
AKT activation, favors FOXP3 induction and iTreg
generation,56–58 it has also been shown that low
doses of strong TCR stimulation induce stable and
persistent iTregs.59 Given this controversy, it has
been proposed that the ‘Goldilocks principle’,
which has been associated with development of
tTregs,60 could apply to iTregs, requiring a fine
balance in TCR stimulation with the stimulation
being ‘just right’.61,62 Furthermore, while CD28 co-
stimulation is necessary for the development of
tTreg, it has been shown to promote mTOR
activation and inhibit differentiation of na€ıve T
cells into iTregs.62–64 Thus, it is possible that
rapamycin counteracts activation of AKT/mTOR

pathways driven by a-CD3 and a-CD28 on the
beads,26 ultimately modulating TCR stimulation
intensity to favor iTreg generation, which could
explain why iTregs generated with medium- and
high-dose rapamycin displayed reduced cell
growth.

Notably, with 1:1 a-CD3/CD28 beads, even
mock-stimulated Tconvs highly expressed FOXP3
and CD25, which were only lost upon in vitro re-
stimulation. In contrast, previously published
protocols utilising 1:10 a-CD3/CD28 beads and
plate-bound a-CD3 and soluble a-CD28 showed
moderate expression of FOXP3 in mock-stimulated
Tconvs. Evidently, it has been shown that
stimulation-induced FOXP3 expression in Tconvs is
dependent on the amount of stimulation used. In
particular, almost 100% of Tconvs exhibited
FOXP3 expression similar to nTregs under 1:1 a-
CD3/CD28 beads, while less than 40% of Tconvs
expressed FOXP3 under 1:16 a-CD3/CD28 beads or
plate-bound a-CD3 and soluble a-CD28.65 In
addition, mock-stimulated Tconvs exhibited
moderate suppressive activities, which was in line
with murine Tconvs acquiring potent suppressor
function upon activation.66 Dose-dependent
suppression shown with mock-stimulated Tconvs
was comparable to iTregs generated without
rapamycin at some ratios, which was shown with

Figure 7. The impact of rapamycin concentrations and a-CD3/C28 bead ratios on TSDR methylation status. Following a 7-day stimulation and a

3-day rest, cells were harvested for TSDR methylation assay. TSDR methylation levels are represented as average methylation level of 11 CpG

locations for each donor and average methylation levels of individual CpG locations across the donors (heatmap). Data are represented as

mean � sem or mean, N = 3 in one independent experiment. No technical replicates were utilised. Each datapoint represent different donor.
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a previously published protocol.26 Of note, in this
protocol, mock-stimulated Tconvs and iTregs
generated without rapamycin displayed
substantial differences in their FOXP3 expression,
which suggests that suppressive capacity in these
cells may be unspecific suppression instead of
being induced by FOXP3 expression.26 This
highlights the need for assessment of phenotype
and function upon in vitro re-stimulation for
therapeutic applications of Treg products, given
the used stimulation can induce non-Treg-like and
non-stable FOXP3. Furthermore, mock-stimulated
Tconvs and ‘no rapamycin’ iTregs displayed
limited cell growth upon re-stimulation. This
suggests that perhaps 1:1 a-CD3/CD28 beads over-
stimulated these cells, inducing T-cell
exhaustion,67 while rapamycin-induced iTregs
were able to expand upon re-stimulation,
potentially as a result of rapamycin dampening
TCR-driven exhaustion.26

Tregs have versatile modes of suppression via
expression of various suppressive molecules37 and
also are able to produce T helper effector
cytokines.68 Interestingly, expression levels of
canonical Treg suppressive molecules in cell types
– no differences observed in active TGF-b
production, higher IL-10 production in nTregs,
and differences shown in CD25 expression – did
not correlate with their suppressive activities. Of
note, while no differences were shown in CTLA4
gene expression, CTLA4 functionality is largely
controlled by externalisation of CTLA4 proteins to
the cell surface,69,70 thus this did not indicate
much. In addition, while it has been previously
shown that expression levels of FOXP3 can be
directly correlated with suppressive activity,71,72

FOXP3 expression levels after initial stimulation
were not indicative of their suppressive activities.
Furthermore, rapamycin-induced iTregs with 1:1 a-
CD3/CD28 beads were most comparable to nTregs
in terms of their T helper effector cytokine
production profile. Expectedly, mock-stimulated
Tconvs displayed most discrepancies, showing high
expression of IL2 and producing more pro-
inflammatory cytokines such as TNF-a and IFN-c.
While nTregs and rapamycin-induced iTregs
exhibited repressed IL2 expression in line with
nTregs not being able to produce IL-2 for
autocrine signalling,73 iTregs generated without
rapamycin displayed comparable IL2 expression to
mock-stimulated Tconvs. In addition, TNF-a
production by iTregs generated without
rapamycin and rapamycin-induced iTregs with

