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. RegulatoryT cells (Tregs) are essential regulators of immune tolerance. atRA and TGF-3 can inhibit

. the polarization of naive T cells into inflammatory Th17 cells, favoring the generation of stable iTregs,

. however the regulatory mechanisms involved are not fully understood. In this context, the roles of

. individual microRNAs in Tregs are largely unexplored. Naive T cells were immunomagnetically isolated

© from umbilical cord blood and activated with anti-human CD2/CD3/CD28 beads in the presence of

: IL-2 alone (CD4y,q) or with the addition of TGF-3 and atRA (CD4gr/sra)- AS compared to CD4yq, the
CD4+¢r/atma condition allowed the generation of highly suppressive CD4*CD25MCD127-FOXP3" iTregs.
Microarray profiling allowed the identification of a set of microRNAs that are exclusively expressed
upon TGF-(3/atRA treatment and that are predicted to target a set of transcripts concordantly
downregulated. This set of predicted targets were enriched for central components of IL-6/JAK/
STAT and AKT-mTOR signaling, whose inhibition is known to play important roles in the generation
and function of regulatory lymphocytes. Finally, we show that mimics of exclusively expressed miRs
(namely miR-1299 and miR-30a-5p) can reduce the levels of its target transcripts, IL6R and IL6ST
(GP130), and increase the percentage of FoxP3+ cells among CD4"CD25*"i cells.

Regulatory T cells (Tregs) are indispensable components of the immune system, contributing to immunologi-
cal self-tolerance and protecting against exacerbated responses to foreign pathogens'. These cells are capable of
suppressing the proliferation and function of distinct effector cells by inhibitory cytokines (such as, IL-10 and
TGEF-B), inhibitory receptors (such as CTLA4, LAG-3) or IL-2 deprivation’.
Several surface markers have been associated with a regulatory phenotype in T cells, including elevated lev-
els of CD25 (IL-2 receptor alpha), TNFR2 (Tumor necrosis factor receptor 2), GITR (glucocorticoid-induced
. TNEFR family related gene), LAP (Latency-associated peptide), CTLA-4 (Cytotoxic T lymphocyte-associated
: molecule-4), CD69 and low or absent levels of CD127%>7. Although these surface markers have been useful, the
. transcription factor forkhead box P3 (FOXP3) is considered the most specific and widely used marker of clas-
© sical Tregs*®, however, given its intranuclear localization its detection requires permeabilization of the cells,
. hampering its use as a marker for the selection of viable cells. FOXP3 is considered a master regulator for Treg
. development and function, controlling the expression of several components of important downstream biological
: pathways and processes’.
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In vivo, Tregs can be classified into natural Tregs, generated in the thymus during the course of positive and
negative selection (nTregs or tTregs) and pTregs, generated extrathymically in the periphery in response to anti-
gen stimulation under tolerogenic conditions; in vitro, they can be induced from naive CD4* T-cells and are
named iTregs" 1% 11,

Several protocols have been established for iTreg generation from human and mouse peripheral blood naive
CD4" T-cells; mainly by TCR activation (mimicked by the co-stimuli provided by anti-CD3/28) and culture in
the presence of IL-2 (interleukin 2); however, the addition of TGF-3 (Transforming Growth Factor Beta) and
all-trans retinoic acid (atRA) greatly improves their generation and stability’>”1*-1>. While TGF- induces FOXP3
expression on peripheral T cells with regulatory phenotype in mice and human, IL-2 is indispensable for the
survival of FOXP3™ cells and acts controlling the expression of FOXP3 by STAT5 pathway and inducing Treg
proliferation and suppressing TH17 cell differentiation'® 7.

In contrast to its anti-inflammatory roles described above, in a pro-inflammatory milieu, particularly in the
presence of IL-6, TGF-( promotes the differentiation of activated naive T-cells into TH17 cells in vitro'® Y. TH17
are polarized effector T cells, characterized by the production of interleukin-17 (IL-17) and other cytokines, asso-
ciated with the pathogenesis of several autoimmune conditions®.

Importantly, in the presence of TGF-3, atRA activates the nuclear receptor RAR«, which modulates the
expression of FOXP3, inducing the differentiation of naive T-cells into FOXP3™ cells'* ?!. Moreover, atRA
enhances the stability and expansion of TGF-#3-induced iTregs and endogenous nTregs cells, inhibiting the polar-
ization into inflammatory Th17 cells'>?!. More specifically, atRA suppresses IL-6R signaling by accelerating its
down-regulation, preventing human nTregs from converting to Th1 or Th17 cells, in vitro or in vivo, even in the
presence of inflammatory IL-1 and IL-6 cytokines?. In addition, atRA enhances and stabilizes the expression of
FOXP3 by demethylation of the FOXP3 locus®" 22,

Understanding how atRA may regulate distinct signaling pathways has important implications for the iden-
tification of mechanisms controlling the balance between Th17 and T regulatory cells. In that sense, there are
increasing evidences regarding the roles of microRNAs in the development and function of different types
of T helper cells*> %, however, little is known about the roles of individual microRNAs in Tregs function and
development.

Cobb and collaborators, comparing the expression of 175 miRs between nTregs (CD4+25"GITR") and con-
ventional CD4"25 GITR™ T cells, showed that among the top 20 miRNAs preferentially expressed in Treg cells, 9
were up-regulated upon forced expression of Foxp3 in conventional T cells®, suggesting that microRNAs may be
involved in the generation, function and stability of Tregs. Moreover, a partial Treg cell-like miRNA profile was
conferred not only by the enforced expression of Foxp3 in conventional CD4 T cells, but also by their activation.
Additionally, upon elimination of Dicer, the key microRNA processing enzyme, the development of Tregs in the
thymus and induction of iTregs by TGF- are compromised®. Furthermore, by using a transgenic mouse with
a conditional knockout of Dicer under the control of the Foxp3 locus, Zhou et al. showed that Dicer-deficient
Treg cells became unstable, with downregulation of Foxp3 and loss of their suppressive activity in vivo, with the
acquisition of a T helper cell memory phenotype including increased levels of CD127, IL-4, and INF-gama?®.
Altogether, these results strongly suggest the involvement of microRNAs in the generation and function of mice
Tregs.

In light of its potential immunotherapeutical uses in autoimmune diseases, transplant rejection and
graft-versus-host diseases (GVHD), the in vitro generation of iTregs holds promise in the clinics?’. Although,
generated iTregs reported in the literature are mainly derived from mouse or human peripheral blood naive
T-cells” > 15, human umbilical cord blood (UCB) is an attractive and homogeneous source of unprimed naive
T-cells, as up to 90% of CD3* T cells are naive antigen-inexperienced CD45RA*RO™ naive cells, in contrast to
adult human peripheral blood, which contain variable amounts of CD45RA"RO* memory T-cells®. Allied to
this, cryopreservation and banking could make UCB readily available for the in vitro generation of iTregs for fast
clinical interventions®.

With that in mind, we generated iTregs from UCB-naive T-cells and evaluated the mRNA and microRNA pro-
file. We show that treatment of activated naive T-cells with TGF-3 and atRA induces the generation of functional
iTregs, with an exclusive set of expressed microRNAs, and down-regulation of corresponding predicted target
transcripts. More specifically, we show that a group of miRs directly target components involved in IL-6/JAK/
STAT signaling and TH17 polarization, favoring iTreg differentiation.

Results
Immunophenotypic characterization of cells generated in CD4¢g/ara and CD4yyeq conditions,
as compared to nTregs. In order to evaluate the kinetics of iTreg generation, we determined the per-
centage of FOXP3™ cells in the CD4*CD25" population 1, 3 and 5 days following activation of naive T-cells
(CD4*CD25-CD45RA™) with anti-CD2/CD3/CD28 beads and culture in the presence of IL-2 only (CD4,.4) or
with further addition of TGF-3 and atRA (CD4gg/ra) (n=3). The percentage of FOXP3" iTregs increased in
both conditions, but with significantly higher percentages in CD4¢p/,ra> reaching 98% in the 5th day, as com-
pared to only 50% in CD4,4 (Fig. 1A and B). Moreover, in days 1 and 3, while the percentage of iTregs was under
20% in the CD44 condition, in the CD4qp/qra condition, it reached over 55 and 70%, respectively. Importantly,
at day 3 the histogram in the CD4¢p/.ra condition (Fig. 1A) indicates the existence of two population peaks
with differing FoxP3 intensities. One similar to the one observed at day 5 in CD4,q and day 1 of CD4 g qra; the
second peak, similar to the one in day 5 of CD4p/.ra. These results clearly showed that addition of TGF-(3 and
atRA was inducing the generation of iTregs more efficiently than IL-2 alone.

Next, we carried a full immunophenotypic characterization of cells in CD4gg/ora and CD4y,.4 conditions,
comparing them to PBMCs from normal healthy donors (n=>5) (Fig. 2). As an initial evaluation, the percentage
of CD25"FOXP3™ cells among total gated CD4" lymphocytes was calculated for PBMC and for both culture
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Figure 1. Generation of CD4"CD25" FOXP3™ cells. CD4*CD25 CD45RA* naive T-cells were isolated from
umbilical cord blood and activated with anti-CD2/CD3/CD28 beads in the presence of 5ng/ml TGF-3, 50 U/ml
IL-2 and 100nM atRA (CD41gp/qma) OF in the presence of 50 U/ml IL-2 alone (CD4,q). Percentage of FOXP3*
cells in CD4*CD25 population were determined in days 1, 3 and 5. The graph depicts the primary staining
histograms (A) and the plotted results obtained from three distinct donor samples (B). Bars indicate mean and
SEM. Statistical test used was paired T test *p < 0.05, **p < 0.01, ***p < 0.001.

conditions (Fig. 2B). While the mean percentage of these cells in PBMC were as low as 5%, they reached around
60% in CD4yq and up to 90% in CD4rgp/ara. Given the characteristic distribution of Treg markers in distinct
CD4" subpopulations, as defined by the expression of the activation marker CD25, we next evaluated the per-
centages of positive cells for the surface markers GITR, LAP, CTLA4, CD69, CD127, TNFR2 and the intracellular
transcriptional factor FOXP3, in CD4*CD25~, CD4*CD25* and CD4+CD25M subpopulations. The gating strat-
egy and the plotted results from at least three distinct donors/experiments are shown in Fig. 2A and B. A sup-
plementary figure with representative primary stains for all markers evaluated is also provided (Supplementary
Figure 2).

As expected, the mean percentage of FOXP3* cells in the peripheral blood of healthy donors was very low
among CD4"CD25" (3.9%), increasing to 26.8% in CD4*CD25", reaching 82.4% in the CD4+CD25 subpopu-
lation. The percentage of TNFR2" cells behaved similarly in these three subpopulations, however with a higher
starting percentage of TNFR2" cells among CD4"CD25~ cells (around 40, 80 and 90%, respectively). In contrast,
the increases in the percentages of CD69" and CTLA4™" cells in these three subpopulations was very modest
(although statistically significant), varying from around 10 to 20% for the two markers. Moreover, the percent-
age of CD127" cells only decreased from 45% in CD4*CD25" cells to 40% in CD25" and CD25" cells. GITR
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Figure 2. Immunophenotypic characterization of cells generated in CD4g/yzs and CD4yq conditions. UCB
CD4+CD25 CD45RA ™" naive T-cells were activated with anti-CD2/CD3/CD28 beads and cultured for 5 days in
the presence of 5ng/ml TGF-3, 50 U/ml IL-2 and 100 nM atRA (CD41gp/qra)> OF in the presence of 50 U/ml IL-2
alone (CD4,q). Next, percentage of FOXP3*, CD127~, TNFR2*, CD69* and CTLA4 " cells were determined

in subpopulations based on the expression of CD25. (A) Representative gating strategy used to define the
subpopulations analyzed (derived from an experiment in the CD4,4 condition). Lymphocytes were gated using
FSC and SSC parameters and percentage of positive cells for each markers were determined in CD25~, CD25*
and CD25" (as defined by the top 2% of the CD25* cells) subpopulations of CD4™ cells. (B) Graphs depicting
the results obtained from cells derived from three or more independent experiments (each using distinct donor
samples). For comparisons, the same subpopulations were evaluated in the peripheral blood of five distinct
normal control donors. Bars indicate mean and SEM. The statistical test used to compare subpopulations of the
same culture condition (or PBMC) was a paired T-test, while the comparison between similar subpopulations of
distinct conditions was a non-paired T-test. *p < 0.05, **p < 0.01, **¥p < 0.001.
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was similarly expressed in around 80% of all these three subpopulations, however it was apparently the result
of unspecific staining. Similarly, although the percentages of LAP* cells in the three subpopulations of PBMC
increased from 30 to 40% for LAP, the staining for this marker also appeared to be unspecific (Supplementary
Figures 2 and 3).

