s1dLIOSNUBIA JoyINy sispund DN 8doin3 ¢

s1dLosnuUep JoyIny sispund DN adoin3 ¢

Europe PMC Funders Group
Author Manuscript
J Immunol. Author manuscript; available in PMC 2016 June 15.

Published in final edited form as:
J Immunol. 2015 December 15; 195(12): 5667-5677. doi:10.4049/jimmunol.1401875.

MicroRNA-15b/16 enhances the induction of regulatory T cells
by regulating the expression of Rictor and mTOR

Yogesh Singh™8, Oliver A Garden, Florian Lang8, and Bradley S Cobb*f

“Department of Comparative Biomedical Sciences, The Royal Veterinary College, London, NW1
0TU, UK

TDepartment of Clinical Sciences and Services, The Royal Veterinary College, London, NW1
0TU, UK

SInstitute of Physiology |, Eberhard Karls University of Tubingen, Gmelinstrape 5, D-72076
Tubingen, Germany

Abstract

CD4" regulatory T cells (Tregs) are essential for controlling immune responses and preventing
autoimmunity. Their development requires regulation of gene expression by microRNAS
(miRNAS). In order to understand miRNA function in Treg development, we searched for
important miRNAs and their relevant target genes. Of the more abundantly expressed miRNAs in
Tregs, only miR-15b/16, miR-24, and miR-29a impacted the /77 vitro induction of Tregs (iTregs) in
overexpression and blocking experiments. miRNA mimics for these significantly enhanced the
induction of iTregs in Dicer’~ CD4* T cells. Furthermore, the overexpression of miR-15b/16 in
conventional CD4* T cells adoptively transferred into Rag2~'~ mice increased the in vivo
development of peripheral Tregs and diminished the severity of autoimmune colitis. In searching
for targets of miR-15hb/16, we observed that the mammalian target of rapamycin (mTOR) signaling
pathway was enhanced in Dicer’= CD4* T cells, and its pharmacological inhibition restored
induction of iTregs. Suppression of mMTOR signaling is essential for induction of iTregs from naive
CD4* T cells, and the mTORC2 component, Rictor contained a functional target site for
miR-15b/16. Rictor was more abundantly expressed in Dicer”’™ T cells as was mTOR, and their
expression was downregulated by the overexpression of miR-15b/16. This led to a reduction in
mTOR signaling as measured by phosphorylation of the downstream target, ribosomal protein S6.
Finally, knockdown of Rictor by siRNAs enhanced Treg induction in Dicer’= CD4* T cells.
Therefore, an important mechanism of miRNA regulation of Treg development is through
regulation of the mTOR-signaling pathway.

INTRODUCTION

Regulation of the immune response and the prevention of autoimmunity require a class of
helper T (Th) cells called Regulatory T cells (Tregs). Because of their essential function in
maintaining peripheral tolerance, they play important roles in many immune-related
disorders. Therefore, a significant interest exists in understanding their development and

Correspondence: bcobb@rvc.ac.uk +44(0)2074685235 phone +44(0)2074685204 fax.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Singh et al.

Page 2

function in order to develop new therapeutic strategies for diseases involving the immune
response (1).

The majority of circulating Tregs are produced in the thymus (tTregs) at the double positive
stage. Current thought is that they enter the Treg lineage because of an intermediate affinity
of their T cell receptor to self-antigens, which is above that normally required for positive
but not sufficient for negative selection. This is hypothesized to induce a suppressor
phenotype that protects the body against any subsequent immune response that might
develop against self-antigens (1). Tregs can also develop in the periphery (pTregs) from
naive T CD4* T cells when activated under the influence of specific factors (such as TGF-B
and retinoic acid) produced by antigen-presenting and other cell types present at the site of
antigen challenge. Both thymus and peripherally derived Tregs are important in preventing
autoimmune disease (2, 3). Each is defined by the expression of the Treg specific
transcription factor Foxp3, which plays an essential role in regulating the gene expression
profile required for Treg development and function. Loss of Foxp3 results in the absence of
Tregs and subsequent lethal autoimmunity (4).

MicroRNAs (miRNAS) are critical regulators of Treg development and function. These are
small double-stranded RNAs of approximately 22 nucleotides in length that negatively
regulate gene expression at a post-transcriptional stage (5). miRNASs are encoded in the
genome within pol Il transcripts. Their critical feature is a stem loop structure made up of
the complementary strands of the miRNA, which is recognized and cleaved by protein
complexes containing the RNases Drosha and Dicer to give the mature miRNA. This is
incorporated into an effector complex called the RNA-induced silencing complex (RISC).
Here, one strand is degraded, and the other can then target the complex to messages through
imperfect base pairing, which typically occurs in the 3"-untranslated region (UTR) of the
gene. This results in inhibition of translation and the subsequent destabilization of the
message (6). The loss of miRNAs at the double positive stage of T cell development through
a conditional knockout of Drosha or Dicer significantly inhibits the development of Tregs
and ultimately leads to autoimmunity (7, 8). In addition, a deletion of either RNase
specifically in Tregs disrupts their suppressor function and results in an acute autoimmune
response that is as severe as the loss of Foxp3 (8-10). Therefore, miRNAs are important both
in the steps leading up to commitment towards the Treg lineage and also downstream in
mediating their suppressor function. Several studies have examined the roles of miRNAS in
Treg function and have identified individual miRNAs that regulate key genes required for
the function and stability of Tregs (11-17). However, it is still unknown how miRNAs
regulate the expression of genes involved in the developmental steps leading to the Treg
lineage.

