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(CIAL, CSIC-UAM), Madrid, Spain

Introduction: CD4" T cells with regulatory function co-expressing Foxp3 and RORyt are
linked to the development of oral tolerance towards innocuous food antigens in mice. This
study aimed to discern the role played by IL-6 and retinoic acid (RA) in the in vitro generation of
Foxp3"RORYt™ T cells and to investigate whether such cells have suppressive properties.

Methods: CD4"CD25 T cells isolated from the spleen of BALB/c mice, were stimulated in
the presence of IL-2 alone or together with TFG-B and different concentrations of IL-6 and/or
RA. Percentage of Foxp3*, RORyt*, IL-17", Foxp3"RORYt", Foxp3"RORYt*, and Foxp3”
RORyt"™ T cells within the total CD4™ T cell population, production of cytokines (IL-10 and IL-
17A) and gene expression (Foxp3, Rorc, Tgfb1, 116, 1170, and II17) were assessed at different
time points. The phenotype and ability of cells generated from CD4*CD44 CD62L" cellsinthe
presence of RA to suppress effector T cell proliferation was assessed.

Results: TGF-B plus IL-6 induced the generation of Foxp3™ and double positive
Foxp3"RORYt" T cells to a higher extent than TGF-f alone at the beginning of the incubation
period, although expression of Foxp3 subsequently declined. RA, added to TGF-B, increased
Foxp3 and Rorc expression and Foxp3 and RORyt transcription and promoted the
differentiation of Foxp3"RORyt™ and Foxp3*RORYt* cells that expressed and secreted IL-17.
Foxp3™* T cells generated in vitro in presence of RA were functionally suppressive.

Conclusions: Under the influence of IL-2 and TGF-B, suppressive Foxp3*RORYt™ T cells
that express and secrete IL-17 can be produced in vitro and RA further contributes to
stabilize this phenotype.

Keywords: food allergy, regulatory T cells, II-6, 1117, retinoic acid, Th17, suppressive, Foxp3+*RORyt* T cells

INTRODUCTION

Intestinal homeostasis relies on the development of tolerance mechanisms that recognize symbiotic
microorganisms and innocuous food antigens. In this respect, induced regulatory T (Treg) cells are
considered essential for establishing peripheral tolerance by counteracting the activity of the different
effector T helper (Th) cell subsets. Treg cells are usually described as CD4" T cells expressing the IL-2
receptor alpha-chain (CD25) and the transcription factor forkhead box P3 (Foxp3), which is essential to
their function and acts as a specific Treg cell marker, although, along with Foxp3™ Treg cells, CD4" type 1
regulatory T (Tr1) cells represent a different subset of Treg cells defined by the expression of a number of
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other transcription factors, as well as IL-10, and lack expression of
Foxp3 (1). In addition, double positive Foxp3"RORyt" T cells with
regulatory function against exacerbated Th2 responses have been
found in the small intestinal and colonic lamina propria of mice,
linked to a specific, but wide diversity of bacterial species (2-5).
While the mechanisms underlying their generation are not fully
clear, involvement of antigens and metabolites derived from the gut
microbiota, which stimulate epithelial production of retinoic acid
(RA), has been proposed (3, 6). In this respect, effective oral
immunotherapy with peptides was also found to cause an
increase in RORyt" Treg cells through the enhancement of
vitamin A metabolism (7, 8).

Foxp3"RORYt" T cells generated in vivo were proved to be
functionally suppressive, inhibiting in vitro proliferation of
activated CD4" effector T (Teff) cells and constraining
inflammatory responses in vivo, and to constitute a distinct, stable
cell lineage, rather than an intermediate subset of Treg and Th17
differentiation (2, 4, 9). Even if, according to some authors, the
reciprocal generation of the transcription factors Foxp3 and RORyt
precludes their co-existence in vitro (10-12), these double positive
cells have been produced from mouse naive cells under T cell
receptor (TCR) stimulation in the presence of TGF- (2, 13),
although the factors implicated, and the functionality of the
resulting cells have not been investigated in detail. In this study,
we show that suppressive double positive Foxp3"RORYt" T cells can
be generated in vitro under the influence of IL-2 and TGF-f.
Addition of pro-inflammatory cytokines is not a requisite for the
simultaneous expression of Foxp3 and RORYt, but rather RA
contributes to stabilize the phenotype of these double positive cells.