In general, the percentage of cells expressing a given marker in a given subpopulation was similar between
CD4,)eq and CD4¢p/ra conditions, however, there was an important difference regarding the expression of
CD127. In the CD4).4 condition, CD127 was expressed in approximately 40% of CD4*CD25~ and CD4"CD25*
cells (similar to all PBMC CD4* subpopulations), only slightly decreasing to around 30% of CD4+CD25" cells.
Strikingly, in the CD4gg/yra condition, CD127 was expressed in only 10% of CD4+CD25" cells and was virtually
absent in CD4*CD25* and CD4*CD25M cells (Fig. 2B).

Regarding the expression of all other evaluated markers in CD4y;.4 and CD4¢g/,ra conditions, increas-
ing percentages of positive cells were found from CD4*CD25 to CD4+*CD25" and CD4*CD25" subpopula-
tions. Despite overall similarities to the observed in PBMC, there was a clear difference for some markers. For
instance, while FOXP3 was expressed in a very low percentage of CD4"CD25~ and CD4"CD25™" cells of the
peripheral blood of healthy donors, in CD4y,.q and CD4gg/,ra conditions it was already expressed in over 20%
of CD4*CD25™ and over 60% of CD4*CD25* subpopulations. Moreover, up to 86.1% of the CD4+CD25 sub-
population in the CD4¢g/,zs Were FOXP3* (Fig. 2B). Of note, despite the small increase in the percentage of
FOX3™ cells in the distinct subpopulations evaluated in the CD41gp/.ra condition, as compared to CD4,4, the
Mean Fluorescence Intensity (MFI) of FOXP3 was significantly higher for all subpopulations (Supplementary
Figure 1a).

The percentages of TNFR2 expressing cells also increased from CD25™ to CD25M, but, in CD4yeq, TNFR2 was
expressed in over 90% of both CD25" and CD25" subpopulations, while the CD4¢p/ura condition behaved more
like PBMC:s (Fig. 2B).

In marked contrast to PBMCs, the percentages of CD69" and CTLA4™ cells were significantly higher in
CD4)rq and CD4¢p/ara» Varying from over 20% to over 50% for CTLA4, and from over 40% to over 80% for
CD69 (Fig. 2B).

Intriguingly, in contrast to the unspecific LAP staining observed in CD25~ PBMCs, less than 20% of cells were
LAP" in both, CD4y.q and CD4gp/ora conditions. Moreover, these percentages increased significantly in CD25"
and CD25" subpopulation, reaching as much as 50 and 70%, respectively (Supplementary Figures 2 and 3).

Finally, similar to PBMCs, GITR was also expressed in a large percentage of cells in both conditions, however,
in CD4gp/ara there was a significant increase, from around 70% to 90%, in CD25~ and CD25™ subpopulations,
respectively (Fig. 2B). Moreover, while the MFI did not differ between CD25" cell of CD4,.q and CD4¢g/ara>
it was significantly higher in the latter condition, in the CD25" and CD25" subpopulation (Supplementary
Figures 1b, 2 and 3).

Overall, while the addition of TGF-B and atRA induced the generation of a larger percentage of iTregs from
activated UCB naive T-cells, as compared to IL-2 alone, both culture conditions generated iTregs with the char-
acteristic expression of regulatory cell markers; however, with markedly higher percentages of LAP, CTLA4 and,
mainly, CD69, as compared to PBMCs. Lastly, TGF-3 and atRA led to the complete inhibition of CD127 expres-
sion, irrespectively of the CD25 marker.

Generated iTregs show higher suppressive capacity than peripheral blood nTregs. In order
to evaluate the suppressive potential of in vitro generated iTregs, we FACS sorted CD4+*CD25" (iTregs) and
CD47CD25" cells induced under the CD4¢p/.ra condition and compared their ability to suppress the prolifer-
ation of activated CFSE-labeled CD3™ T cells, to that of freshly immunomagnetically isolated nTregs. To allow
a more reliable evaluation of the cells derived from naive cells obtained from distinct UCB units, the effector
CD3* T cells and nTregs used as controls were obtained from the same two donors. As demonstrated in Fig. 3,
our assay was highly reproducible, as nTregs showed an almost identical suppressive potential in all three experi-
ments carried in different days, with a negligible variation. More specifically, nTregs suppressed the proliferation
of activated CD3" T cells in a ratio-dependent manner, from around 9% at 1:16 ratio up to 54% in a 1:1 ratio.
Importantly, CD4*CD25" cells (iTregs) isolated from CD4;gp/qra cultures inhibited the proliferation of the same
activated CD3" T cells at higher levels than nTregs in all coculture ratios evaluated, reaching a mean inhibition of
73% at a 1:1 ratio (Fig. 3). Although the percentage inhibition varied considerably between iTregs generated from
naive T-cells isolated from distinct cord blood units, all of them had an inhibitory potential at least as high as the
nTreg evaluated. Importantly, the CD4+*CD25" fraction of the cells sorted from CD4gg/ora cultures did not show
any inhibitory effect up to a 1:4 ratio, and only a mild inhibitory potential at 1:2 and 1:1 ratios, much lower than
the observed for nTregs. This shows that iTregs generated from human UCB naive T-cells under CD4rgg/yra cul-
ture conditions are functional and show an imunossupressive potential greater or at least as high as that of nTregs.

CD4+gr aira cells express an exclusive set of microRNAs with corresponding predicted mRNA
targets downregulated. In order to identify potential microRNA/mRNA regulatory mechanisms involved
in the specific roles of TGF-(3 and atRA in the generation of iTregs, we evaluated and compared the microRNA
and mRNA expression profiles of freshly isolated UCB naive T-cells and of activated cells cultured in CD4y;.q
and CD4¢p/ara conditions. By carrying an unsupervised clustering analysis (Fig. 4, top panel) based on the full
transcriptional profiles of the samples (all probes in each platform), both data types (nRNA and microRNA)
successfully separated the samples according to the treatment group (naive, CD4y.q 0r CD41Gp/qra)> Showing
that the microarray profiling was successful in characterizing the transcriptional similarities between biological
replicates. However, while mRNA profiles were more similar between activated cells irrespective of the treatment
(both differing from the freshly isolated naive T-cells), microRNA profiles were more similar between naive and
CD4yeq, with CD41gp/ara Showing an independent grouping. These results indicate that at the microRNA level
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Figure 3. Immunosupressive potential of CD4gp/.ra iTregs and nTregs. CD4*CD25+CD1274™~ nTregs
freshly isolated from peripheral blood of healthy donors and CD4*CD25" iTregs sorted from CD4gp/ara
cultures, were cocultured with CFSE labeled CD3* lymphocytes in different ratios (from 1:1 to 1:16;
Tregs:CD3* T-cells). The results are show as the percent of proliferation of CD3* T lymphocytes in the presence
of Tregs, as compared to CD3* T-lymphocytes proliferating alone. Bars indicate mean and SEM of three
separate experiments. The statistical test used to compare the percentage of suppression was Two-way ANOVA
with a Bonferroni post-test. *Significance (p < 0.05) relative to CD3* T lymphocytes; *Significance (p < 0.05)
relative to CD4*CD25".

TGF-B/atRA treatment had a greater impact than cell activation by anti-CD28/CD3/CD2 beads (common to
both treatment conditions), inducing specific and broader microRNA changes. Conversely, cell activation had a
relatively greater impact at the mRNA level, while the transcriptional changes promoted by TGF-3/atRA were not
sufficient to surpass its effects in the clustering.

We next sought to identify which microRNAs were specifically modulated by TGF-3/atRA during iTreg gen-
eration, as these microRNAs may have important regulatory roles in the changes particularly driven by these fac-
tors. From the 851 human microRNAs present in the Agilent platform, 120 were differentially expressed (adjusted
pVal <0.05) between any of the conditions. Supplementary Figure 4 depicts the heatmap and clustering obtained
using the expression values of this set of differentially expressed microRNA. In line with the results pointed by the
unsupervised clustering, the impact of TGF-3/atRA was much higher than that of activation alone, as evidenced
in the Venn diagram (Fig. 4, right middle panel) generated with the differentially expressed transcripts up or
downregulated (top and bottom numbers shown inside the Venn diagram, respectively) in all three comparisons.
For instance, as compared to naive T-cells, while only 17 microRNAs were induced in CD4,,4, 69 were induced in
CD41Gp/ara- Moreover, 36 microRNAs were induced in CD4rgp/qra> a5 compared to CD4,4. Importantly, from
the 35 microRNAs commonly induced in CD4g/yra» @S compared to CD4y,.4 and naive T-cells, 32 were not
induced in CD4,;4 as compared to naive T-cells. In fact, all of these 32 microRNAs were detected by the microar-
ray platform exclusively in CD4rgp/ura> s can be observed in the heatmap depicted in Supplementary Figure 4
(bottom microRNAs). Given this exclusive expression pattern, we decided to focus in this set of microRNAs.

While microRNAs are usually known by their ability to repress protein translation upon binding to 3’-UTRs,
their main post-transcriptional regulatory activity is mediated by deadenylation followed by destabilization and
degradation of their mRNA targets (resulting in their downregulation at the mRNA level). Thus, in order to
identify potential targets destabilized by the set of microRNAs exclusively expressed in CD4¢g/qra> We first deter-
mined the differentially modulated mRNA transcripts downregulated upon TGF-3/atRA treatment and, then,
identified which of those were predicted targets of this set of microRNA (using the TargetScan7 database) (Fig. 4,
bottom panel). Of the 32 microRNAs exclusively expressed in CD4gg/qra» 30 Were found in the TargetScan7
database (except miR-370 and miR-548f).

By evaluating a total of 32477 transcript probes present in our microarray platform, we found that 4007 were
differentially expressed (adjusted pVal < 0.05) between any of the conditions. Also in line with the unsupervised
clustering, CD41¢p/.ra and CD4,q shared a large percentage of the differentially expressed mRNA transcripts
(left Venn diagram in Fig. 4, middle panel). For instance, as compared to naive T-cells, from 3242 and 2314
transcript probes upregulated in CD4 g ra and CD4yq, respectively, 1565 were shared (around 67% of CD4yg
upregulated transcript probes). Similarly, as compared to naive T-cells, from 3229 and 1890 transcript probes
downregulated in CD4gpjyrs and CD4yq, respectively, 1359 were shared (around 71% of CD4,y,.y downregulated
transcript probes). Despite these similarities, as compared to CD4,.4, 1331 and 630 transcript probes were up- or
down-regulated in CD4r1gp/,ra> respectively.

TGF-(/atRA treatment increases the generation of iTregs, but is not exclusively required for it. Thus, microR-
NAs exclusively expressed in CD4 g,z may drive not only a reduction in the levels of transcripts exclusively
downregulated in CD41gp/qra (as compared to naive T-cells and CD4,.4) but also, contribute to the downregula-
tion in CD4y4 (as compared to naive T-cells). Thus, this complete set of 3229 transcript probes, downregulated in
CD4Gp/ama relative to naive T-cells, plus 247 transcript probes, downregulated in CD4¢g/qra relative to CD4yjeq,
were used in search of microRNA targets of the 32 microRNAs exclusively detected in CD41¢p/,ra. These 3476
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Figure 4. Bioinformatic analysis strategy. In order to identify potential microRNA/mRNA regulatory
mechanisms acting during the generation of iTregs, we evaluated the microRNA and mRNA expression profiles
of freshly isolated UCB naive T-cells and of activated cells cultured in CD4,;.q and CD4gg/yra conditions.
Unsupervised clustering analysis of full transcriptional profiles was carried and differentially expressed
transcripts were determined and Venn-Diagrams were used to depict similarities and differences. A group of
downregulated transcripts predicted by TargetScan to be targeted by miRs exclusively detected in CD4gg/qra
were submitted to an enrichment analysis using DAVID, allowing the identification and selection of
downmodulated signaling pathways for functional validation.

probes corresponded to 3320 unique genes, of which, 2247 transcripts were present in the TargetScan7 data-
base. From these, 2053 (over 91%) were targeted by at least one microRNA exclusively detected in CD41gp/qma
(Supplementary Table 1). Strikingly, 90% of the downregulated transcripts were targeted by two or more microR-
NAs, with 12% being targeted by fifteen or more microRNAs. Moreover, each microRNA targeted an average of
540 of the downregulated transcripts, varying from 91 to 964 targets (Supplementary Table 2).