We set about to examine miRNA function in Treg development by first determining
functional miRNAs, then identifying critical genes they regulate. We found three miRNAs
(miR-15b/16, miR-24, and miR-29a) that regulated the induction of Tregs from naive CD4*
T cells with miR-15b/16 having the greatest effect in overexpression and blocking
experiments. Important genes regulated by miR-15b/16 were Rictorand Mtor, which encode
components of the mammalian target of rapamycin (mTOR) signaling pathway.
Downregulation of the mTOR signaling pathway is important for the induction of Tregs
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(18-20). Therefore, miR-15b/16 plays an important role in regulating the mTOR signaling
pathway and controlling the development of Tregs.

MATERIALS AND METHODS

Mouse strains, antibodies, and plasmids

C57BL/6 (Charles River, UK), RagZ™~ (kindly donated by Dr. Jian-Guo Chai, Imperial
College London, UK), and CD4-Cre Dicer!®X/1oX (7) mice were used for the experiments and
kept in a conventional specific pathogen-free facility. All animal work was performed
according to the Animals (Scientific Procedures) Act 1996, UK under the animal Project
License 70/6965.

Antibodies for flow cytometry experiments were all directed against mouse antigens. They
were: CD4-FITC/PE/PerCP/APC (clone: GK1.5), CD8a-PerCP (clone: 53-6.7), CD25-PE
(clone: PC61.5), Foxp3-APC (clone: FIK-16s), IFN-y-FITC or -eFlour450 (clone:
XMGL1.2), IL-17-PE (all from eBioscience, UK), and IL-17a-PE (clone: TC11-18H10) (BD
Biosciences). Western blot antibodies (all rabbit monoclonal antibodies) were: phospho-
SMAD?2 (S465/467), Total-SMAD2/3, PTEN (clone: D4.3) XP®, PDK-1, phospho-PDK-1
(S241), phospho-AKT (S473) (clone: DO9E) XP®, phospho-AKT (T308) (clone: C31E5E),
Total-AKT (pan) (clone: C67E7), mTOR (clone: 7C10), Rictor (clone: 53A2), phospho-
FoxO1 (5256), Total-FoxO1la (clone: C29H4), phospho-FoxO3a (S253), total-FoxO3a
(clone: 75D8), phospho-S6 Ribosomal Protein (Ser235/236) (clone: D57.2.2E)XP®,
GAPDH (clone: D16H11) XP®, and B-actin (clone: 8H10D10) (all from Cell Signaling,
UK).

miRNA expression vectors were derived by cloning the genomic region encoding specific
miRNAs into the retroviral pMIG vector. Expression of miRNAs was confirmed by miR-
gRT-PCR. miRNA decoy or sponge transcripts were designed as described (21, 22). Decoy
sequences were cloned into the pSIF lentiviral vector for Pol 111 expression. Sponge
sequences were cloned into pMIG. miRNA reporter constructs contained the 3'UTR of
Rictor inserted downstream of luciferase in pGL3. Details of vectors are available upon
request.

Isolation of naive T cells and activation into Th subsets

Naive CD4* CD62LN9" CD25™ T cells were isolated from spleen and lymph nodes
(inguinal, axillary, brachial, mediastinal, superficial cervical, mesenteric) of six-eight week-
old female C57BL/6 mice using magnetic beads for CD4* selection (Dynabeads®
Untouched™ Mouse CD4 cells kit, Invitrogen) followed by CD25 and CD62L selection
using biotinylated-anti-CD25 (7D4 clone; BD Biosciences, UK) or biotinylated-anti-CD62L
(clone MEL-14; BD Biosciences) and streptavidin-Microbeads with MACS separation
columns (Miltenyi Biotech, Germany).