MATERIALS AND METHODS

Animals

Female BALB/c mice (4-6 weeks of age) were from Charles River
Laboratories (Saint Germain sur 1’ Arbresle, Rhone, France). All
protocols involving animals followed the European legislation
(Directive 2010/63/EU) and were approved by Comunidad de
Madrid (Ref PROEX 286.8/20).

Cell Isolation and In Vitro Generation
of Putative Treg Cells
Spleens were physically disrupted through a 70 pum cell strainer (BD
labware, New Jersey, US), washed to obtain single cell suspensions, and
pooled (3-5 mice per pool) for further assays. CD4" T cells were first
isolated with a negative selection kit and CD4"CD25’ cells were sorted
from CD4" T cells usinga CD25" Treg positive selection kit. To obtain
naive CD4" T cells (CD4"CD44 CD62L"), a negative selection kit was
used. All kits were from StemCell Technologies (Vancouver, Canada).
Isolated T cells were cultured in RPMI 1640 medium
supplemented with 10% FBS, 1% L-glutamine, 1% penicillin/
streptomycin (Biowest SAS, Nuaille, France), 100 mM sodium
pyruvate, 50 UM B-mercaptoethanol, 10 mM HEPES, and 10%
non-essential amino acids (Sigma- Aldrich, St. Louis, MO, USA) at
a concentration of 1x10° cells mL™" with plate-bound anti-CD3
(10 ug mL™, clone 17A2, eBioscience San Diego, USA) and soluble
anti-CD28 (5 ug mL, clone 37.51, eBioscience) in the presence
of IL-2 (20 ng mL™, PeproTech, London, UK) for a maximum of

4 days. In some cases, TGF-B (5 ng mL", eBioscience), IL-6
(20 ng mL™, eBioscience), and RA (0.01, 0.1, or 1 uM, Sigma-
Aldrich) were also added to the culture. T cells were analyzed by flow
cytometry and preserved for gene expression analyses.

In Vitro Suppression Assays

To assess the suppressive function of induced putative Treg cells,
CD4" T cells were isolated using an EasySep negative selection kit
(StemCell Technologies) and labelled with carboxyfluororescein
succinimidyl ester (CFSE; CellTrace CESE cell proliferation Kkit,
Life Technologies, Carlsbad, CA, USA). Treg cells generated from
CD4" naive T cells after 48 h and 96 h of stimulation were co-
cultured with Teff cells (5x10* cells mL™") at different ratios (0:1,
1:2, 1:4, and 1:5) in a total volume of 200 pL of RPMI and in the
presence of anti-CD3/28-coated latex beads (Molecular Probes
Eugene, Oregon, USA) (5x10* beads mL™) for 72 h.

Flow Cytometry of T Cells

After culture, cells were collected in PBS containing 2% FBS and
ImM EDTA. Live cells were determined with LIVE/DEAD""
Fixable Near-IR Dead Cell Stain Kit (Thermo Fisher Scientific).
Fc receptors were blocked using anti-CD16/CD32 (clone 93,
eBioscience) and samples were stained with anti-CD4-Alexa Fluor
700 (clone GK1.5), anti-Foxp3-PE (clone 150D/E4), anti-RORyt-
APC (clone B2D), anti-IL17A-PerCP/Cy5.5 (clone eBiol7B7), and
anti-IL10-FITC (clone JES5-16E3) (all from eBioscience). Samples
were fixed and permeabilized by using Foxp3 Transcription Factor
Staining Buffer (eBiosience). At least 10” cells were acquired with a
Gallios flow cytometer and analyses were performed with Kaluza
Analysis (version 1.3) (Beckman Coulter, Krefeld, Germany) and
FlowJo softwares (version 10.6.2) (Ashland, OR, USA) following
the gating strategy shown in Supplementary Figure 1.