The above results show that the downregulated transcripts are predicted to be heavily targeted by the induced
microRNAs, indicating that these microRNAs may be important players in the post-transcriptional regulation
occurring during this differentiation process. However, microRNAs have thousands of predicted targets and thus,
any random set of transcripts is expected to be targeted by a given set of microRNAs. Moreover, microRNA may
even act by binding to promoter regions and activating transcription, in a process called RNA activation®*-*2. For
a direct comparison, we searched for predicted targets of the 32 microRNA exclusively detected in CD4¢p/ara»
among the set of 3242 transcript probes up-regulated in CD4 g,z (relative to naive T cells), plus 483 transcript
probes up-regulated in CD4gp/qra (relative to CD4Med). From the 2351 transcripts present in TargetScan7 data-
base, 2090 (89%) were predicted targets of at least one of the 32 microRNA. Only 9% were targeted by fifteen
or more microRNAs. Finally, each microRNA targeted an average of 505 of the up-regulated transcripts. These
results indicate that, as compared to the upregulated transcripts, a larger proportion of the downregulated tran-
scripts are targeted by the microRNA exclusively detected in CD4-¢p/qrs- Moreover, in average, these microRNAs
have more predicted targets among downregulated transcripts, than among upregulated transcripts.

Supplementary Table 1 shows the 2053 gene transcripts targeted by at least one of the 32 microRNAs exclu-
sively detected in CD41gp/qra» With the corresponding total number and list of microRNAs targeting them, plus
the sum of the TargetScan7 context++ scores of all microRNA target sites on each transcript. Supplementary
Table 2 shown all the 30 microRNAs exclusively detected in CD4rgp/qra and found in the TargetScan7 database,
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Figure 5. Inhibition of IL6/JAK/STAT signaling components by TGF-beta/atRA. Validation of microarray
results by qPCR. Expression levels of IL6R, IL6ST, JAK1 and STAT3 were evaluated by real-time qPCR in naive
T-cells, CD4y1.q and CD4gp/qra- Bars indicate mean and SEM of three separate experiments. The statistical test
used to compare the expression level was non-parametric Mann-Whitney tests. *p < 0.05.

with the corresponding total number of targeted transcripts, as well as the average context++ score among its
identified predicted targets.

Identification of signaling pathways downmodulated by CD4¢g/u:ra Specific microRNAs.  Our
approach allowed us to identify a group of transcripts that were predicted to be targeted by several of the miRs
exclusively detected in CD4gp/ura and, thus, whose miR-mediated downregulation was likely to be centrally
important in the generation of iTregs. By submitting this set of transcripts to an enrichment analysis, we were able
to identify many signaling pathways that were apparently downmodulated in response to the miRs induced in the
CD4Gp/ara condition (Supplementary Table 3). Among these signaling pathways, we identified: T cell receptor,
Natural killer cell mediated cytotoxicity, MAPK, TNE, Toll-like receptor, mTOR, Ras, Wnt, Jak-STAT, PI3K-Akt
and IL-6 signaling pathways.

Given that in the presence of TGF-83, IL-6 promotes the polarization of activated naive T-cells into
pro-inflammatory TH17 cells, and that, atRA specifically inhibits this process, our finding strongly indicated
that several microRNAs exclusively induced in the CD4 g/ condition would contribute substantially to the
generation of iTregs, by post-transcriptionally inhibiting IL-6/JAK-STAT signaling pathway. Based on these strik-
ing results, we decided to further explore the roles of selected microRNAs in the inhibition of IL-6/JAK-STAT
signaling components.

Role of selected microRNAs in the regulation of IL-6R and IL-6ST and Treg Vs TH17 polariza-
tion. By specifically looking into the predicted downregulated targets of the IL-6/JAK-STAT signaling path-
way, we could identify all the main central components, including: IL6R, IL6ST (GP130), JAK1, JAK3, STATS3,
STATS, as well as several other pathway components. Of notice, these transcripts were predicted to be respectively
targeted by 15, 17, 5, 10, 6 and 7 microRNAs, of those exclusively expressed in CD41¢p/ra cells (Supplementary
Table 1).

First, in order to confirm the microarray results, we evaluated the expression level of IL6R, IL6ST, JAK1 and
STATS3 by real-time qPCR. All transcripts were found at lower levels in both, CD4,;.q and CD4rgp/yra» but were
significantly lower in the last condition, except for JAK1, despite the clear similar trend (Fig. 5A).

To functionally evaluate the predicted destabilization and dowregulation of IL6R and IL6ST by some of the
identified microRNAs, we selected a group of four microRNAs (namely, miR-23a-5p, -30a-5p, -636 and -1299)
and transfected a cell line, known to express both transcripts, with the corresponding synthetic microRNA
mimics. These microRNAs were selected based on the predicted targeting of one or both transcripts, using the
miRanda algorithm (microrna.org) restricted to binding sites with a good mirSVR scores (<—0.1). While IL6R
is a predicted target of miR-1299 and miR-30a-5p, IL6ST is a predicted target of miR-1299 and miR-636. These
binding sites are depicted in Fig. 6. Moreover, according to TargetScan7, IL6R and IL6ST are only predicted tar-
gets of miR-1299 and miR-30a-5p, a difference that results from a distinct IL6ST reference transcript used in the
predictions. In the other hand, although miR-23a-5p was not predicted to target these transcripts, the 3p arm of
miR-23 has been found by others, to be enriched in Tregs, and is predicted to target IL6ST?>*. All the microRNAs
predicted to target IL6R led to a statistically significant reduction in its levels, while miR-636 did not. Intriguingly,
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Figure 6. Functional evaluation of selected microRNAs (a) Predicted sites of microRNAs in IL6R and IL6ST
transcripts. (b) Downregulation of IL6R and IL6ST transcripts by selected miRs. The NTera-2 cell line was
independently transfected with the selected group of four synthetic microRNA mimics (namely, miR-23a-5p,
-30a-5p, -636 and -1299) and the control mimics and the expression of IL6R and IL6ST transcripts was
evaluated by qPCR. Bars indicate mean and SEM of three separate experiments. The statistical test used to
compare the expression of IL6R and IL6ST was non-parametric Mann-Whitney tests.*p < 0.05, **p < 0.01.
(c) Positive effect of selected microRNAs in the generation of iTregs. Activated naive T-cells were transfected
with their synthetic microRNA mimics. Percentage of FOXP3* cells in different subpopulations (total CD4*
and CD47CD25~/+/M cells) were determined by flow cytometry. Bars indicate mean and SEM of three separate
experiments. The statistical test used to compare the percentage of cells FOXP3* was a paired T-test.*p < 0.05,
**p < 0.01. (d) Combined effects of the four microRNAs. Activated naive T-cells were transfected with a pool
composed of four microRNAs. Percentage and MFI (Mean Fluorescence Intensity) of FOXP3* cells were
determined by flow cytometry. Bars indicate mean and SEM of three separate experiments. The statistical test
used to compare the percentage of cells FOXP3* was a paired T-test. **p < 0.01.

miR-23a-5p also impacted IL6R and IL6ST mRNA levels, despite not being target by this microRNA. Similarly,
miR-1299 also significantly reduced its predicted target IL6ST, however, miR-636 did not (Fig. 6b).

To evaluate the expected positive effect of these selected microRNAs in the induction of regulatory T cells, we
transfected naive T-cells with these synthetic microRNA mimics, before submitting them to the CD4,4 condi-
tion, and evaluated the percentages of Foxp3* cells in different subpopulations of total CD4* or CD4*CD25~/+/
cells. Strikingly, all microRNAs evaluated had a statistically significant positive impact, increasing the percentage
of Foxp3 expressing cells in at least one of the populations analyzed (Fig. 6¢). Of note, the CD4),.4 condition was
used because these microRNAs were not expected to be expressed and because the induction of iTregs was lower,
thus increasing our ability to identify subtle effects in response to each microRNA. In fact, the independent effects
of each of the microRNAs tested were very modest, increasing the percentage of Foxp3 expressing cells in only
about 5%.

To further evaluate the potential combined effect of all four tested microRNAs, we transfected naive T-cells
with a pool composed of one fourth of the original concentration used for the independently transfected microR-
NAs. Although not statistically significant, the graphs show an increase in the percentage of FOXP3* cells among
all the subpopulations evaluated. Of notice, this increase was larger than the observed for independently trans-
fected microRNAs, with an average increase of 10%. Moreover, FoxP3 mean intensity fluorescence (MIF) was

SCIENTIFICREPORTS|7:3627 | DOI:10.1038/s41598-017-03456-8 9



www.nature.com/scientificreports/

also increased with the pool of microRNAs, reaching statistical significance for the CD25" population (Fig. 6d).
Not all microRNAs significantly increased the percentage of FoxP3* cells. For instance, only miR-1299 and miR-
30a-5p increased the percentage of FoxP3™ cells among CD4*CD25"™, Thus, the combined pool of microRNAs
may have actually diluted the effects of miR-1299 and miR-30a-5p. Overall, our results show strong evidence in
support of specific roles of microRNAs during the TGF-3/atRA induced in vitro generation of iTregs.

Discussion

We have shown that treatment of activated human umbilical cord blood naive T-cells with TGF-{3 and atRA (and
IL-2) efficiently induce the generation of CD4*CD25"CD127-FOXP3™ iTregs with in vitro immunosuppressive
potential higher than PBMC-derived nTregs. Moreover, we show that induced Tregs express a set of microRNAs
targeting several components of IL-6/JAK/STAT and other signaling pathways involved in Th17 polarization,
favoring iTreg generation.

Initial work carried by Shevac and colleagues reported that in vitro induced human Tregs were not suppres-
sive®*. In his paper, only TGF-beta (but not atRA) was used during the induction phase. As already showed by
others, peripheral or cord blood naive T cells primed with atRA and TGF-(3 develop into regulatory cells with
in vitro and in vivo suppressive activity”'>3. Controversial results in the literature, regarding function of cells
generated in vitro, may also be related to differences in type, strength and timing of TCR stimulation used, as this
can influence stability of Foxp3 and iTreg formation®. In our case, Naive T-cells were activated with anti-human
CD2/CD3/CD28 beads (as opposed to bead- or plate-bound anti-CD2 and/or anti-CD3 stimulation, usually
adopted by others) and immediately plated with IL-2, TGF-31 and atRA. Importantly, CD28 has been shown to
be essential for nTreg formation®” and for expansion and maintenance of a potent Treg suppressive function in
vivo®. Of notice, strong CD28 signaling inhibits TGF-beta-iduced iTreg development from mouse naive CD4 T
cells in vitro®, but this was shown in the absence of atRA, what is known to inhibit some of the signaling paths
downstream CD28%.

By carrying an extended phenotypic characterization, we showed that both culture condition evaluated in
our study (CD4yq and CD4qp/,ra) Were able to induce the expression of FOXP3, however, atRA and TGF-3
were much more efficient in doing so. More specifically, the percentage of CD25"FOXP3* cells among total
gated CD4" lymphocytes was 90% in CD41p/ura @and only 60% in CD4,4. This is in line with the fact that even
activated effector T cells may express this transcription factor transiently, but at a lower level than suppressive
Tregs**-*2. Importantly, as opposed to cells generated under CD4,.4 condition, cells generated under CD4 /o
condition show an ongoing process of active demethylation of the CNS2/TSDR and CNS3 regions in the FOXP3
locus (manuscript in preparation), indicating their functional stability**.

In addition to FOXP3, we also found a significant increase in the expression of other surface markers asso-
ciated with the regulatory phenotype; including TNFR2, reported as critical for the stabilization of the FOXP3*
Tregs phenotype* and expressed in a subset of Treg with maximal suppressive activity®. The percentage of cells
expressing GITR, involved in Tregs suppressive function® and in their proliferation*®, was also found to be higher
in CD25" cells.