Naive CD4* CD62LN9" CD25™ T cells were cultured in complete medium (R10:
RPMI1640, pencillin/streptomycin, L-glutamine, HEPES and p-mercaptoethanol) (all from
Sigma, UK) and 10% fetal bovine serum. They were activated in the presence of plate-bound
anti-CD3/anti-CD28 antibodies (eBiosciences, UK) at a ratio of 1:2 (1ug/ml anti-CD3:
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2ug/ml anti-CD28) for Thl, Th2 and iTregs and 1:10 (1ug/ml anti-CD3: 10ug/ml anti-
CD28) for Th17. Activated T cells were differentiated into: Thl using 20ng/ml recombinant-
IL-12 (eBiosciences, UK) and anti-1L-4 (5ug/ml; BD Bioscience, UK); Th2 using 20ng/ml
recombinant-IL-4 (BD Bioscience, UK) and anti-IFN-y (5ug/ml; BD Bioscience, UK);
Th17 using 2.5ng/ml recombinant-TGF-B, 50ng/ml recombinant-I1L-6 (eBiosciences, UK),
anti-IFN-y (5ug/ml), anti-IL-4 (5ug/ml) and anti-IL-2 (5ug/ml; BD Bioscience, UK); and
iTregs using 2.5ng/ml recombinant-TGF-g and 5ng/ml recombinant-IL-2 (eBiosciences,
UK). Analysis was performed on cells three-four days of culture.

Retroviral transduction and transfection of miRNA mimics and siRNAs into T cells

Retroviruses were produced by calcium phosphate transfection of human embryonic kidney
(HEK) 293T cells with the retroviral expression and the pcL-Eco helper virus vectors.
Culture supernatants were harvested and used to spin-infect naive CD4" T cells that were
activated overnight by plate bound anti-CD3/anti-CD28 antibodies. Cells were then
differentiated into iTregs as described above. For comparing the effects of different
miRNAS, an average Z score was calculated from individual experiments as described (23)
where Z = (x — y)/SD. In this calculation, x = iTreg index, which is the percentage of Foxp3
positive cells induced in the control or with the expression of an individual miRNA, y = the
mean of all the iTreg indices in a given experiment, and SD = the standard deviation of all
these iTreg indices.

miRNA mimics or siRNAs were transfected into naive CD4* T cells using DharmaFECT3
miRNA mimic transfection reagent or sSiRNA Accell delivery medium, respectively, as
recommended by manufacturer’s guidelines (Dharmacon, USA). For the miRNA mimic
transfections, the negative control oligo, consisting of a random sequence, contained a
Dy547 fluorescent tag for determining transfection efficiency, which was approximately
50% in each experiment.

Immunoassays

Immuno-staining for flow cytometric analysis was performed using the respective
antibodies. For intracellular staining of cytokines, cells were treated with 1ug/ml phorbol 12-
myristate 13-acetate (PMA), 1ug/ml ionomycin and 1ug/ml brefeldin A for two hours prior
to staining. For Foxp3 staining, cells were fixed with Foxp3 fixation/permeabilization buffer
(eBioscience, UK) for 30 minutes prior to staining, and if GFP was also detected, cells were
fixed with 2% paraformaldehyde for five minutes prior to fixation/permeabilization. Data
were acquired using a FACS Canto Il (BD) and analyzed using FlowJo software (Tree Star).

Cytokine detection in culture supernatants from differentiated T cells was detected using the
Flowcytomix™ multiple analysis detection kit for Th1/Th2 cytokines (eBioscience, UK).

Western blot analysis was performed from total cell extracts prepared from naive CD4* T
cells that were either un-activated or activated for 30 minutes with plate bound anti-CD3/
anti-CD28 (1:2) with or without the addition of 2.5ng/ml TGF-f. Proteins were detected
using the indicated antibodies and a horseradish peroxidase-conjugated secondary antibody
and then visualized using the enhanced chemiluminescence detection system. Quantitation
was performed by densitometric analysis of exposed films.
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miRNA and mRNA gRT-PCR

RNA was isolated from CD4* T cells using miRNAeasy (for miRNAs) or mRNAeasy (for
MRNAS) isolation Kits (QIAGEN, Germany). For miRNA detection, cDNA synthesis and
subsequent gPCR with locked nucleic acid primers for specific miRNAs was performed
using miRCURY LNA™ universal reverse transcriptase microRNA cDNA synthesis and
gPCR kit (EXIQON, Denmark). For mRNA detection, cDNA was prepared using the
miRscript cDNA synthesis kit (QIAGEN, Germany). qPCR was performed using 1Q™
BioRad SYBR green master mix (BioRad, USA) with the following primers for Rictor
(Forward - 5"-ACCGGGCTTCTGACCATTAAA-3" and Reverse - 5'-
TTGTATGAACCGCCGACACT-3"). Measurements were performed using Chromo 4
BioRad PCR machines. The relative expression level of miRNAs was normalized to that of
5S rRNA and U6 snRNA, and of mRNAs to that of p-actin as described previously (24).