1:10 a-CD3/CD28 beads were comparable to mock-
stimulated Tconvs. These reinforced the
importance of rapamycin and high ratio of a-CD3/
CD28 beads for iTreg differentiation. Notably,
while TNF-a production in rapamycin-induced
iTregs with 1:1 a-CD3/CD28 beads was
substantially lower than mock-stimulated Tconvs,
they still produced a considerable amount of
TNF-a. Considering the pro-inflammatory
characteristics of TNF-a,74 this could affect in vivo
functionality of these cells, despite showing no
differences in suppression of responder T-cell
proliferation compared with nTregs in vitro.
Indeed, suppression of cytokine production in
responder T cell is another aspect of Treg-
mediated suppression,75–77 which may be altered
by TNF-a. Overall, in-depth analysis of
transcriptomes and proteomes may be required to
fully understand which factors and genes are
attributing to discrepancies in the suppressor
function and the phenotype of these cells. Indeed,
recent transcriptomic and proteomic profiling of
iTregs generated by multiple differentiation
protocols revealed iTreg-specific molecular
pathways and molecules,78 even though these
protocols were not able to generate stable iTregs.

The tendency of iTregs to switch to a pro-
inflammatory phenotype, such as Th17, in a pro-
inflammatory microenvironment, needed to be
assessed, as conversion of iTregs into pathogenic
pro-inflammatory T cells in vivo is the major
challenge to the use of iTregs for therapeutic
purposes.40,41,79 In addition, Tregs can be
polarised to Th17-like Tregs, which express Th17
signature markers while retaining regulatory
phenotype and function, under pro-inflammatory
conditions.80,81 Given that IL-1b, IL-6, IL-21 and IL-
23 are known promoters of Th17 polarisation,42,43

mock-stimulated Tconvs were expected to display
Th17 phenotypes upon challenge. Unexpectedly,
all cell types including mock-stimulated Tconvs
exhibited no differences in their FOXP3
expression, T helper effector cytokine production
and RORC gene expression upon challenge with
Th17-polarising cytokines, while showing elevated
CD25 expression. In particular, negligible amounts
of IL-17A were produced, and RORC gene
expression was undetectable in all cell types with
and without challenge, possibly as a result of high
expression of FOXP3 in these cells. While, this is in
line with TGF‐β/ATRA‐induced human iTregs
showing increased expression of Treg suppressive
molecules, PD‐1 and GITR, upon treatment with
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IL‐1β and IL‐6,28 it is difficult to confirm iTreg
stability in a pro-inflammatory environment
without a positive control which expresses Th17
markers upon challenge. Thus, a more
physiological environment may be required to
validate iTreg stability under pro-inflammatory
conditions. Indeed, humanised graft-versus-host
disease (GVHD), skin transplantation and islet
transplantation models which present in vivo
reactivation and pro-inflammatory milieu have
been utilised to assess Tregs.26,28,29,32,82,83 In
conjunction, the safety and effectiveness of iTregs
can be corroborated through these humanised
models as well, to ensure clinical relevance of this
iTreg differentiation protocol.

Currently, demethylation of Treg-specific
demethylation region (TSDR), the CpG-rich CNS2
region of FOXP3 locus, is thought to be the
hallmark of stable FOXP3 expression, thus stable
Treg phenotype.14,84,85 In humans, it has been
shown that nTregs exhibit full demethylation of
TSDR, while Tconvs present fully methylated
TSDR.48 Even though rapamycin-induced iTregs
with 1:1 a-CD3/CD28 beads demonstrated
phenotypic and functional stability upon in vitro
re-stimulation, demethylation of TSDR in these cells
was not observed. Mock-stimulated Tconvs, ‘no
rapamycin’ iTregs and rapamycin-induced iTregs
with 1:10 a-CD3/CD28 beads also showed no
demethylation of TSDR. Thus, this iTreg
differentiation protocol could be modified to
induce TSDR demethylation. Indeed, hypoxia and
vitamin C were shown to enhance expression and
activity of TET (ten eleven translocation) enzymes
and facilitate demethylation of the TSDR in mice
and human.86–89 Interestingly, nTregs analysed for
methylation status only displayed partial
demethylation. As a result of the anonymity of
donated buffy coats, we were not able to confirm
the gender of the donors, which is crucial for
evaluation of TSDR data, as FOXP3 is located on the
X chromosome resulting in partial demethylation
of TSDR in female caused by X chromosome
inactivation.90,91 Indeed, given the low inter-donor
variation in TSDR demethylation rates of nTregs
and similarity of these rates to published data,90 it
is possible that all donors were females.