In addition to these markers, CTLA4, CD69 and LAP were expressed in a significant larger proportion of the
activated cells, with a significant enrichment in the CD25* and CD25" subpopulations. The Latency-Associated
Peptide (LAP) is derived by cleavage of the N-terminal region of the TGF3-1 protein, which anchors it to the
membrane keeping it in the latent state*¢. While CD4"CD25TLAP™ cells are reported to express high levels of
FOXP3° and to have a high suppressive potential?’, the expression of LAP is not necessarily accompanied by
FOXP3*. Importantly, while the percentage of LAP* cells did not vary broadly in the different subsets of PBMC,
it increased sharply in CD25" and CD25" subpopulations of both culture conditions. The percentages of CD69*
cells also increased in a similar fashion. While the transient expression of this marker is associated with an acti-
vated phenotype, its sustained expression is associated to a regulatory phenotype capable of suppressing T cell pro-
liferation, even in CD25~ cells®. Similarly, the percentage of cells expressing de inhibitory molecule CTLA-4%*% 30
increased significantly in both culture conditions. Although GITR was generally expressed in all subpopulations
analyzed (in terms of percentage of positive cells), the MFI increased significantly from CD25~ to CD25 sub-
populations, in line with the expected for this marker®’. Overall, these results indicate that the iTregs generated
under our culture settings have an immunophenotype clearly associated with the regulatory phenotype described
in the literature.

In addition to the increased percentage of FOXP3* cells, the more striking difference observed by us,
related to the effects of TGF-3/atRA treatment, was the almost complete disappearance of the alpha chain of
the interleukin-7 receptor (CD127). Autoreactive and T effector cells express high levels of IL-7R and the IL-7
cytokine controls their expansion®. High IL-7R surface expression allows an unambiguous distinction of CD4™ T
conventional cells within the CD25"CD45RO*RA ™ effector/memory and CD45RA*RO™ naive compartments in
peripheral blood and lymph node®. Importantly, IL-7R expression is inversely correlated with FOXP3 expression
in PBMC, with the majority of CD4"CD127~ cells being FoxP3™, including those that express low levels or no
CD25*% Although CD4"CD127" cells include both CD25" and CD25™ cells, they are as suppressive as the “clas-
sic” CD4CD25" Treg cell subset*. Finally, the CD4*CD25*CD127"°"'~ population has been pointed as a more
specific Treg population in human peripheral blood**.

Strikingly, in the CD4gp/ora condition, CD127 was expressed in only 10% of CD4"CD25~ cells and was
virtually absent in CD25" cells. In contrast, in cells from the CD4,;4 condition they only slightly decreased
from 40% (in CD25~ and CD25™* cells) to about 30% among the CD4*CD25". Therefore, our immunopheno-
typing results suggest that the iTregs generated in CD4gp/za Would be endowed with a greater suppressive
potential. In fact, as functionally demonstrated by us, FACS sorted CD4*CD25" cells from CD4gp/ora cultures
displayed a suppressive potential higher than CD4"CD25tCD127 nTregs from PBMC. Moreover, even FACS
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sorted CD4"CD25" cells from CD4 g/ cultures also showed some suppressive function at higher Treg:T
CD3" ratios, in line with the observed populations of FOXP3* and CD127~ cells among CD4*CD25" cells in the
CD41Gp/ama condition.

Although the CD127 downregulation observed by us upon TGF-{3/atRA treatment may be partially explained
by the capacity of FOXP3 to interact and repress the CD127 promoter?, its striking inhibition (despite the mar-
ginally increased FOXP3 levels) suggests an additional mechanism. Importantly, our analyses clearly indicated
that microRNAs may be responsible for the strong inhibition of CD127 expression, as the IL7R transcript was
identified to be a predicted target of 13 microRNAs exclusively expressed in CD4gg/qra-

Our results are in line with those of Zhou et al., which showed that Dicer-deficient Treg cells became unstable,
with downregulation of FOXP3 and loss of their suppressive activity in vivo, with the acquisition of a T helper cell
memory phenotype including increased levels of CD127. Interestingly, Zhou suggested that the up-regulation
of genes in the Dicer KO cells could be a direct result of the loss of relevant mature miRNAs found to be overex-
pressed in Treg cells by Cobb et al.; specifically suggesting that CD127 and IFN-~ could be potentially targeted by
miR-214 and miR-27b*> 2.

The IL-6 signaling pathway has been identified as a central regulator of the balance between proinflamma-
tory Th17 cells and Tregs®. Activation of this pathway in the presence of TGF- induces the generation of Th17
cells'® 1% and promotes FOXP3 protein degradation®. Together with IL-6R, the membrane glycoprotein GP130
(IL6ST) compose the functional IL-6 family receptor complex®®. Activation of this receptor complex by IL-6
triggers signaling events, including activation of the transcription factors related to T cell differentiation and
activation, such as STAT-3%. In line, deletion of GP130 implies in failure to induce IL-6 signaling and promotes
the conversion of CD4" T cells into FOXP3™" Tregs®. Finally, atRA treatment represses IL-6R expression and
signaling, sustaining the stability and functionality of nTregs, inhibiting their conversion to Th17 or to other Th
cells, even in presence of IL-6°'.

In line with the reported effects of atRA, our microarray and qPCR results showed that the expression of IL6R,
IL6ST, JAKI and STATS3 are all downregulated in CD4¢p/ra> @8 compared to CD4,y,.4 and naive T-cells.

As similarly found by Cobb et al.?>, we also identified a group of miRs that were commonly induced by acti-
vation of naive T-cells irrespective of the addition of TGF-3/atRA; however, the effect of TGF-3/atRA treatment
clearly had a much stronger impact than activation alone, specifically inducing microRNAs with several putative
functions relevant in the biological context of Treg induction.

By identifying a set of downregulated transcript predicted to be targeted by miRs exclusively expressed in
CD41Gr/ama> We were able to identify many pathways potentially downmodulated post-transcriptionally, includ-
ing IL-6/JAK/STAT. Of notice, IL6R, IL6ST, JAK1 and STAT3 were all heavily targeted by the miRs identified
by us. Moreover, we showed that IL6R and IL6ST transcript levels are reduced upon introduction of synthetic
mimics of selected targeting miRs (namely, miR-23a, -30a, -636 and -1299). Importantly, we show that these miRs
contribute to increased expression of FOXP3. Interestingly, miR-23a was previously shown to directly target the
IL-6 mRNA in trophoblasts®2. More recently, the miR-23~27~24 cluster was shown to be a FOXP3 transcriptional
target with roles in Treg biology; and the overexpression of the entire miR-23 cluster was shown to negatively
impact the differentiation of Th1 and Th17 lineages®’.

Among the miRs exclusively expressed in the CD4¢g/qra condition, we could identify a few microRNAs pre-
viously shown by others to be involved with Treg generation or function. For instance, from the miRNAs found
to be overexpressed in Treg cells by Cobb et al. (which included, miR-15b, miR-16, miR-21, miR-22, miR-23a,
miR-23b, miR-24, miR-27b, miR-29¢, miR-30a, miR-103, miR-125a-3p, miR-146a, miR-149, miR-155, miR-191,
miR-207, miR-214, miR-223, and miR-297a), we also identified the 5p arm of miR-23a, miR-30a, and miR-149, as
exclusively expressed in the CD4gg/,ra condition®.

We also identified miR-181c-3p in common with Rouas et al., which showed that miR-21, -181c and -374 are
expressed at higher levels and that miR-31, and 125a were expressed at lower levels in UCB nTreg, as compared
to their CD4"CD25~ T-cell counterparts. Moreover, while, miR-31 was shown to directly target FOXP3 mRNA,
and miR-21 was shown to indirectly induce FOXP3 expression, the remaining miRs had no effect on FOXP3
expression®.

Among miRNAs expressed in nTreg five times or more than in naive CD4* T-cells (as determined by
miR-seq), Takahashi et al. identified: miR-10a-5p, miR-21-5p, miR-31-5p, miR-21-3p, miR-146a-5p, miR-423-3p
and miR-23a-3p*. Importantly, they identified miR10b-5p as the most selective marker of nTreg cells versus other
T cell subsets. Functional evaluation showed that miR-10a is upregulated by TGF-(3 and atRA in induced Tregs
and that miR-10a would act by simultaneously targeting the transcriptional repressor Bcl-6 and the corepressor
Ncor2, limiting their differentiation into Th17 and follicular T helper cells**. In common with their work, we
identified miR-10a-5p and the 5p arm of miR-23a (and also miR-10a-3p and miR-10b-5p).

In line, by using a FoxP3-driven GFP reporter mice, Jeker et al. carried a miRNA microarray analysis to com-
pare Tconv and GFP* Treg cells and found miR-10a to be the only miRNA exclusively detected in Treg; however,
he also identified miR-125a-5p, miR-155, miR-21, miR-677, miR-24, miR-27a and miR-184, with a 1.6 fold induc-
tion or higher®. Moreover, they showed that inhibition of miR-10a reduces expression levels of FoxP3 in vitro
and in vitro TGF-3-induced iTregs only express miR-10a if cultured with retinoic acid. Of note, genetic ablation
of miR-10a did not affect the generation of nTreg in vivo, nor the ability of conventional T cells to express FoxP3
in response to TGF-3/atRA%.

In addition to IL-6/JAK/STAT signaling, we also identified Toll-like receptor (TLR), PI3K/Akt and mTOR
signaling pathways as potentially downmodulated by miRs exclusively expressed in CD4gg/,za. More specifi-
cally, we found that the component of the mTORC1 complex (Raptor) was predicted to be targeted by 12 distinct
miRs. The AKT-mTOR axis contributes to the generation and function of CD4Foxp3™ cells®®. Moreover, while
the drug Rapamicin (inhibitor of mMTOR) contributes to the expansion and function of Tregs®’~%, the prolifera-
tion of effector T cells is compromised”, as well as the differentiation of TH17 cells”". Finally, inhibition of AKT
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signaling was shown to be necessary for the suppressive function of CD4*CD25" Treg cells’. Strikingly, AKT3,
PIK3CA, PIK3CB and PIK3CD were all downregulated and predicted to be targeted by at least 11 miRs exclu-
sively expressed in the CD4rgp/.ra condition.

Importantly, two recent works also identified mTOR signaling as a pathway repressed by miRs during Tregs
induction. For instance, Singh et al. functionally evaluated a set of miRNAs previously found to be expressed at
higher levels in mice nTregs®, identifying a role for microRNA-15b/16 in the suppression of mTOR signaling
during Tregs induction, by targeting the mTORC2 component Rictor””. In turn, Warth et al. carried a functional
screen of 130 candidate miRs, identifying 10 miRNAs with a positive effect in Treg differentiation, of which, miR-
100, miR-99a and miR-10b, also inhibited the Th17 program. Among these, miR-99a would also act by repressing
mTOR to promote Treg differentiation, in cooperation with the constitutively expressed miR-1507%. Of note, we
also identified miR-10b-5p and miR-99b-3p as exclusively expressed in the CD4gg/ora condition.

Regarding TLR signaling, TLR2, TLR5 and TLR6 were predicted targets of 4, 9 and 11 miRs exclusively
expressed in the CD4rgp/qra condition, respectively. Importantly, TLR2 activation restricts the generation and
suppressive activity of CD4"CD25TFOXP3" Tregs’®, both, natural or induced by TGF-37¢.

Although, the treatment with atRA and TGF-$ implies in a more robust differentiation of naive T-cells into
functional iTregs (as compared to the CD4,4 condition), this treatment restricted their proliferation and induced
high levels of apoptosis (Supplementary Figure 5). While conventional T cells are known to produce high levels
of IL-2 for longer periods post activation, IL-2 production by Tregs is restricted to the initial phase’””. Our find-
ings are in line with other studies that showed that both TGF-{3 and atRA lead to the reduction of IL-2 synthesis,
resulting in lower proliferation and survival'*7%.

In summary, we have shown that functional CD4*CD25%CD127-FOXP3* iTregs can be generated from acti-
vated umbilical cord blood-naive T-cells following treatment with TGF-3 and atRA. Under these conditions,
generated iTregs have an in vitro suppressive potential comparable to PBMC nTregs. Moreover, a set of miRs
exclusively expressed in CD4rqp/.ra are predicted to post-transcriptionally inhibit a set of transcripts concord-
antly downregulated; including central components involved in IL-6/JAK/STAT and AKT-mTOR signaling, thus
restricting Th17 polarization and favoring iTreg generation. Our results support a broad regulatory function of
microRNAs during iTreg generation and further elucidate the potential molecular mechanisms involved in the
homeostasis of the immunesystem in the periphery.