Gene Expression

RNA extraction and qPCR assays were performed as described
(14). Primer pairs and thermal cycling conditions are included in
Supplementary Table 1. Relative gene expression was calculated
by normalizing data to the expression of the Actb gene (encoding
for B-actin).

Cytokine Analyses

The levels of IL-10 and IL-17A in cell culture supernatants were
quantified by Luminex commercial kits following the
manufacturer’s instructions (eBioscience).

Statistical Analyses

All experiments were conducted at least in duplicate. Results are
presented as means + SEM. Differences between two experimental
groups were assessed by the unpaired two-tailed Student’s t test.
Differences among three or more conditions for the same time point
were determined by one-way ANOV A, and differences between the
same condition at different time points were evaluated by two-way
ANOVA, both followed by Tukey post-hoc test. Gene expression
data, that followed a non-parametrical distribution, which were
evaluated by Mann-Whitney U test. p< 0.05 was considered
statistically significant. Statistical analyses were performed using
GraphPad Prism v5 (GraphPad Software Inc., San Diego, USA).
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RESULTS

We initially attempted to generate double positive Foxp3"RORyt"
T cells in vitro and to identify the factors involved in their
differentiation. Traditionally, Foxp3" cells are induced from
CD4"CD25 cells by TCR triggering (by the addition of anti-
CD3 and anti-CD28 to the culture) in the presence of TGF-f3 (15).
TGF-B-dependent Foxp3™ cell generation is further promoted by
IL-2, which also constrains the differentiation of the Th17 cell
subset (16), and by RA (12). On the other hand, IL-6 combined
with TGF-B opens the RORyt differentiation pathway, with
additional RA favoring the generation of double positive cells
(2). We, therefore, used TCR stimulation of CD4"CD25  cells
cultured in presence of IL-2, alone or together with TGF-f and its
combinations with IL-6 and RA.

As expected, following 96 h of culture, TGF-B induced the
expansion of Foxp3" cells from CD4"CD25 cells, while TGF-$3
plus IL-6 increased the percentage of RORYt" and IL-17" cells, and
TGF-f plus IL-6 and RA led to intermediate levels of these cells
(Figure 1A). Most CD4" cells were either Foxp3"RORYt™ or Foxp3

RORyt", although a substantial proportion of cells expressed both
Foxp3 and RORYt (Figure 1B). The study of the evolution of these
cells over time showed that, following 36 and 60 h of culture, the
combination of TGF-B with IL-6 and, particularly, with IL-6 and
RA led to higher levels of Foxp3"RORyt” and Foxp3"RORyt" T
cells, respectively, than TGF-f3 alone, but the percentage of these
cells subsequently declined throughout the incubation time, and
after 96 h, it was similar to that found at basal conditions
(Figure 1B). This shows that IL-6 is able to drive co-expression
of Foxp3 and RORYt, and that RA contributes to expand its impact
on the population of Foxp3™ cells and double positive cells,
although the effect is transient.