Adoptive T cell-transfer colitis model

C57BL/6 RagZ™'~ mice were injected into the peritoneal cavity with 108 GFP FACS sorted
naive CD4* CD62M0igh CD25~ T cells that were transduced with either control or
miR-15b/16-expressing retroviruses. Weight was monitored every week, and mice were
sacrificed after eight weeks (or when weight was reduced by 20%) for analysis.
Histopathological review was performed as previously described (12, 25). The large intestine
(from the ileocecocolic junction to anorectal junction) was removed and processed. Sections
were stained with hematoxylin and eosin and were coded and assigned a score in a ‘blinded’
fashion. Severity of colitis was graded semi-quantitatively on an overall scale of 0-5,
assessing the degree of epithelial hyperplasia and goblet cell depletion, leukocyte infiltration
in the lamina propria, area of tissue affected, and the presence of markers of severe
inflammation, such as crypt abscesses, submucosal inflammation, and ulcers. The total
colonic score was calculated as the median of the individual scores of sections of proximal
colon, mid-colon and distal colon.

3’UTR luciferase reporter assay

The 3UTR of Rictor was cloned downstream of the firefly luciferase gene in the pGL-3
vector. HEK 293 T cells were transfected with this vector (or the mutated miR-15/16 target
site vector), internal control pRL renilla luciferase vector, and the miRNA over-expression
vector. After 48 hours, luciferase activity was measured using the Dual-Luciferase® reporter
assay system (Promega, Madison, USA). Luciferase activity was measured with a Wallac
1420 VICTOR2™ multilabel plate reader (Perkin Elmer, UK).

Statistical analysis

Prism software (GraphPad) was used for statistical analyses employing the student’s t-test
for significance. Figures were made in Excel and GraphPad prism software. P values equal
to or less than 0.05 were considered significant.
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RESULTS

Identification of important miRNAs

To analyze miRNA function in Treg development, a model system was needed in which
individual miRNAs could be manipulated and tested. Therefore, we utilized an /n vitro
model of Treg induction (iTreg) involving the activation of naive CD4" T cells in the
presence of TGF- plus IL-2 and measuring the differentiation into the Treg lineage by the
expression of Foxp3. This model represents the development of pTregs, which along with
tTregs are critical in suppressing the immune response and preventing autoimmune disease
(2, 3). Furthermore, the induction of iTregs is significantly reduced in Dicer’- CD4* T cells
just like the /n vivo development of Tregs in the mutant mice (7). For this model we
hypothesized that important miRNAs would be both abundant and more highly expressed in
iTregs when compared to conventionally activated CD4* T cells or those polarized to other
Thsubsets. miRNA profiling experiments previously done by us (7) had identified multiple
miRNAs that are more highly expressed in ex vivo-derived Tregs compared to activated
conventional CD4* T cells. These miRNAs were felt to be the most likely candidates to have
function for the induction of iTregs so their relative level was determined by gPCR in iTregs
and compared to other Th subsets. These included resting naive CD4" T cells and those
activated under non-polarizing or polarizing conditions towards Th1, Th2, or Th17 subsets.
miRNAs that were more abundantly expressed in ex vivo Tregs (miR-15b, 16, 21, 24, 29a,
92b, 1425, 142 3’ 1464, 150, and 223) were also found to be most abundant in iTregs
compared to T cells cultured in other conditions; whereas those that were not more
abundantly expressed in ex vivo Tregs (miR-23a, 30c, 99b, 125a, 191, and 326) were also
not more abundantly expressed in iTregs (Fig 1A). Therefore, we focused on the function of
the miRNAs most abundantly expressed in iTregs.

The function of individual miRNAs was examined by measuring the effect of their
overexpression or blocking in iTreg induction. Overexpression was achieved through the use
of retroviruses that expressed genomic sequences encoding the miRNAs. Blocking was
achieved through the use of lentiviruses or retroviruses that expressed miRNA decoy or
“sponge” target sequences, respectively. These viruses were transduced into CD4* T cells,
and iTregs were induced by the addition of TGF- plus IL-2. Since the viruses also encoded
GFP to track their expression, GFP-positive cells were analyzed for the induction of iTregs
by the expression of Foxp3. The miRNAs that had the greatest effect in these experiments
were miR-15b and miR-16, which are encoded within the same primary transcript and are
closely related such that they target the same sequences in mMRNAs. Overexpression of
miR-15b/16 significantly increased the induction of iTregs as compared to cells transduced
with a control retrovirus lacking any miRNA sequences (Fig 1B). Likewise, expression of
decoys for either miR-15b or miR-16 inhibited the induction of iTregs (Fig 1C). These
effects were dependent on the level of expression of the miRNAs or decoys, as deduced from
GFP expression. Cell populations within gates of increasing GFP expression were more
affected in iTreg induction (Fig 1D).