Material and Methods

Umbilical cord blood and peripheral blood sample collection. Umbilical cord blood (UCB) sam-
ples were obtained by umbilical vein puncture and collected in blood-pack units (JP pharmaceutical industry,
Ribeirdo Preto, Brazil) containing 25 mL of citrate phosphate dextrose (CPD) anticoagulant solution. Only
blood-packs judged inappropriate for banking according to transfusion regulations (volume < 90mL or lack
of a serology test at the time of collection) were used in this study. Peripheral blood samples were obtained
from adult normal healthy donors at the University Hospital (FMRP-USP). The study protocols were approved
by the Institutional Ethics Committees of the University Hospital, Faculty of Medicine of Ribeirdo Preto and
of the Mater Maternidade do Complexo Aeroporto (Ribeirdo Preto, Brazil) (protocols number 7292/2011 and
10982/2010 respectively) and informed consents were obtained from all donors or parents. All experiments were
performed in accordance with the relevant guidelines and regulations.

Monoclonal antibodies, reagents and cytokines used. The following conjugated mouse antibod-
ies were used for flow cytometry analysis (clone [fluorophore]): anti-CD3 (HIT3a [FITC]), CD4 (RPA-T4 [PE
and PerCP]), CD45RA (HI100 [APC]) CD25 (M-A251 [APC] or 2A3 [FITC]), CD69 (EN50 [PE]), CD127
(HIL-R7-M21 [FITC]), TNFR2 (hTNFR-M1 [PE]) and CTLA-4 (BNI3 [PE]) (BD Pharmingen, San Jose-CA,
USA). The anti-GITR conjugated antibody (621 [APC]) was obtained from BioLegend. The anti-LAP conju-
gated antibody (27232 [PE]) was obtained from R&D Systems (Minneapolis, MN, USA) and PE conjugated
anti-human FOXP3 (PCH101) was obtained from eBiosciences (San Diego, CA, USA). For FOXP3 intracellular
staining, the cells were fixed and permeabilized using a Human FOXP3 Human Buffer Set kit (BD Pharmingen,
San Jose-CA, USA). The reagents and cytokines used included: RPMI 1640 medium and all-trans retinoic acid
from Sigma-Aldrich (St. Louis, MO, USA), recombinant human TGF-31 and IL-2 from Peprotech (Rocky Hill,
NJ, USA), anti-CD2/CD3/CD28 beads (T Cell Activation/Expansion Kit) and carboxyfluoresceinsuccinimidyl
ester (CFSE) from Invitrogen (Carlsbad, CA, USA).

Immunomagnetic selection of CD4" naive T-cells from umbilical cord blood. Mononuclear cells
from UCB were isolated following centrifugation through Ficoll-Paque PLUS (Amersham Biosciences, Uppsala,
Sweden). Isolated cells were washed two times with PBS-ACD 0.5% and used for the negative immunomagnetic
selection of naive CD4*CD25CD45RA™ T-cells using naive CD4" T cell isolation Kit II, according to manu-
facturer’s recommendations (Miltenyi Biotec, Bergisch Gladbach, Germany). Briefly, all UCB cells (except néive
CD4" T cells) were depleted using a mixture of antibodies (anti-human CD8, CD14, CD15, CD16, CD19, CD25,
CD34, CD36, CD45R0, CD56, CD123, TRC~/6, HLA-DR and Glycophorin A) linked to magnetic microbeads,
using magnetic columns and a QuadroMACS magnet (MiltenyiBiotec). Only samples of ndive CD4" T cells with
purity above 95%, as determined by flow cytometry (anti-CD4 PE, anti-CD25 FITC and anti-CD45RA APC),
were used in this work.

In vitro generation of human iTregs. Naive CD47CD25-CD45RA™ T-cells were activated with
anti-human CD2/CD3/CD28 beads (1:2 bead to cells ratio) in RPMI 1640 supplemented with 10%
heat-inactivated fetal bovine serum (Hyclone, Logan, UT, USA), L-glutamine (1 mM), streptomycin (100 pg/
ml) and penicillin (100 U/ml) (Sigma-Aldrich), and 3 x 10° cells/well were plated in 24 well plates. The complete
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medium was supplemented with IL-2 (50 U/ml), TGF-31 (5ng/ml) and atRA (100 nM), a condition referred as
CD41Gp/ama- As a control for comparisons, naive T-cells were similarly activated, but complete medium was sup-
plemented only with IL-2, a condition referred as CD4,.4. The cells were stimulated for a total of 5 days.

Isolation of peripheral blood CD3+T cells and nTregs from healthy volunteers.  Peripheral blood
mononuclear cells (PBMC) from healthy volunteers were isolated by centrifugation using Ficoll-Paque PLUS
(Amersham Biosciences, Uppsala, Sweden). Isolated cells were washed twice with PBS and used for the neg-
ative immunomagnetic selection of untouched CD3" T cells using the Pan T cell isolation Kit, according to
the manufacturer’s reccommendations (MiltenyiBiotec, Bergisch Gladbach, Germany). In brief, all blood cells
(except CD3™ T cells) were depleted from PBMC using a mixture of antibodies (anti-CD14, CD16, CD19, CD36,
CD56, CD123 and Glycophorin A) linked to magnetic microbeads, using magnetic columns and a QuadroMACS
magnet (MiltenyiBiotec). The CD4*CD25+CD1274™/~ Regulatory T Cells Isolation Kit II (MiltenyiBiotec) was
used for nTregs isolation. Briefly, PBMCs were incubated with a cocktail of biotinylated antibodies (anti-CDS8,
CD19, CD123 and CD127) and Anti-Biotin MicroBeads for the depletion of non-CD4* and CD127"ish cells.
After the negative selection, the pre-enriched CD4tCD1274m/~ T cells were incubated with CD25 MicroBeads
for subsequent positive selection of CD4TCD25+CD!?74m/~ regulatory T cells. All separations resulted in purities
above 95%, as determined by flow cytometry (anti-CD3 FITC for T cells and anti-CD4 FITC, Anti-CD25 PE and
Anti-CD127 APC for nTregs).

Immunophenotypic characterization. Following 5 days of culture, phenotype of CD4+*CD25" gated
lymphocytes from CD4gp/qra and CD4yq cultures were determined by flow cytometry using the antibodies:
anti-CD4 PerCP, anti-CD25 FITC or APC, anti-CD69 PE, anti-CD127 FITC, anti-TNFR2 PE, anti-LAP FITC,
anti-GITR APC and anti-CTLA-4 PE. After surface staining, the cells were fixed and permeabilized for intra-
cellular staining of FOXP3 (anti- FOXP3 PE). A full immunophenotypic characterization of CD4gg/ora and
CD4yq cells, comparing them to PBMCs from normal healthy donors (n=5), was carried. The percentages of
positive cells for the surface markers GITR, LAP, CTLA4, CD69, CD127, TNFR2 and the intracellular transcrip-
tional factor FOXP3 were assessed in CD4*CD25~, CD4*CD25" and CD4"CD25" subpopulations, as defined
by the top 2% CD25" cells among lymphocytes®. We arbitrarily defined the CD4*CD25" subpopulations as the
top 2%, based on the seminal work of Baecher-Allan, that identified CD25* regulatory cells as ~1-2% of CD4"
T cells in human peripheral blood”. Cells were acquired and analyzed using a FACScalibur flow cytometer (BD
Pharmingen) and the Flow]Jo analysis software (version 10.0.6; TreeStar Inc, Ashland, OR, USA), respectively. The
same markers were evaluated in nTregs. The statistical test used to compare subpopulations of the same culture
condition (or PBMC) was a paired T-test, while the comparison between similar subpopulations of distinct con-
ditions was a non-paired T-test.

In vitro suppression assays. Function of regulatory T cells obtained from CD4gp/ura cultures was assessed
by their ability to suppress the proliferation of activated T cells. CD4+CD25" (iTregs) and CD4+CD25™ fractions
were FACS sorted from CD41p/ora cultures from three distinct experiments carried with three distinct cord
blood units in three different days. In order to account for day to day experimental variability, and to allow a
more quantitative evaluation of their suppressive potential, for each distinct experiment carried we always used
CFSE-stained CD3 T cells from the same healthy donor. Similarly, fresh nTregs (CD4+*CD25*CD1274™~) were
immunomagnetically isolated from PBMC of a unique distinct healthy donnor (distinct from the CD3" T cells
donor), for each experiment. A total of 1 x 107 CD3" T cells were stained with 2.5 uM green fluorescent CFSE
(carboxyfluoresceinsuccinimidyl ester, Invitrogen) for 10 minutes at 37 °C, according manufacturer’s protocol.
CFSE-stained CD3" T cells were activated with anti-human CD2/CD3/CD28 beads (1beads:2cells) in RPMI 1640
supplemented with 10% heat-inactivated fetal bovine serum (Hyclone, Logan, UT, USA), L-glutamine (1mM),
streptomycin (100 ug/ml) and penicillin (100 U/ml) (Sigma-Aldrich), and cultivated alone or in the presence of
nTregs or with CD4*CD25" iTregs or CD4*CD25~ FACS sorted from CD4 g, cultures. The ratios of regula-
tory cells to activated effector CD3* cells (1 x 10°) were 1:1, 1:2, 1:4, 1:8 and 1:16. All experiments were performed
in 96-well U-bottom plates (Greiner Bio-One, Germany) with the addition of IL-2 (30U/ml) to the medium at the
start of co-culture. After 3 days, the cells were analyzed by flow cytometry. As CFSE-labeled CD3" T cells divide,
half of the labeled proteins are distributed to each daughter cell, resulting in a two-fold decrease in dye intensity
in each generation. By comparing the different conditions to non-proliferating cells of an unstimulated control
condition, and by using a condition of activated T cells cultured alone as a reference, the percentage of inhibition
can be calculated. The statistical test used to compare the percentage of suppression was Two-way ANOVA with
a Bonferroni post-test.

RNA extraction. Naive T-cells, CD4ygp/ura and CD4y.q were collected and resuspended in 250 ul of PBS,
thoroughly mixed with 750 ul of Trizol LS reagent (Invitrogen, Carlsbad, CA, USA) and stored at —80°C.
Total RNA was obtained according to manufacturer’s instructions, and RNA was quantified using a NanoVue
Spectrophotometer (GE Healthcare) at 260 nM. In addition, the quality of RNA samples was evaluated using RNA
6000 Pico Chip using the Agilent 2100 Bioanalyzer instrument (Agilent Technologies, Colorado Springs, CO,
USA). Samples with RIN >7 were used in this work.

Microarray analysis of gene expression profile. Microarray profiling was performed for freshly isolated
naive T-cells and the corresponding CD4¢p/ura and CD4y 4 cells, derived in culture, from three UCB samples
(totaling 9 microarray profiles). Gene expression profiles were obtained using the commercially available Human
Whole Genome Oligo Microarray 4 x 44K slides containing 41,000 distinct probes (Agilent Technologies,
G4112F, Palo Alto, CA, USA), according to the manufacturer’s protocol, as previously described®. Briefly, the
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one-color Quick Amp Labeling Kit (Agilent Technologies, 5190-0442) was used to generate Cy3-labelled cRNA,
which was then fragmented and hybridized to the microarray slides.

Microarray analysis of microRNA expression profile. Analysis of microRNA expression pro-
file were performed with the same samples used for mRNA microarray, using the commercially available
Agilent Unrestricted Human miRNA Microarray (V3) 8 x 15K slides Release 12.0 (Agilent Technologies,
G4471A-021827) and miRNA Complete Labeling and Hyb Kit (Agilent Technologies, 5190-0456), according
to the manufacturer’s protocol. Briefly, total RNA (100 ng) from each sample were dephosphorylated with Calf
Intestine Alkaline Phosphatase (GE Healthcare, Amersham, UK), and linked to a Cyanine 3-labeled nucleo-
tide (Cyanine 3-pCp) using an enzyme T4 RNA ligase (GE Healthcare, E2050Y). The labeled RNA was puri-
fied (MicroBioSpin 6, Bio-Rad, 732-6221), hybridized (overnight for 20 hours at 55°C and 20 rpm) and washed
(Agilent, 5188-5327) before scanning.