Next, we decided to assess the influence of different RA
concentrations in the absence of IL-6 on the generation of
Foxp3"RORYt" T cells. The results showed that RA dose-
dependently increased Foxp3 expression, which peaked at 24 h
and remained fairly stable afterwards, and it also increased the
expression of RORYt, although, in this case, a dose-response
effect was not observed (not shown). Consequently, after 96 h,
the cells treated with RA maintained increased levels of Foxp3
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FIGURE 1 | Magnetic sorted CD4"CD25™ spleen cells from BALB/c mice were stimulated with plate-bound anti-CD3 and soluble anti-CD28 in the presence of IL-2
(20 ng mL"") and combinations of TGF-B (5 ng mL™"), IL-6 (20 ng mL™"), and RA (0.1 uM). (A) Percentage of Foxp3*, RORyt*, and IL-17* cells within the total CD4*
T cell population after 96 h of culture. (B) Percentage of Foxp3*RORyt", Foxp3*RORyt", and Foxp3'RORyt" T cells at different time points. Data are means of three
different experiments (each performed with cells sorted from polled spleens from 3-5 mice) + SEM (n= 3). *P < 0.05, **P < 0.01, ***P < 0.001 indicate statistically
significant differences between culture conditions at each time point assessed by one-way ANOVA followed by Tukey post-hoc test, and *P < 0.05, #P < 0.01,
#p < 0.001 indicate statistically significant differences between time points for each culture condition assessed by two-way ANOVA followed by Tukey post-hoc test.
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FIGURE 2 | Magnetic sorted CD4*CD25" spleen cells from BALB/c mice were stimulated with plate-bound anti-CD3 and soluble anti-CD28 in the presence of IL-2
(20 ng mL™"), TGF-B (5 ng mL™"), and RA (0.01, 0.1 or 1.0 uM). (A) Percentage of Foxp3*, RORyt*, Foxp3"RORyt", Foxp3*RORyt", and Foxp3 RORyt" cells within
the total CD4™ T cell population at different time points. (B) Gene expression of Foxp3, Rorc, Tgfb1, 116, 1110, and /17, normalized to the reference gene Actb and
expressed in arbitrary units (AU). (C) Secretion of IL-10 and IL-17A. Data are means of three different experiments (each performed with cells sorted from polled
spleens from 3-5 mice) + SEM (n = 3). *P < 0.05, **P < 0.01, **P < 0.001 indicate statistically significant differences between culture conditions at each time point
assessed by one-way ANOVA followed by Tukey post-hoc test, and *P < 0.05, #P < 0.01, *#P < 0.001 indicate statistically significant differences between time
points for each culture condition assessed by two-way ANOVA followed by Tukey post-hoc test. For gene expression data statistical differences were evaluated by
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and RORYt expression, with a predominance of Foxp3"RORyt’
and Foxp3"RORyt" cells over Foxp3 RORYt" cells (Figure 2A).
Therefore, in vitro culture with TGF-B in the presence of pro-
inflammatory cytokines, such as IL-6, was not a requisite for
CD4"CD25 cells to simultaneously express Foxp3 and RORt,
but rather RA contributed to expand and stabilize the phenotype
of double positive cells induced by TGF-f.

The study of the evolution of gene expression showed that
TGF-B upregulated Foxp3, Rorc, and Tgfbl after 24 h of culture,
particularly when combined with RA. Rorc expression
subsequently declined to increase again at 72-96 h, probably
linked to the upregulation of Il6 (Figure 2B). Addition of both
TGF-B and TGF-f plus RA to CD4"CD25 cells downregulated
1110 and 1117 expression as compared with TCR stimulation in
the presence of IL-2 alone (Figure 2B). However, while this
caused a decline in IL-10 secretion, cells treated with TGF-3 and
TGF-B plus RA produced the highest IL-17A levels following
96 h of culture (Figure 2C).

In order to investigate the cellular origin of IL-17 and IL-10
that accumulated in culture supernatants, we studied the
intracellular expression of these cytokines by the different
CD4" cell populations (Figure 3). The results supported that
RA induced the secretion of IL-17 by Foxp3™ and RORyt" T cells
in a dose-response manner after 48 h of culture (Figure 3A).
However, as shown in Figure 3B, RA promoted a much lower
IL-10 expression by Foxp3" T cells after 48 h and only at the
highest concentration assayed (1 uM).

In view that the classical conditions for in vitro generation Treg
cells also led to Foxp3 " RORyt" T cells, we looked at the phenotype
of CD44 CD62L" naive cells stimulated with TGF-f plus RA,
known to be regulatory in vitro and in vivo (12). Indeed, after 48 h,
these cells exerted a suppressive function in co-culture with
different ratios of CD4" Teff cells (Figure 4A). Flow cytometry
analysis showed that they were largely Foxp3 RORYt" cells
(Figure 4B). After 96 h, even if the population of Foxp3"RORyt"
cells was maintained, there was an increase in the proportion of
Foxp3 RORYt" cells in the culture, which paralleled a decline in
their ability to suppress the proliferation of CD4" Teff cells
(Figures 4A, B).