In summary, we demonstrated the importance
of rapamycin and high ratio of a-CD3/CD28 beads
for iTreg differentiation and stability. The
combination of TGF-b, ATRA, any concentration of
rapamycin, IL-2 and 1:1 a-CD3/CD28 beads
generated iTregs which are superior to iTregs

generated without rapamycin and iTregs
generated with 1:10 a-CD3/CD28 beads. Notably,
medium-dose and high-dose rapamycin-induced
superior expression of CD25 compared with low-
dose rapamycin, without differences in stability
and function. These iTregs were highly
suppressive, and stable upon in vitro re-
stimulation. Expression of Treg signature
molecules and T helper effector cytokines in these
iTregs was largely comparable to nTregs.
Furthermore, these iTregs were stable in the
presence of Th17-polarising cytokines with no
differences in FOXP3 expression, T helper effector
cytokine production and RORC expression;
however, further validation in humanised mice
models will be required as these results were also
observed in mock-stimulated Tconvs. Despite their
stability upon in vitro re-stimulation,
demethylation of TSDR was not shown for these
iTregs. While TSDR demethylation has been
thought to be a surrogate for Treg stability, there
might be further factors involved in stabilisation
of Treg phenotype. Indeed, it has been shown that
demethylation of other Treg signature genes such
as TNFRSF18, CTLA-4, IKZF4 and IL2RA, dubbed as
Treg-specific demethylation patterns (‘TSDP’), is
crucial for Treg development and stable FOXP3
expression, as well as TSDR demethylation.92

METHODS

Cell isolation and stimulation

Human buffy coat (Australian Red Cross) was treated with a
RossetteSep Human CD4+ T-cell enrichment cocktail
(STEMCELL Technologies, Vancouver, Canada) for 20 min on
a platform mixer at 80 rpm. Treated buffy coat was diluted
with PBS (+2% foetal calf serum (FCS), Bovogen, Keilor East,
Victoria, Australia) prior to isolation of CD4+ T cells by
density-gradient centrifugation over Lymphoprep
(STEMCELL Technologies). Enriched CD4+ T cells were
surface-stained for CD4-APC-H7 (SK3), CD25-PE-Cy7 (M-
A251), CD127-FITC (HIL-7R-M21) and CD45RA-PE (HI100; all
BD Biosciences, San Jose, CA, USA). CD4+ CD25+ CD127-

CD45RA+ T cells (na€ıve natural regulatory T cells or na€ıve
nTregs) and CD4+ CD25- CD45RA+ T cells (na€ıve CD4+ T cells)
were sorted by fluorescence-activated cell sorting (FACS; BD
FACSAria Fusion, BD Biosciences). Sorted na€ıve nTregs and
na€ıve CD4+ T cells were rested overnight in a complete X-
vivo medium at 1 9 106 cells mL�1 (X-vivo: serum-free with
gentamycin and phenol red, Lonza, Basel, Switzerland).
Complete X-vivo medium (cX-vivo) was always
supplemented with 2% HEPES (Gibco, Carlsbad, CA, USA),
1% L-glutamine (Hyclone, Logan, UT, USA) and 5% human
serum (Heat inactivated; Sigma-Aldrich, St. Louis, MO, USA).
500 U mL�1 of IL-2 (Novartis Vaccines and Diagnostics,
Cambridge, MA, USA) was added to complete X-vivo
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medium unless otherwise stated. After overnight resting,
nTregs were stimulated with 500 U mL�1 of IL-2 and a 1:1
ratio of Human T-expander CD3/CD28 DynabeadsTM (Gibco)
in cX-Vivo at 1 9 106 cells mL�1 (nTreg). Na€ıve CD4+ T cells
were stimulated with 500 U mL�1 of IL-2 and a 1:1 ratio of
expander beads in cX-Vivo containing (1) no other factors
(mock stimulation; Tconv) or (2) 5 ng mL�1 of human TGF-b
(eBioscience, San Diego, CA, USA), 10 nM of all-trans
retinoic acid (ATRA; Sigma-Aldrich), and varying
concentrations of rapamycin (0, 1, 10 and 100 ng mL�1;
iTreg-0, iTreg-1, iTreg-10 and iTreg-100, respectively; LC
Laboratories, Woburn, MA, USA) at 1 9 106 cells mL�1.
Na€ıve CD4+ T cells were also stimulated with 500 U mL�1 of
IL-2 and a 1:10 ratio of expander beads in cX-Vivo
containing 5 ng mL�1 of human TGF-b, 10 nM of ATRA and
100 ng mL�1 of rapamycin (iTreg-1:10). Stimulation was
carried out for 7 days. Media was replenished on day 3 and
5 to keep the cell density at 1 9 106 cells mL�1. On day 7 of
stimulation, cells were washed three times with PBS (+2%
FCS). After washing, expander beads were magnetically
removed. Cells were re-suspended in cX-Vivo with 500 U
mL�1 of IL-2 at 2 9 106 cells mL�1 and rested up to 7 days.
On day 3 of rest, cells were used for flow cytometric
analysis, in vitro suppression assay and TSDR methylation
assay. On day 7 of rest, cells were used for flow cytometric
analysis. Cell cultures were carried out using flat bottom
well plates (6, 12, 24 and 48 wells depending on total cell
numbers) and culture flasks (T25, T75 and T175 depending
on total cell numbers). Within an experiment, culturing
formats were usually equivalent.