Microarray data analysis. Microarray slides were scanned at 535 nm with 5 pum/pixel resolution using a
DNA Microarray Scanner with Sure Scan High-Resolution Technology (Agilent Technologies). The images were
analyzed and quantified with the Agilent Feature Extraction software (AFE version 11.5). The R/Bioconductor
softwares AgiMicroRna and limma Packages were used to perform the normalization and statistical analysis of
the extracted data. For microRNA arrays, the AFE signal used was TotalGeneSignal (the sum of the total probe
signals per microRNA) and for mRNA arrays, we used the already background-corrected gProcessedSignal. For
inter-array comparisons, signal intensities were normalized using a quantile method forcing the entire empir-
ical distribution of each sample to be identical (Yang and Thorne 2003). Replicate probes were mean averaged
and differentially expressed transcripts were selected using an adjusted P value cutoft of 0.05 (False Discovery
Rate multiple testing correction), calculated by a moderated t-test using empirical Bayes statistics, as described
in the limma package (Linear Models for Microarray). Unsupervised hierarchical clustering of the full mRNA
and microRNA expression profiles were carried using Spearman distance or Euclidean distance, in the case of
the supervised clustering carried only with the differentially expressed microRNAs (shown with an associated
heatmap).

The data discussed in this publication have been deposited in NCBI’s Gene Expression Omnibus®! and are
accessible through GEO Series accession number GSE93858 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgitacc=GSE93858).

Identification of miR-modulated targets and pathways. In order to identify microRNAs exclusively
expressed in the CD4 g ora iTreg cells, we adopted a more stringent criterion. Only miRs detected (detection
call, glsGeneDetected = 1) in the iTreg samples, but undetected (glsGeneDetected =0) in naive or CD4,q sam-
ples, were selected. Given that microRNAs decrease target mRNA levels by Deadenylation®® #, we used the
transcript probes, downregulated in CD4gg/,ra relative to naive T-cells or to CD4y,.4, in search of potential
microRNA targets of the microRNAs exclusively detected in CD4¢p/qra- Predicted microRNA targets were iden-
tified using the version 7 of TargetScan database (http://www.targetscan.org), which provides a strong context
score able to predict targeting efficacy at the transcript level®- . This set of potential targets was uploaded into
the online DAVID Functional Annotation Tool (https://david.ncifcrf.gov/), and the Functional Annotation Chart
was used to identify pathways and biological processes statistically enriched for miR targets and, thus, potentially
modulated by the miRs exclusively expressed in CD4gp/ura®® ¥’

Real time qPCR. Total RNA was reverse transcribed using the High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Foster City, CA, USA), according to the manufacturer’s instructions. Evaluations
were performed by an ABI Prism 7300 Sequence Detection System using TagMan PCR Master Mix and probes
(Applied Biosystems) for IL-6R (Hs01075666_m1), IL-6ST (Hs00174360_m1), JAK1 (Hs01026983_m1) and
STAT3 (Hs00374280_m1). The qPCR thermocycling conditions were: 2min at 50 °C, 10 min at 95 °C, followed by
40 cycles of 95 °C for 15 sec and 60 °C for 1 min. PCR reactions were carried in duplicates. The housekeeping gene
GAPDH was used to normalize sample loading (Applied Biosystems). The 2-22% method® was used to calculate
the expression, relative to the median ACT value of control samples. Non-parametric Mann-Whitney tests were
used to calculate statistically significant differences.

Regulation of IL-6R and IL-6ST mRNAs by microRNA mimics. In order to evaluate the poten-
tial down-regulation of IL-6R and IL-6ST transcripts by the selected microRNAs predicted to target them, we
transfected the pluripotent human embryonal carcinoma cell line (NTera-2 Cl. D1) with synthetic microRNA
mimic RNA molecules corresponding to miR-23a (-3p), miR-30a (-5p), miR-636, miR-1299 and a control miR
(pre-miR-ctrl) without human predicted targets (Ambion, Austin, TX, USA). Cells were grown in Dulbecco’s
Modified Eagle’s Medium (DMEN) (Gibco, Invitrogen, Merelbeke, Belgium) supplemented with 10% Fetal Calf
Serum (FCS) (Hyclone, Perbio, Belgium), 50U/ml penicillin and 50ug/ml streptomycin at 37 °C and 5% CO,.
Cells were reverse transfected using the Lipofectamine® 2000 Transfection Reagent (Invitrogen, Carlsbad, CA,
USA), according to the manufacturer’s instructions. Briefly, Lipofectamine (1.15 uL/well) was mixed with 115uL
OPTI-MEN I Reduced Serum Medium (Invitrogen). In parallel, control or mimics (50 nM final concentration)
were mixed with 115uL OPTI-MEN I Reduced Serum Medium. Solutions were mixed independently and, fol-
lowing five minute incubation at room temperature (RT), both solutions were mixed together and further incu-
bated for 20 minutes. Finally, 9.2 x 10* cells (in 920 ul DMEN medium +10% FCS without antibiotics) were added
to the mix in 12-wells plates. Cells were harvested 72 hours post-transfection for RNA extraction and quantitation
of IL-6R and IL-6ST mRNAs levels.
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Effect of microRNA mimicsin TregVs TH17 polarization. To evaluate the effect of selected microRNA
during the in vitro generation of Treg, synthetic microRNA mimic molecules were introduced in naive T-cells
and the percentages of FOXP3 positive cells (or their expression level, as indicated by mean fluorescence inten-
sity) were determined by flow cytometry. Briefly, UCB naive T-cells (CD4"CD25 CD45RA™) were activated
with anti-human CD2/CD3/CD28 beads in the presence of 50 U/ml IL-2 (as described) and immediately after,
1.5 x 10° cells/well were plated in 24-wells plates in 300 ul of RPMI 1640 (Gibco, Invitrogen, Merelbeke, Belgium)
supplemented with 10% Fetal Calf Serum - FCS (Hyclone, Perbio, Belgium) without antibiotics. The DMRIE-C
Transfection Reagent (0.5 ul/well) was mixed with OPTI-MEN I Reduced Serum Medium (Invitrogen, Carlsbad,
CA, USA) by vortexing, and incubated at room temperature (RT) for 10 minutes. Next, control or mirVana
miRNA mimics (pre-miR-ctrl and miR-23a-5p, miR-30a-5p, miR-636 and miR-1299; Ambion, Austin, TX,
USA) were added (30 nM final concentration) and the mixtures (100 ul) were further vortexed and incubated for
15 minutes at RT, before being added to the cells. After four hours, 600 ul of RPMI medium (+10% FCS with anti-
biotics) was added per well. Cells were maintained at 37 °C and 5% CO, and harvested 48 hours post-transfections
for immunophenotyping. For transfections using a pool of the four microRNAs, each of the miRs were added
at a final concentration of 12.5nM (totaling 50 nM). For evaluation of FOXP3" Tregs, cells were surface labeled
using anti-CD4 APC and anti-CD25 FITC antibodies and then, cells were fixed, permeabilized and labeled with
anti-FOXP3 PE. Cells were acquired and analyzed using a FACScalibur cytometer (BD Pharmingen) and the
Flow]Jo software (version 10.0.6), respectively.

Statistical analysis. Values are presented as mean + standard error of mean (SEM) and P values were calcu-
lated using Paired or non-paired Student’s T-test, Two-way ANOVA with a Bonferroni post-test, non-parametric
Mann-Whitney tests. All statistical analyses were done using Prism 5.0 software (GraphPad Software, Inc., San
Diego, http://www.graphpad.com), significant values are expressed as *p < 0.05; **p < 0.01; ***p < 0.001.

References

1. Workman, C. J., Szymczak-Workman, A. L., Collison, L. W,, Pillai, M. R. & Vignali, D. A. The development and function of
regulatory T cells. Cell Mol Life Sci 66, 2603-2622, doi:10.1007/s00018-009-0026-2 (2009).

2. Read, S., Malmstrom, V. & Powrie, E. Cytotoxic T lymphocyte-associated antigen 4 plays an essential role in the function of CD25(+)
CD4(+) regulatory cells that control intestinal inflammation. ] Exp Med 192, 295-302 (2000).

3. McHugh, R. S. et al. CD4(+)CD25(+) immunoregulatory T cells: gene expression analysis reveals a functional role for the
glucocorticoid-induced TNF receptor. Immunity 16, 311-323 (2002).

4. Liu, W. et al. CD127 expression inversely correlates with FoxP3 and suppressive function of human CD4+ T reg cells. ] Exp Med 203,
1701-1711, doi:10.1084/jem.20060772 (2006).

5. Chen, X. et al. Cutting edge: expression of TNFR2 defines a maximally suppressive subset of mouse CD4+ CD25+ FoxP3+ T
regulatory cells: applicability to tumor-infiltrating T regulatory cells. Journal of immunology 180, 6467-6471 (2008).

6. Chen, M. L., Yan, B. S, Bando, Y., Kuchroo, V. K. & Weiner, H. L. Latency-associated peptide identifies a novel CD4+ CD25+
regulatory T cell subset with TGFbeta-mediated function and enhanced suppression of experimental autoimmune
encephalomyelitis. Journal of immunology 180, 7327-7337 (2008).

7. Lu, L., Zhou, X., Wang, ., Zheng, S. G. & Horwitz, D. A. Characterization of protective human CD4CD25 FOXP3 regulatory T cells
generated with IL-2, TGF-beta and retinoic acid. PloS one 5, 15150, doi:10.1371/journal.pone.0015150 (2010).

8. Zheng, Y. & Rudensky, A. Y. Foxp3 in control of the regulatory T cell lineage. Nat Immunol 8, 457-462, doi:10.1038/ni1455 (2007).

9. Yagi, H. et al. Crucial role of FOXP3 in the development and function of human CD25+ CD4+ regulatory T cells. Int Immunol 16,
1643-1656, doi:10.1093/intimm/dxh165 (2004).

10. Shevach, E. M. & Thornton, A. M. tTregs, pTregs, and iTregs: similarities and differences. Immunol Rev 259, 88-102, doi:10.1111/
imr.12160 (2014).

11. Abbas, A. K. et al. Regulatory T cells: recommendations to simplify the nomenclature. Nat Immunol 14, 307-308, doi:10.1038/
ni.2554 (2013).

12. Chen, Q,, Kim, Y. C,, Laurence, A., Punkosdy, G. A. & Shevach, E. M. IL-2 controls the stability of Foxp3 expression in TGF-beta-
induced Foxp3+ T cells in vivo. Journal of immunology 186, 6329-6337, doi:10.4049/jimmunol.1100061 (2011).

13. Hippen, K. L. et al. Generation and large-scale expansion of human inducible regulatory T cells that suppress graft-versus-host
disease. Am ] Transplant 11, 1148-1157, doi:10.1111/j.1600-6143.2011.03558.x (2011).

14. Lu, L. et al. All-trans retinoic acid promotes TGF-beta-induced Tregs via histone modification but not DNA demethylation on Foxp3
gene locus. PloS one 6, 24590, doi:10.1371/journal.pone.0024590 (2011).

15. Wang, J., Huizinga, T. W. & Toes, R. E. De novo generation and enhanced suppression of human CD4+- CD25+ regulatory T cells
by retinoic acid. Journal of immunology 183, 4119-4126, doi:10.4049/jimmunol.0901065 (2009).

16. Fontenot, J. D., Rasmussen, J. P, Gavin, M. A. & Rudensky, A. Y. A function for interleukin 2 in Foxp3-expressing regulatory T cells.
Nat Immunol 6, 1142-1151, doi:10.1038/ni1263 (2005).

17. Laurence, A. et al. Interleukin-2 signaling via STATS5 constrains T helper 17 cell generation. Immunity 26, 371-381, doi:10.1016/j.
immuni.2007.02.009 (2007).

18. Bettelli, E. et al. Reciprocal developmental pathways for the generation of pathogenic effector TH17 and regulatory T cells. Nature
441, 235-238, doi:10.1038/nature04753 (2006).

19. Veldhoen, M., Hocking, R. J., Atkins, C. J., Locksley, R. M. & Stockinger, B. TGFbeta in the context of an inflammatory cytokine
milieu supports de novo differentiation of IL-17-producing T cells. Immunity 24, 179-189, doi:10.1016/j.immuni.2006.01.001
(2006).