DISCUSSION

This study evidences the critical role played by RA in the in vitro
generation and stabilization of Foxp3"RORyt" T cell phenotype
as well as the immunosuppressive ability of such cells. While
Foxp3"RORYt" cells had been previously induced in vitro from
mouse naive cells under TCR stimulation in the presence of
TGF-B (2, 13), we initially used purified murine spleen CD4"
cells depleted of CD25" cells that, in addition to CD44 CD62L"
naive T cells, also contain CD44"CD62L" central memory and
CD447CD62L" effector memory cells, basically because naive
cells readily convert into Foxp3™ cells independently of factors
relevant for Foxp3* and RORyt" cell generation, such as RA (17).
In addition, CD44"CD62L" cells can also be differentiated into
Treg cells in vitro (18).
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FIGURE 3 | Magnetic sorted CD4*CD25" spleen cells from BALB/c mice
were stimulated with plate-bound anti-CD3 and soluble anti-CD28 in the
presence of IL-2 (20 ng mL™"), TGF-B (5 ng mL™"), and RA (0.01, 0.1, or
1.0 uM). (A) Intracellular IL-17 expression in Foxp3* and RORyt" cells after
48 and 96 h of culture. (B) Intracellular IL-10 expression in Foxp3* and
RORyt" cells after 48 and 96 h of culture. Data are means of three different
experiments (each performed with cells sorted from polled spleens from
3-5 mice) + SEM (n = 3). *P < 0.05, **P < 0.01, **P < 0.001 indicate
statistically significant differences between culture conditions at each time
point assessed by one-way ANOVA followed by Tukey post-hoc test, and
#P < 0.05, P < 0.01 indicate statistically significant differences between
time points for each culture condition assessed by two-way ANOVA
followed by Tukey post-hoc test.

The observation that cells treated with TGF-f in vitro co-
expressed the transcription factors Foxp3 and RORYt agrees with
Lochner et al. (2), who reported that culture with TGF-f of TCR-
stimulated naive CD4" T cells induces Foxp3™ Treg cells, all of
which co-express RORYt after 72-96 h. Nevertheless, in contrast
to studies showing that TGF-B in the presence of IL-6
preferentially generates pro-inflammatory Th17 cells from
murine naive CD4" T cells in vitro (2, 10, 11), our results
showed that, while TGF-B plus IL-6 enhanced the frequency of
RORYt" and IL-17" cells with respect to TGF-f alone, IL-6 did
not inhibit the conversion of CD4"CD25" cells into Foxp3™ cells.
In fact, TGF-P plus IL-6 induced the generation of Foxp3" and
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condition assessed by the unpaired two-tailed Student’s t test.

double positive Foxp3"RORYt" cells to a higher extent than TGF-
B alone at the beginning of the incubation period, but expression
of Foxp3 subsequently declined to levels similar to those of the
untreated cells. Similarly, Zhou et al. (13) found that, following
stimulation of naive CD4" T cells with anti-CD3, anti-CD28, and
IL-2 in the presence of TGF-P plus IL-6, there was a substantial
proportion of Foxp3™ cells, many of which also expressed IL-17.
It should be noted that contradictory results have also been
reported regarding the effect of IL-6 on the generation of Th17 or
Treg cells in vivo. Thus, mice deficient for IL-6 have been
described to develop either similar (2) or significantly less
Foxp3"RORYt" cells (3) than their IL-6 sufficient counterparts.
RA has been reported to drive the differentiation of a stable
Treg cell lineage in vitro as compared with TGF-f3 alone and to
counteract IL-6 activity through the blockade of IL-6 receptor
expression, inhibiting the TGF-B plus IL-6-driven induction of
Th17 cells (12). Accordingly, we found that RA, added to the
combination of TGF-B and IL-6, promoted, following 60 h of
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FIGURE 4 | Magnetic sorted naive CD4*CD44 CD62L" spleen cells from BALB/c mice were stimulated with plate-bound anti-CD3 and soluble anti-CD28 in the
presence of IL-2 (20 ng mL™"), TGF-B (5 ng mL™), and RA (0.1 uM,) for 48 and 96 h. (A) Suppressive activity of the cells thus generated (Treg) in co-cultures with
different ratios of CFSE-labelled CD4" effector T cells (Teff) in the presence of anti-CD3- and anti-CD28-coated latex beads for 72h. (B) Distribution of the generated
Foxp3"RORYt', Foxp3"RORYt*, and Foxp3'RORyt" T cells after 48 and 96 h of culture. Data are means of three different experiments (each performed with cells
sorted from polled spleens from 5 mice) + SEM (n = 3). *P < 0.05, **P < 0.01 indicate statistically significant differences between time points for each culture