Comparing the effects of all the miRNAs tested using a Z score analysis (as described in the
Materials and Methods) revealed that the only other miRNASs to have a significant positive
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effect on the induction of iTregs were miR-24 and miR-29a (Fig. 1E). All these positive-
acting miRNAs could also partially reverse the defect in iTreg induction in Dicer’- CD4* T
cells. Transfection of miRNA mimics for miR-15b, miR-24, or miR-29a enhanced induction
of iTregs in Dicer”’~ CD4* T cells whereas miR-21 (which did not have an effect in
overexpression and blocking experiments) failed to do so. In addition, transfection of a
combination of miR-15b, miR-16, and miR-29a into Dicer’~ CD4* T cells brought the level
of iTreg induction nearly back to that seen in Dicert’~ CD4* T cells (Fig. 1F). Therefore,
these miRNAs appear to be most important in regulating the induction of iTregs. It is
interesting to note that in contrast to the importance of miR-15b/16 in the overexpression
and blocking studies, miR-29a was most effective in the complementation studies. However,
the biological significance of this observation remained unclear. The difference could have
been due to the different experimental systems, or it could have been due to differences in
expression of the miRNAs between transfection and retroviral transduction.

To test if overexpression of miR-15b/16 could also enhance the development of pTregs /n
vivo, RagZ™!~ mice were reconstituted with conventional helper T cells (CD4*, CD257)
transduced with control or miR-15b/16-expressing retroviruses. The autoimmune reaction
observed by this reconstitution was significantly inhibited by the overexpression of
miR-15b/16, as measured by weight loss and histopathological review of the colon (Fig 2A,
B, C). In addition, the total numbers of mononuclear cells populating the spleen was
significantly reduced when miR15b/16 was overexpressed, as was the number of CD4* T
cells (Fig 2D). Consistent with the reduction in the total number of T cells, there were fewer
IFN-y-producing cells in the spleen when miR-15b/16 was overexpressed. Likewise, there
appeared to be fewer IL-17-producing cells, but this apparent difference did not reach
statistical significance. Interestingly, the percentage of IFN-y and IL-17-producing cells was
not statistically different so the overexpression of miR15b/16 did not appear to specifically
impact the development of Th1 and Th17 cells over other Th subsets. Therefore, the
reduction in the inflammatory response was most likely due to the overall reduction in T cell
numbers. This could have been due to multiple effects of miR-15b/16 overexpression, but
most importantly, there was a significant increase in the percentage of pTregs at the sites of
inflammation (spleen, lungs, and mesenteric lymph nodes), but not away from the site of
inflammation within peripheral lymph nodes (Fig 2F). Therefore, similar to the /n vitro
experiments, the overexpression of miR-150b/16 in CD4"* T cells enhanced the peripheral
development of Tregs, and this was consistent with the reduced numbers of T cells and the
attenuation of the autoimmune response. Alternative explanations for the decrease in
autoimmunity might include suppression of T cell proliferation or activation of cell death
because miR-15/16 can inhibit cell growth (26) and induce apoptosis (27). However,
overexpression of miR-15b/16 did not affect T cell proliferation or apparent viability /n vitro
(Sup Fig 1A) so it is uncertain if these issues were important /77 vivo. Additionally,
miR-15b/16 could also have impacted the suppressive function of Tregs, but our attempts to
examine suppressive function of Tregs was hampered by the fact that ex vivoisolated Tregs
transduced to overexpress miR-15b/16, much more stably maintained Foxp3 expression
when cultured /n vitro (Sup Fig 1B). Therefore, any effects on suppressive function would
be difficult to interpret. Finally, to determine if the effect of miR-15b/16 on pTreg
development was cell intrinsic or due to extrinsic factors created in the immune environment
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where T cells overexpressed miR-15b/16, unsorted miR-15b/16-transduced cells were
adoptively transferred into Rag2~'~ mice, and the percentage of pTregs was determined in
both the GFP* and GFP~ populations of CD4* T cells. Cells overexpressing miR-15b/16 had
significantly more pTregs in both mesenteric lymph nodes and spleen (Sup Fig 2 A and B)
suggesting that the effect of miR-15b/16 was intrinsic to the T cells overexpressing these
mMiRNAs.

Identification of relevant genes targeted by miR15b/16

Because miR-15b/16 had the greatest effect on iTreg induction in overexpression and
blocking studies, we focused on finding relevant target genes for this miRNA family. As a
first step, target prediction algorithms (28, 29) identified nearly a thousand genes with
potential target sites for miR-15b/16. To narrow down this list, we decided to examine signal
transduction pathways known to be important for Treg development and determine if any
were altered in Dicer’~ CD4* T cells. Candidate target genes within affected pathways
could then be focused upon for analysis.