20. Furuzawa-Carballeda, J., Vargas-Rojas, M. I. & Cabral, A. R. Autoimmune inflammation from the Th17 perspective. Autoimmun
Rev 6,169-175, doi:10.1016/j.autrev.2006.10.002 (2007).

21. Elias, K. M. et al. Retinoic acid inhibits Th17 polarization and enhances FoxP3 expression through a Stat-3/Stat-5 independent
signaling pathway. Blood 111, 1013-1020, doi:10.1182/blood-2007-06-096438 (2008).

22. Lu, L. et al. Critical role of all-trans retinoic acid in stabilizing human natural regulatory T cells under inflammatory conditions. Proc
Natl Acad Sci USA 111, E3432-3440, doi:10.1073/pnas.1408780111 (2014).

23. Liu, J., Wu, C. P, Lu, B. F. & Jiang, J. T. Mechanism of T cell regulation by microRNAs. Cancer biology & medicine 10, 131-137,
doi:10.7497/j.issn.2095-3941.2013.03.002 (2013).

24. Sethi, A., Kulkarni, N., Sonar, S. & Lal, G. Role of miRNAs in CD4 T cell plasticity during inflammation and tolerance. Frontiers in
genetics 4, 8, doi:10.3389/fgene.2013.00008 (2013).

25. Cobb, B. S. et al. A role for Dicer in immune regulation. ] Exp Med 203, 2519-2527, doi:10.1084/jem.20061692 (2006).

26. Zhou, X. et al. Selective miRNA disruption in T reg cells leads to uncontrolled autoimmunity. J Exp Med 205, 1983-1991,
doi:10.1084/jem.20080707 (2008).

SCIENTIFICREPORTS|7:3627 | DOI:10.1038/s41598-017-03456-8 15


http://www.graphpad.com
http://dx.doi.org/10.1007/s00018-009-0026-2
http://dx.doi.org/10.1084/jem.20060772
http://dx.doi.org/10.1371/journal.pone.0015150
http://dx.doi.org/10.1038/ni1455
http://dx.doi.org/10.1093/intimm/dxh165
http://dx.doi.org/10.1111/imr.12160
http://dx.doi.org/10.1111/imr.12160
http://dx.doi.org/10.1038/ni.2554
http://dx.doi.org/10.1038/ni.2554
http://dx.doi.org/10.4049/jimmunol.1100061
http://dx.doi.org/10.1111/j.1600-6143.2011.03558.x
http://dx.doi.org/10.1371/journal.pone.0024590
http://dx.doi.org/10.4049/jimmunol.0901065
http://dx.doi.org/10.1038/ni1263
http://dx.doi.org/10.1016/j.immuni.2007.02.009
http://dx.doi.org/10.1016/j.immuni.2007.02.009
http://dx.doi.org/10.1038/nature04753
http://dx.doi.org/10.1016/j.immuni.2006.01.001
http://dx.doi.org/10.1016/j.autrev.2006.10.002
http://dx.doi.org/10.1182/blood-2007-06-096438
http://dx.doi.org/10.1073/pnas.1408780111
http://dx.doi.org/10.7497/j.issn.2095-3941.2013.03.002
http://dx.doi.org/10.3389/fgene.2013.00008
http://dx.doi.org/10.1084/jem.20061692
http://dx.doi.org/10.1084/jem.20080707

www.nature.com/scientificreports/

27.

28.

29.

30.

31

33.

34.

35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
. Gao, Z. et al. Synergy between IL-6 and TGF-beta signaling promotes FOXP3 degradation. Int ] Clin Exp Pathol 5, 626-633 (2012).
58.
59.
60.
61.
62.
63.
64.

65.
66.

67.

Brusko, T. M., Putnam, A. L. & Bluestone, J. A. Human regulatory T cells: role in autoimmune disease and therapeutic opportunities.
Immunol Rev 223, 371-390, doi:10.1111/j.1600-065X.2008.00637.x (2008).

Canto, E., Rodriguez-Sanchez, J. L. & Vidal, S. Distinctive response of naive lymphocytes from cord blood to primary activation via
TCR. ] Leukoc Biol 74, 998-1007, doi:10.1189/j1b.0303098 (2003).

Broxmeyer, H. E. et al. High-efficiency recovery of functional hematopoietic progenitor and stem cells from human cord blood
cryopreserved for 15 years. Proc Natl Acad Sci USA 100, 645-650, doi:10.1073/pnas.0237086100 (2003).

Guo, D, Barry, L., Lin, S. S., Huang, V. & Li, L. C. RNAa in action: from the exception to the norm. RNA biology 11, 1221-1225, doi
:10.4161/15476286.2014.972853 (2014).

. Jiao, A. L. & Slack, F. J. RNA-mediated gene activation. Epigenetics 9, 27-36, doi:10.4161/epi.26942 (2014).
32.

Portnoy, V., Huang, V., Place, R. E. & Li, L. C. Small RNA and transcriptional upregulation. Wiley Interdiscip Rev RNA 2, 748-760,
doi:10.1002/wrna.90 (2011).

Takahashi, H. et al. TGF-beta and retinoic acid induce the microRNA miR-10a, which targets Bcl-6 and constrains the plasticity of
helper T cells. Nat Immunol 13, 587-595, doi:10.1038/ni.2286 (2012).

Tran, D. Q., Ramsey, H. & Shevach, E. M. Induction of FOXP3 expression in naive human CD4+ FOXP3 T cells by T-cell receptor
stimulation is transforming growth factor-beta dependent but does not confer a regulatory phenotype. Blood 110, 2983-2990,
doi:10.1182/blood-2007-06-094656 (2007).

Kang, S. G., Lim, H. W,, Andrisani, O. M., Broxmeyer, H. E. & Kim, C. H. Vitamin A metabolites induce gut-homing FoxP3+
regulatory T cells. Journal of immunology 179, 3724-3733 (2007).

Geiger, T. L. & Tauro, S. Nature and nurture in Foxp3(+-) regulatory T cell development, stability, and function. Human immunology
73,232-239, d0i:10.1016/j.humimm.2011.12.012 (2012).

Tai, X., Cowan, M., Feigenbaum, L. & Singer, A. CD28 costimulation of developing thymocytes induces Foxp3 expression and
regulatory T cell differentiation independently of interleukin 2. Nat Immunol 6, 152-162, doi:10.1038/ni1160 (2005).

Golovina, T. N. et al. CD28 costimulation is essential for human T regulatory expansion and function. Journal of immunology 181,
2855-2868 (2008).

Semple, K. et al. Strong CD28 costimulation suppresses induction of regulatory T cells from naive precursors through Lck signaling.
Blood 117, 30963103, doi:10.1182/blood-2010-08-301275 (2011).

Allan, S. E. et al. Activation-induced FOXP3 in human T effector cells does not suppress proliferation or cytokine production. Int
Immunol 19, 345-354, doi:10.1093/intimm/dxm014 (2007).

Cavatorta, D. J., Erb, H. N. & Felippe, M. J. Activation-induced FoxP3 expression regulates cytokine production in conventional T
cells stimulated with autologous denderitic cells. Clin Vaccine Immunol 19, 1583-1592, doi:10.1128/CVI1.00308-12 (2012).
Kmieciak, M. et al. Human T cells express CD25 and Foxp3 upon activation and exhibit effector/memory phenotypes without any
regulatory/suppressor function. J Transl Med 7, 89, doi:10.1186/1479-5876-7-89 (2009).

Toker, A. et al. Active demethylation of the Foxp3 locus leads to the generation of stable regulatory T cells within the thymus. Journal
of immunology 190, 3180-3188, doi:10.4049/jimmunol.1203473 (2013).

Chen, X. et al. TNFR2 is critical for the stabilization of the CD4+ Foxp3+ regulatory T. cell phenotype in the inflammatory
environment. Journal of immunology 190, 1076-1084, doi:10.4049/jimmunol.1202659 (2013).

Nishioka, T., Nishida, E., lida, R., Morita, A. & Shimizu, J. In vivo expansion of CD4+ Foxp3+ regulatory T cells mediated by GITR
molecules. Immunology letters 121, 97-104, doi:10.1016/j.imlet.2008.09.003 (2008).

Gentilini, D. et al. The vascular endothelial growth factor+ 405G >C polymorphism in endometriosis. Human reproduction 23,
211-215, doi:10.1093/humrep/dem341 (2008).

Gandhi, R. et al. Cutting edge: human latency-associated peptide+ T cells: a novel regulatory T cell subset. Journal of immunology
184, 46204624, doi:10.4049/jimmunol.0903329 (2010).

Chen, C. C., Wang, K. Y. & Shen, C. K. DNA 5-methylcytosine demethylation activities of the mammalian DNA methyltransferases.
The Journal of biological chemistry 288, 9084-9091, doi:10.1074/jbc.M112.445585 (2013).

Han, Y., Guo, Q,, Zhang, M., Chen, Z. & Cao, X. CD69+ CD4+ CD25- T cells, a new subset of regulatory T cells, suppress T cell
proliferation through membrane-bound TGF-beta 1. Journal of immunology 182, 111-120 (2009).

Takahashi, T. et al. Immunologic self-tolerance maintained by CD25(4-)CD4(+) regulatory T cells constitutively expressing
cytotoxic T lymphocyte-associated antigen 4. ] Exp Med 192, 303-310 (2000).

Shimizu, J., Yamazaki, S., Takahashi, T., Ishida, Y. & Sakaguchi, S. Stimulation of CD25(+)CD4(+) regulatory T cells through GITR
breaks immunological self-tolerance. Nat Immunol 3, 135-142, doi:10.1038/ni759 (2002).

Heninger, A. K. et al. IL-7 abrogates suppressive activity of human CD4+ CD25+ FOXP3+- regulatory T cells and allows expansion
of alloreactive and autoreactive T cells. Journal of immunology 189, 5649-5658, doi:10.4049/jimmunol.1201286 (2012).

Seddiki, N. et al. Expression of interleukin (IL)-2 and IL-7 receptors discriminates between human regulatory and activated T cells.
J Exp Med 203, 1693-1700, doi:10.1084/jem.20060468 (2006).

Yu, N. et al. CD4(+)CD25 (+)CD127 (low/—) T cells: a more specific Treg population in human peripheral blood. Inflammation 35,
1773-1780, d0i:10.1007/s10753-012-9496-8 (2012).

Nishihara, M. et al. IL-6-gp130-STAT3 in T cells directs the development of IL-17-+ Th with a minimum effect on that of Treg in the
steady state. Int Immunol 19, 695-702, doi:10.1093/intimm/dxm045 (2007).

Kimura, A. & Kishimoto, T. IL-6: regulator of Treg/Th17 balance. Eur ] Immunol 40, 1830-1835, doi:10.1002/¢ji.201040391 (2010).

Taga, T. & Kishimoto, T. Gp130 and the interleukin-6 family of cytokines. Annu Rev Immunol 15, 797-819, doi:10.1146/annurev.
immunol.15.1.797 (1997).

Neurath, M. E. & Finotto, S. IL-6 signaling in autoimmunity, chronic inflammation and inflammation-associated cancer. Cytokine
Growth Factor Rev 22, 83-89, doi:10.1016/j.cytogfr.2011.02.003 (2011).

Korn, T. et al. IL-6 controls Th17 immunity in vivo by inhibiting the conversion of conventional T cells into Foxp3+ regulatory T
cells. Proc Natl Acad Sci USA 105, 18460-18465, doi:10.1073/pnas.0809850105 (2008).

Zhou, X. et al. Cutting edge: all-trans retinoic acid sustains the stability and function of natural regulatory T cells in an inflammatory
milieu. Journal of immunology 185, 2675-2679, doi:10.4049/jimmunol. 1000598 (2010).

Garg, M., Potter, J. A. & Abrahams, V. M. Identification of microRNAs that regulate TLR2-mediated trophoblast apoptosis and
inhibition of IL-6 mRNA. PloS one 8, €77249, doi:10.1371/journal.pone.0077249 (2013).

Cho, S. et al. miR-23 approximately 27 approximately 24 clusters control effector T cell differentiation and function. J Exp Med 213,
235-249, doi:10.1084/jem.20150990 (2016).