culture, the generation of Foxp3"RORyt™ cells, but not that of
Foxp3 ' RORyt" T cells. However, RA also promoted the
development of RORYt" cells (19). Indeed, RA, added to TGF-
B, increased Foxp3 and Rorc expression and Foxp3 and RORyt
transcription, and promoted the differentiation of Foxp3"RORyt
and Foxp3"RORYt" cells, even though, in agreement with
previous findings (9), induction of RORyt was unstable, in
view of the variable expression levels of Rorc mRNA.

TGF-B, either without or with RA, reduced the mRNA levels
of the cytokines 1110 and II17, likely upregulated as a result of
TCR stimulation of CD4"CD44" memory T cells in the presence
of IL-2. In fact, hindrance of cytokine secretion by CD44" cells is
one of the mechanisms through which RA favors the TGF-fB-
driven Foxp3 induction (17, 20). Nevertheless, we found that
Foxp3™ T cells generated in vitro in presence of RA expressed and
secreted IL-17, an observation which does not support the
concept that induction of Foxp3 and IL-17 are mutually
exclusive (13).
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In order to evaluate the functionality of these cells, we
attempted their generation from CD44 CD62L" naive T cells,
which give rise to a higher proportion of Foxp3™ T cells and
readily acquire suppressive properties in vitro as compared with
memory T cells (17, 18). Noteworthy, most cells generated in
vitro from naive T cells with TGF-B3 and RA had, as expected,
remarkable regulatory properties, but also a Foxp3"RORyt"
phenotype, suggesting that many studies that have referred to
Treg cells induced by TGF-f and RA on naive T cells as solely
Foxp3" cells did not discriminate between the two populations
by appropriate staining for RORyt. While substantial differences
may exist between the Foxp3"RORyt" T cell subsets
differentiated in vitro and in vivo (2), as well as between
murine and human Treg cells (21), it should be noted that
suppressive Foxp3™ cells that constitutively express RORyt and
produce IL-17 upon activation can be found in human peripheral
blood and lymphoid tissues (22, 23). IL-17 production may not
correlate with the effector capacity of T cells, since simultaneous
production of IL-10 could regulate the inflammatory response
directing these cells to a regulatory function (24). However,
the implication of IL-10 in the inhibition mediated by
Foxp3"RORYt" cells is controversial, with reports showing the
preferential involvement of CTLA4 and IRF4, and even
suggesting the participation of IL-17 in the control of
exacerbated immune responses in vivo (3). The mechanisms of
the regulatory action of Foxp3"RORYt" T cells, as well as the role
of RORyt and IL-17 deserve further investigations.

In conclusion, our results show that, under the influence of
IL-2 and TGF-B, Foxp3"RORYt" T cells that express and secrete
IL-17 can be produced in vitro, and that RA further contributes
to stabilize this phenotype, even if the conditions used for cell
culture may conduct to cytokine production and to variations in
the temporal regulation of the generation of double positive cells.
Foxp3"RORYt" T cells differentiated in vitro are able to prevent
the proliferation of non-regulatory responder cells in co-
culture experiments.
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