mMiRNA regulation of IFN-y is not important for iTreg induction—IFN-vy inhibits
the induction of iTregs (30, 31), and Dicer”’~ CD4* T cells inherently produce IFN-y when
activated by co-stimulation of the T cell receptor and CD28 (32). Therefore, the importance
of miRNAs in iTreg induction could be through their inhibition of IFN-y expression.
Previous studies have indicated that miR-29 regulates the expression of IFN-y through its
regulation of the transcription factors T-bet and Eomes that activate expression of IFN-y
(23, 33, 34). The gene encoding T-bet ( 76x21) contains a predicted target site for miR15b/16
in its 3"UTR in addition to the site targeted by miR-29 (29, 35). Therefore, the importance
of these miRNAs in iTreg induction could be through their targeting of 76x21 and thereby
regulating IFN-y expression. To test the importance of miRNAs in the regulation of IFN-y
expression, IFN-y production was determined in Dicer*'~ and Dicer’= CD4* T cells that
were activated under different Th-polarizing conditions. Production of IFN-y was
significantly higher in Dicer’~ CD4* T cells polarized towards Tho, Thi, Th2, and Th17
subtypes, but it was virtually absent in iTregs from both Dicert'~ and Dicer’= CD4* T cells
(Fig 3A) (note: the production of IFN-y in Th2 conditions in Dicer*'~ cells was due to the
lack of the addition of neutralizing antibody for IFN-vy, which is required for full
polarization to the Th2 subset but would prevent the measurement of IFN-vy in the culture
supernatants). Therefore, IFN-y production does not appear to be responsible for the
reduction in the induction of iTregsin Dicer’~ CD4* T cells. Furthermore, the addition of
aneutralizing antibody to the low amount of IFN-y present in the conditions used in these
studies did not significantly enhance the induction of iTregs in either Dicer*~ or Dicer!~
CD4* T cells (Fig 3B) (in fact, induction was slightly inhibited in Dicer’= CD4* T cells). In
contrast, the addition of IFN-vy did inhibit iTreg induction in both Dicer~ and Dicer'~
CD4* T cells. Therefore, miRNA regulation of IFN-y expression does not appear to be
important for iTreg induction.

Proximal TGF-f signaling events are not regulated by miRNAs—Since TGF-$
signaling during T cell activation results in iTreg induction (36), miRNAs could potentially
regulate the expression of key repressors of this pathway and provide a means to fine-tune its
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signaling. Therefore, miRNA regulation of proximal events in this pathway were analyzed
by examining the phosphorylation of the downstream transcription factor, SMAD2, which is
activated through the TGF-p receptor complex by phosphorylation on serines 465 and 467.
As shown in Fig 4, Dicer’~ and Dicer’~ CD4* T cells had no difference in phosphorylation
of SMAD2 when activated by anti-CD3/CD28 and the addition of TGF-p. Therefore,
miRNAs are not important for regulating TGF- signaling up to the point of SMAD2
phosphorylation. However, it is possible that miRNAs could regulate TGF-p signaling
downstream of this point. Target prediction algorithms found target sites of miR15b/16 in
SMAD?7, SMURF1/2 and WWP1, which are negative regulators of TGF-p signaling, but
little is known about the importance of these factors in TGF-p signaling leading to iTreg
induction so their analysis was not pursued further.

The mTOR-signaling pathway is regulated by miRNAs—Induction of iTregs
requires suppression of signaling through the mTOR pathway (18-20). A highly simplified
diagram of the pathway is shown in Fig 5A. Briefly, stimulation of the T cell receptor and
co-receptors leads to the activation of phosphoinositol 3 kinases (PI3K). These
phosphorylate inositol lipids at the cell membrane (countered by the lipid phosphatase and
tensin homolog (PTEN)), which then attract and activate phosphoinositide-dependent
kinase-1 (PDKZ1). PDK1 then phosphorylates protein kinase B/AKT (at threonine 308)
leading to its activation, which ultimately results in the activation of the mammalian target of
rapamycin complex (MTORC). mTORC regulates multiple facets of cell metabolism and
ultimately controls many steps in the determination of developmental fates (37). One key
mediator is ribosomal protein S6 kinase, which is activated through its phosphorylation by
mTOR and then phosphorylates many cellular proteins involved in cell growth, one being
ribosomal protein S6. mTORC contains the mTOR Kkinase and other associated proteins.
Two main complexes exist that differ primarily by the inclusion of Raptor (MTORC1) or
Rictor (mMTORC2). mTORC1 lies downstream and is activated via events mediated by AKT.
However, mMTORC?2 is required for full activation of AKT through its phosphorylation of
Serine 473. In addition to activating mTORC1, AKT also phosphorylates FoxOla and
FoxO3a proteins, which are important transcription factors required for the expression of
Foxp3 and the development of Tregs (38, 39). Phosphorylation of FoxO proteins by AKT
leads to their exclusion from the nucleus and subsequent degradation, which is one
important mechanism through which mTOR signaling inhibits Treg development (40).