Rouas, R. et al. Human natural Treg microRNA signature: role of microRNA-31 and microRNA-21 in FOXP3 expression. Eur |
Immunol 39, 1608-1618, doi:10.1002/¢ji.200838509 (2009).

Jeker, L. T. et al. MicroRNA 10a marks regulatory T cells. PloS one 7, 36684, doi:10.1371/journal.pone.0036684 (2012).
Haxhinasto, S., Mathis, D. & Benoist, C. The AKT-mTOR axis regulates de novo differentiation of CD4+ Foxp3+ cells. ] Exp Med
205, 565-574, doi:10.1084/jem.20071477 (2008).

Battaglia, M., Stabilini, A. & Roncarolo, M. G. Rapamycin selectively expands CD4+ CD25+ FoxP3+ regulatory T cells. Blood 105,
4743-4748, doi:10.1182/blood-2004-10-3932 (2005).

SCIENTIFICREPORTS|7:3627 | DOI:10.1038/s41598-017-03456-8 16


http://dx.doi.org/10.1111/j.1600-065X.2008.00637.x
http://dx.doi.org/10.1189/jlb.0303098
http://dx.doi.org/10.1073/pnas.0237086100
http://dx.doi.org/10.4161/15476286.2014.972853
http://dx.doi.org/10.4161/epi.26942
http://dx.doi.org/10.1002/wrna.90
http://dx.doi.org/10.1038/ni.2286
http://dx.doi.org/10.1182/blood-2007-06-094656
http://dx.doi.org/10.1016/j.humimm.2011.12.012
http://dx.doi.org/10.1038/ni1160
http://dx.doi.org/10.1182/blood-2010-08-301275
http://dx.doi.org/10.1093/intimm/dxm014
http://dx.doi.org/10.1128/CVI.00308-12
http://dx.doi.org/10.1186/1479-5876-7-89
http://dx.doi.org/10.4049/jimmunol.1203473
http://dx.doi.org/10.4049/jimmunol.1202659
http://dx.doi.org/10.1016/j.imlet.2008.09.003
http://dx.doi.org/10.1093/humrep/dem341
http://dx.doi.org/10.4049/jimmunol.0903329
http://dx.doi.org/10.1074/jbc.M112.445585
http://dx.doi.org/10.1038/ni759
http://dx.doi.org/10.4049/jimmunol.1201286
http://dx.doi.org/10.1084/jem.20060468
http://dx.doi.org/10.1007/s10753-012-9496-8
http://dx.doi.org/10.1093/intimm/dxm045
http://dx.doi.org/10.1002/eji.201040391
http://dx.doi.org/10.1146/annurev.immunol.15.1.797
http://dx.doi.org/10.1146/annurev.immunol.15.1.797
http://dx.doi.org/10.1016/j.cytogfr.2011.02.003
http://dx.doi.org/10.1073/pnas.0809850105
http://dx.doi.org/10.4049/jimmunol.1000598
http://dx.doi.org/10.1371/journal.pone.0077249
http://dx.doi.org/10.1084/jem.20150990
http://dx.doi.org/10.1002/eji.200838509
http://dx.doi.org/10.1371/journal.pone.0036684
http://dx.doi.org/10.1084/jem.20071477
http://dx.doi.org/10.1182/blood-2004-10-3932

www.nature.com/scientificreports/

68. Kang, J., Huddleston, S. J., Fraser, ]. M. & Khoruts, A. De novo induction of antigen-specific CD4+ CD25+ Foxp3+ regulatory T
cells in vivo following systemic antigen administration accompanied by blockade of mTOR. J Leukoc Biol 83, 1230-1239,
doi:10.1189/j1b.1207851 (2008).

69. Zeiser, R. et al. Differential impact of mammalian target of rapamycin inhibition on CD4+ CD25+ Foxp3+ regulatory T cells
compared with conventional CD4+ T cells. Blood 111, 453-462, doi:10.1182/blood-2007-06-094482 (2008).

70. Battaglia, M. et al. Rapamycin promotes expansion of functional CD4+ CD25+ FOXP3+- regulatory T cells of both healthy subjects
and type 1 diabetic patients. Journal of immunology 177, 8338-8347 (2006).

71. Kopf, H., de la Rosa, G. M., Howard, O. M. & Chen, X. Rapamycin inhibits differentiation of Th17 cells and promotes generation of
FoxP3+ T regulatory cells. Int Immunopharmacol 7, 1819-1824, doi:10.1016/j.intimp.2007.08.027 (2007).

72. Crellin, N. K, Garcia, R. V. & Levings, M. K. Altered activation of AKT is required for the suppressive function of human CD4+
CD25+ T regulatory cells. Blood 109, 2014-2022, doi:10.1182/blood-2006-07-035279 (2007).

73. Singh, Y., Garden, O. A, Lang, F. & Cobb, B. S. MicroRNA-15b/16 Enhances the Induction of Regulatory T Cells by Regulating the
Expression of Rictor and mTOR. Journal of immunology 195, 5667-5677, doi:10.4049/jimmunol.1401875 (2015).

74. Warth, S. C. et al. Induced miR-99a expression represses Mtor cooperatively with miR-150 to promote regulatory T-cell
differentiation. EMBO ] 34, 1195-1213, d0i:10.15252/embj.201489589 (2015).

75. Lei, J. et al. Ligation of TLR2 and TLR4 on murine bone marrow-derived mesenchymal stem cells triggers differential effects on their
immunosuppressive activity. Cellular immunology 271, 147-156, doi:10.1016/j.cellimm.2011.06.014 (2011).

76. Lal, G. et al. Distinct inflammatory signals have physiologically divergent effects on epigenetic regulation of Foxp3 expression and
Treg function. Am J Transplant 11, 203-214, doi:10.1111/§.1600-6143.2010.03389.x (2011).

77. 1i, L. et al. CD4+ CD25+ regulatory T-cell lines from human cord blood have functional and molecular properties of T-cell anergy.
Blood 106, 3068-3073, doi:10.1182/blood-2005-04-1531 (2005).

78. Gorelik, L. & Flavell, R. A. Transforming growth factor-beta in T-cell biology. Nat Rev Immunol 2, 46-53, doi:10.1038/nri704 (2002).

79. Baecher-Allan, C., Brown, J. A., Freeman, G. J. & Hafler, D. A. CD4+ CD25high regulatory cells in human peripheral blood. Journal
of immunology 167, 1245-1253 (2001).

80. Picanco-Castro, V. et al. Pluripotent reprogramming of fibroblasts by lentiviral mediated insertion of SOX2, C-MYC, and TCL-1A.
Stem Cells Dev 20, 169-180, d0i:10.1089/scd.2009.0424 (2011).

81. Edgar, R., Domrachev, M. & Lash, A. E. Gene Expression Omnibus: NCBI gene expression and hybridization array data repository.
Nucleic acids research 30,207-210 (2002).

82. Guo, H., Ingolia, N. T., Weissman, J. S. & Bartel, D. . Mammalian microRNAs predominantly act to decrease target mRNA levels.
Nature 466, 835-840, doi:10.1038/nature09267 (2010).

83. Eulalio, A. et al. Deadenylation is a widespread effect of miRNA regulation. RNA 15, 21-32, doi:10.1261/rna.1399509 (2009).

84. Agarwal, V., Bell, G. W,, Nam, J. W. & Bartel, D. P. Predicting effective microRNA target sites in mammalian mRNAs. Elife 4,
doi:10.7554/eLife.05005 (2015).

85. Grimson, A. et al. MicroRNA targeting specificity in mammals: determinants beyond seed pairing. Mol Cell 27, 91-105,
doi:10.1016/j.molcel.2007.06.017 (2007).

86. Huang da, W,, Sherman, B. T. & Lempicki, R. A. Systematic and integrative analysis of large gene lists using DAVID bioinformatics
resources. Nature protocols 4, 44-57, doi:10.1038/nprot.2008.211 (2009).

87. Huang da, W, Sherman, B. T. & Lempicki, R. A. Bioinformatics enrichment tools: paths toward the comprehensive functional
analysis of large gene lists. Nucleic acids research 37, 1-13, doi:10.1093/nar/gkn923 (2009).

88. Pfaffl, M. W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic acids research 29, e45 (2001).

Acknowledgements

This work was supported by Fundagio de Amparo a Pesquisa do Estado de Sdo Paulo (FAPESP), Conselho
Nacional de Desenvolvimento Cientifico e Tecnolégico (CNPq), and Financiadora de Estudos e Projetos (FINEP),
Brazil.

Author Contributions

J.L.S.S.: Conception and design, collection and/or assembly of data, data analysis and interpretation, manuscript
writing. R.H.: Collection and/or assembly of data, data analysis and interpretation, manuscript writing. E.S.A.:
Collection and/or assembly of data. ].B.: Data analysis. A.G.A.: Collection and/or assembly of data. P.S.: Collection
and/or assembly of data. D.T.C.: Provision of study material or patients, final approval of manuscript. M.A.Z.:
Provision of study material or patients, final approval of manuscript. R.A.P.: Conception and design, provision
of study material or patients, collection and/or assembly of data, data analysis and interpretation, manuscript
writing, final approval of manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-03456-8

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:3627 | DOI:10.1038/s41598-017-03456-8 17


http://dx.doi.org/10.1189/jlb.1207851
http://dx.doi.org/10.1182/blood-2007-06-094482
http://dx.doi.org/10.1016/j.intimp.2007.08.027
http://dx.doi.org/10.1182/blood-2006-07-035279
http://dx.doi.org/10.4049/jimmunol.1401875
http://dx.doi.org/10.15252/embj.201489589
http://dx.doi.org/10.1016/j.cellimm.2011.06.014
http://dx.doi.org/10.1111/j.1600-6143.2010.03389.x
http://dx.doi.org/10.1182/blood-2005-04-1531
http://dx.doi.org/10.1038/nri704
http://dx.doi.org/10.1089/scd.2009.0424
http://dx.doi.org/10.1038/nature09267
http://dx.doi.org/10.1261/rna.1399509
http://dx.doi.org/10.7554/eLife.05005
http://dx.doi.org/10.1016/j.molcel.2007.06.017
http://dx.doi.org/10.1038/nprot.2008.211
http://dx.doi.org/10.1093/nar/gkn923
http://dx.doi.org/10.1038/s41598-017-03456-8
http://creativecommons.org/licenses/by/4.0/

	TGF-beta/atRA-induced Tregs express a selected set of microRNAs involved in the repression of transcripts related to Th17 d ...
	Results

	Immunophenotypic characterization of cells generated in CD4TGF/atRA and CD4Med conditions, as compared to nTregs. 
	Generated iTregs show higher suppressive capacity than peripheral blood nTregs. 
	CD4TGF/atRA cells express an exclusive set of microRNAs with corresponding predicted mRNA targets downregulated. 
	Identification of signaling pathways downmodulated by CD4TGF/atRA specific microRNAs. 
	Role of selected microRNAs in the regulation of IL-6R and IL-6ST and Treg Vs TH17 polarization. 

	Discussion

	Material and Methods

	Umbilical cord blood and peripheral blood sample collection. 
	Monoclonal antibodies, reagents and cytokines used. 
	Immunomagnetic selection of CD4+ naïve T-cells from umbilical cord blood. 
	In vitro generation of human iTregs. 
	Isolation of peripheral blood CD3+T cells and nTregs from healthy volunteers. 
	Immunophenotypic characterization. 
	In vitro suppression assays. 
	RNA extraction. 
	Microarray analysis of gene expression profile. 
	Microarray analysis of microRNA expression profile. 
	Microarray data analysis. 
	Identification of miR-modulated targets and pathways. 
	Real time qPCR. 
	Regulation of IL-6R and IL-6ST mRNAs by microRNA mimics. 
	Effect of microRNA mimics in Treg Vs TH17 polarization. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Generation of CD4+CD25hi FOXP3+ cells.
	Figure 2 Immunophenotypic characterization of cells generated in CD4TGF/atRA and CD4Med conditions.
	Figure 3 Immunosupressive potential of CD4TGF/atRA iTregs and nTregs.
	Figure 4 Bioinformatic analysis strategy.
	Figure 5 Inhibition of IL6/JAK/STAT signaling components by TGF-beta/atRA.
	Figure 6 Functional evaluation of selected microRNAs (a) Predicted sites of microRNAs in IL6R and IL6ST transcripts.