iTreg stability evaluation

For evaluation of iTreg stability, cells were (1) re-stimulated
without iTreg differentiation components and (2)
challenged with Th17-polarising cytokines. For (1), cells
were re-stimulated using 500 U mL�1 of IL-2 and a 1:1
expander beads without addition of TGF-b, ATRA and
rapamycin, for 7 days at 1 9 106 cells mL�1 then rested
with 500 U mL�1 of IL-2 for 3 days at 2 9 106 cells mL�1,
after an initial 7-day stimulation and 3-day rest. On day 3
of rest, cells were used for flow cytometric analysis and
in vitro suppression assay. For (2), cells were challenged for
3 days with Th17-polarising cytokines, IL-1b, IL-6, IL-21 and
IL-23 (10 ng mL�1 for all, Biolegend, San Diego, CA, USA),
in the presence of 25 U mL�1 of IL-2 and a 1:10 expander
beads at 1 9 106 cells mL-1, after an initial 7-day
stimulation and 3-day rest. Cells were stimulated with 25 U
mL�1 of IL-2 and a 1:10 expander beads at 1 9 106 cells
mL�1 as unchallenged controls. On day 3 of challenge, cells
were washed three times with PBS (+2% FCS). After
washing, expander beads were magnetically removed. Cells
were used for flow cytometric analysis, cytokine production
assays and reverse transcription quantitative polymerase
chain reaction.

Flow cytometric analysis for CD25, FOXP3
and viability

1 9 105 cells were stained for viability (Fixable Viability
Stain 780, FVS780; BD Biosciences) and CD4-FITC (OKT4, BD

Biosciences) and CD25-BV421 (M-A251, BD Biosciences).
Cells were fixed and permeabilised (Foxp3/Transcription
factor staining buffer set, eBioscience) then intracellularly
stained for FOXP3-BB700 (236A/E7, BD Biosciences).
Compensation controls were utilised and freshly isolated
na€ıve CD4+ T cells were used for as a control. All samples
were analysed on a BD FACS Canto II flow cytometer (BD
Biosciences), and the data analysed with FCS Express 6 (De
Novo Software, Pasadena, CA, USA).

In vitro suppression assay

Human peripheral blood mononuclear cells (PBMCs) cells
were isolated from a fresh buffy coat by density-gradient
centrifugation as described above. Na€ıve CD4+ T cells were
isolated using EasySepTM Human Na€ıve CD4 + T Cell Isolation
kit (STEMCELL Technologies). Isolated na€ıve CD4+ T cells
were allogeneic to the Tregs. Na€ıve CD4+ T cells were
labelled with Cell Trace Violet (CTV; Thermo Fisher
Scientific, Waltham, MA, USA) as per manufacture’s
protocol. 96-well round bottom plates were seeded with
CTV-labelled na€ıve CD4+ T cells (5 9 104 cells per well;
‘Tresponder’), and Tregs were added to the wells at various
ratios of Treg:Tresponder (1:1, 1:2, 1:4 and 1:8). Human T-
expander CD3/CD28 DynabeadsTM (bead:Tresponder ratio of
1:5) was added to each well. CTV-labelled na€ıve CD4+ T cells
with and without beads were used as positive and negative
controls, respectively. Na€ıve CD4+ T cells without CTV
labelling were used as unstained control. Cell density
control was prepared by mixing positive and negative
controls at 1:1 ratio. The plate was incubated at 37 ˚C in
5% CO2 for 5 days. IL-2 free cX-vivo medium was used for
suppression assay. After a 5-day incubation, cells were
stained with FVS780 then analysed by flow cytometry (FACS
Canto II). Percentage proliferation was measured by CTV
dilutions. Percentage suppression was calculated as follows:
100 9 [1 � (percentage proliferation in the experiment
sample divided by percentage proliferation in the positive
control)].