Pharmacological inhibitors of this pathway enhance the induction of iTregs. These include
LY 294002, rapamycin, and AKT1/2, which inhibit PI3K, mTORC1, and AKT respectively
(20). To determine if mMiRNAs are important for suppressing the mTOR signaling pathway,
the above inhibitors were tested for their effect on iTreg induction in Dicer’= CD4* T cells.
As shown in Fig 5B and C, LY 294002 enhanced the induction of iTregs in Dicert’~ CD4* T
cells, but it had no significant effect on Dicer’~ CD4* T cells. In contrast, both rapamycin
and iAKT1/2 significantly increased the induction of iTregs in both Dicert’~ and Dicer’=
CD4* T cells. Therefore, miRNAs appear to be important for regulating the mTOR signaling
pathway downstream of PI3K. Examining the levels of key proteins in this pathway (Fig 5D
- F), PTEN appeared to be slightly upregulated in Dicer”’~ CD4* T cells, but upon further
experiments, this difference was not apparent and revealed no statistically significant
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changes. Looking downstream, the level of PDK displayed a slight increase (10%) in
Dicer'= CD4* T cells that was consistent in further experiments yielding statistically
significant results. In contrast, the level of AKT was not affected by miRNAs. However, its
phosphorylation at both Thr 308 and Ser 473 was significantly enhanced in Dicer’- CD4* T
cells, indicating an upregulation of AKT activity. This correlated with an increase in the
levels of mTOR and Rictor, which are part of mMTORC2 that activates AKT through
phosphorylation of Ser 473. Consistent with an increase in AKT activity was the
downstream activation of mMTORC1, as measured by phosphorylation of ribosomal protein
S6. Likewise, the level of FoxOla was significantly downregulated in Dicer’~ CD4* T cells,
and its relative phosphorylation was greatly enhanced. Because FoxO proteins are important
regulators of Treg development through their activation of Foxp3 transcription (38, 39), we
examined if overexpression of FoxO3a could enhance iTreg induction in Dicer’~ CD4* T
cells. Induction was enhanced by FoxO3a overexpression, and this was further enhanced by
overexpression of a phosphorylation mutant of FoxO3a (A3A) that contains alanine residues
at the three sites phosphorylated by AKT, thus making it resistant to degradation by AKT
phosphorylation (Sup Fig 3) (41). A similar increase in induction was observed with
overexpression of these FoxO3a proteins in Dicer’~ CD4* T cells. However, the level of
iTreg induction did not correlate with the absolute level of FoxO3a expression. Therefore,
FoxO3a protein expression cannot by itself explain the effects on iTeg induction in Dicer’~
CD4* T cells and its relative importance is unclear.

Rictor and mTOR are relevant targets of miR-15b/16 in iTreg induction—Target
prediction algorithms identified potential target sites of miR-15b/16 in the 3’ UTRs of
several components of the mTOR signaling pathway (29, 35). These included Ak?3, Sgk1,
and Rictor. Of these, Akt3expression was greater in Dicer’~ CD4* T cells (as measured by
RNA - our unpublished observations), but this was not thought to be relevant because as
shown above, there was no increase in the total amount of AKT in Dicer’~ CD4* T cells in
which the AKT antibody used for the Western blot recognizes all three isoforms (AKT1, 2
and 3). Therefore, any changes in the level of AKT3 did not affect the overall level of AKT.
Sgkl encodes the serum glucocorticoid kinase (SGK1), which is related to AKT and can
phosphorylate FoxO proteins at the same sites as AKT and similarly regulate their activity
(42). SGK1 is important for Th17 development (43, 44) and also for Thl and Th2
development (45). However, its role in Treg development is less clear. SGK1 levels (as
measured by RNA) did not change significantly between conventionally activated T cells
and iTregs, and overexpression of SGK1 had minimal effect on iTreg induction (our
unpublished observations). Therefore, SGK1 was not thought to be a relevant target of
miR-15b/16 in the induction of iTregs.

In contrast, Rictor did appear to be a relevant target of miR-15b/16. Its expression was
reduced at both the protein and mRNA levels when miR-15b/16 was overexpressed (Fig 6A
and B). The increase in protein level in Dicer’~ CD4* T cells and the decrease in
miR-15b/16 overexpressing cells was also observed at the mRNA level (Fig 6B). A
luciferase reporter construct containing the 3" UTR of Rictorwas suppressed by
overexpression of miR15b/16, and suppression was significantly reduced when the predicted
target sequence was mutated (Fig 6C). Furthermore, the miR-15b miRNA mimic reduced
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the level of Rictor expression in Dicer’= CD4* T cells (Fig 6D). The relevance of the
increased Rictor expression impacting iTreg induction in Dicer’~ CD4* T cells was tested
by siRNA knockdown of Rictor, which enhanced the induction of iTregs in Dicer’- CD4* T
cells by about 1.5 fold (Fig 6E). This did not bring the level of induction back to that in
Dicert'= CD4* T cells transfected with a control oligo, but the knockdown of Rictor in
Dicer’= CD4* T cells did not reduce its level to what was observed in Dicer’~ CD4* T
cells. Therefore, the differences in iTreg induction between Rictor siRNA-transfected
Dicer™'~ and control-transfected Dicer’~ CD4* T cells were consistent with the prevailing
level of Rictor expression. Interestingly, there was not a significant knockdown of Rictor
expression in Dicert!~ cells, but this could be due to its already low level of expression.
Despite this caveat, the transfection of Rictor siRNAs still resulted in an increase in Foxp3
positive cells in these experiments of approximately 1.3-fold. Therefore, small changes of
Rictor expression around its normal level could make significant differences in mTOR
signaling and iTreg induction. Overexpression of miR-15b/16 did significantly reduce the
level of Rictor in wild-type cells, increasing the percentage of Foxp3 cells on average by
approximately 1.5-fold. However, these experiments were performed at different times, and
the basal level of Foxp3-expressing cells was higher with the cells used in these
experiments. This and the problems of comparing retroviral-transduced and siRNA-
transfected experiments make it difficult to compare the effects of sSiRNA knockdown and
miR-15b/16 expression on iTreg induction. Nevertheless, changes in Rictor levels over a
broad range were important for iTreg induction, and most notably, the upregulation of Rictor
in Dicer’”- CD4* T cells appeared to play an important role in the reduced levels of iTreg
induction.