Cytokine production assays

Cells were washed three times then re-suspended in cX-vivo
supplemented with cell stimulation cocktail (2 µL mL�1 final
concentration; PMA and ionomycin; eBioscience). Cells were
incubated at 37 ˚C in 5% CO2 for 6 h. After 6-h incubation,
cells were spun down and supernatants were collected.
Supernatants were stored at � 80 ˚C until assays. Cytokine
production was analysed using Human Th1/Th2/Th17
cytometric bead array (CBA) kit (BD Biosciences) and
LEGENDplexTM Human Free Active/Total TGF-b1 Assay kit
(Biolegend, San Diego, California, USA), as per
manufacture’s protocols. Cell-free cX-vivo medium was used
as a control to measure background cytokine levels as a
result of human serum used to supplement the medium.
Samples were analysed by flow cytometry (FACS Canto II),
and the data were analysed by FCAP Array software (BD
Biosciences) and LEGENDplexTM Data Analysis software
(Biolegend). Human Th1/Th2/Th17 CBA kit measured IL-2;
however, these data were excluded as a result of carry-over
from recombinant IL-2 added to the medium.
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Reverse transcription quantitative
polymerase chain reaction

5 9 105 cells were pelleted, and supernatants removed. Cell
pellets were lysed, and RNA was isolated using
RNAqueousTM Total RNA Isolation Kit (Ambion, Austin, TX,
USA) as per manufacture’s protocol. Purified RNA was
converted to cDNA using iScript Reverse Transcription
Supermix (Bio-Rad, Hercules, CA, USA) as per manufacture’s
protocol. cDNA was then used for measurement of gene
expression via quantitative polymerase chain reaction on a
CFX Connect Real-Time PCR Detection System (Bio-Rad)
using TaqManTM Gene Expression Master Mix (Applied
Biosystems, Foster City, CA, USA) and TaqMan primers for
RORC (Hs01076112_m1), CTLA4 (Hs00175480_m1), IL2
(Hs00174114_m1) and RPL13A (Hs04194366_g1;
Housekeeping gene; Applied Biosystems for all), as per
manufacture’s protocol.

TSDR methylation assay

1 9 106 cells were spun down, and all supernatants were
discarded, leaving cell pellets. Cell pellets were stored
at � 80 ˚C until assay. Assay was conducted by EpigenDx
(Hopkinton, MA, USA) using the assay ADS783-FS1 and
ADS783-FS2 (Ensembl Transcript ID: ENST00000376207)
which assessed the methylation status of 11 CpG sites in the
TSDR region of FOXP3 CNS2 by targeted bisulphite
pyrosequencing of genomic DNA isolated from the cell
pellets. This region covered CpG sites �2376 (CpG#44),
�2371 (CpG#43), �2330 (CpG#42), �2322 (CpG#41), �2312
(CpG#40), �2309 (CpG#39), �2303 (CpG#38), �2299
(CpG#37), �2291 (CpG#36), �2282 (CpG#35) and �2263
(CpG#34) relative to the FOXP3 ATG start codon. Internal
low (3.2%), medium (63.3%) and high (91.7%) methylation
controls were utilised.

Statistics

Statistical significance (P < 0.05) was analysed using the
GraphPad Prism 8 (San Diego, CA, USA). RM one-way
ANOVA with Dunnett’s multiple comparisons test, RM two-
way ANOVA with Dunnuett’s multiple comparisons test
and the paired two-tailed t-test were used to identify
statistical significance. N numbers indicate biological
replicates (separate buffy coats). Within each biological
replicate, technical triplicates were utilised, except for CBA
and Legendplex which used duplicates and TSDR
methylation assay which used no technical replicates. For
each data point, average value of technical replicates was
used.
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