To further address the relevance of miR15b/16 regulation of Rictor on iTreg induction, we
found that the siRNA knockdown of Rictor expression in T cells reversed the inhibition of
iTreg induction when miR-15b/16 were inhibited by the miR-15 decoy (Fig 6G). However,
quantifying the importance of miR-15b/16 regulation of Rictor expression as apposed to
other targets will require the gene mutation of the target site in the Rictor 3’UTR.
Undoubtedly, other targets of miR-15b/16 will also play a role in iTreg induction, and in fact
within the mTOR-signaling pathway, miR-15b/16 additionally regulated the expression of
mTOR. Interestingly, target prediction algorithms did not identify sites for miR-15b/16 in its
3’UTR (29, 35), but like Rictor, its expression was reduced by overexpression of
miR-15b/16 (Fig 6A), and an miRNA mimic for miR-15b decreased its expression in
Dicer’- CD4* T cells (Fig 6D). Therefore, mTOR could have target sites for miR-15b/16
not recognized by the target prediction algorithms, or it may be regulated indirectly.

Changes in mTOR and Rictor levels were consistent with a decrease in AKT activation as
measured by phosphorylation of Ser 473, but this was not reflected by any significant
changes in FoxO1la or FoxO3a expression (Fig 6A). In contrast, mMTORC1 activity was
inhibited, as measured by phosphorylation of ribosomal protein S6. Therefore, miR-15b/16
appears to affect mTOR signaling downstream of mTORCL1 but not by regulating expression
or phosphorylation of FoxO proteins.
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DISCUSSION

miRNAs are critical regulators of Treg development and function. This work has identified
three individual miRNAs (miR-15b/16, miR-24, and miR-29a) that are important for the /n
vitroinduction of iTregs, and it has also demonstrated the importance of miR-15b/16 in the
in vivo generation of pTregs. These miRNAs were identified through overexpression and
blocking experiments, but they could also reverse the defect in the induction of iTregs in
Dicer’= CD4* T cells. Further support for the importance of miR-29 has come from the T
cell specific deletion of the locus encoding it, which results in a significant reduction of
Tregs /in vivo. However, little difference in the induction of iTregs was found under the
conditions utilized, which included the addition of retinoic acid (34). We have found that the
influence of miRNASs is greatest under sub-optimal conditions for iTreg induction.
Therefore, it would be interesting to determine if the deletion of miR-29a would affect the
induction of iTregs in the conditions used in this report. No T-cell specific deletions of
miR-15/16 or miR-24 have been characterized to the best of our knowledge. However, such
experiments would be complicated because both miR-15/16 and miR-24 are encoded on two
separate loci, and it is not known if one locus is preferentially expressed over the other in T
cells or if the deletion of one locus would impact the expression of the other. Furthermore,
miR-15/16 is part of a family of related miRNAs that are capable of targeting the same
sequences in messages. These include miR-195, miR-322, miR-424, miR-497, and
miR-1907 so it could be difficult to ensure lack of expression of all these miRNAs, which
would make the interpretation of effects on gene expression challenging. Therefore, the
overexpression and blocking approach offers the advantage of characterizing the effects of
this whole family.

Because miR-15b/16 had the greatest effect in overexpression and blocking experiments, we
focused on identifying relevant targets regulated by this miRNA family. Signaling through
the mTOR pathway was enhanced in Dicer’= CD4* T cells, and the expression of the
mTORC2 components Rictor as well as mTOR were found to be regulated by miR15b/16. It
has been well established that a reduction in signaling through the mTOR pathway is
required for Treg development. A T cell-specific deletion of mTOR results in the
spontaneous induction of iTregs without the addition of TGF-p (18). The expression of a
constitutively active AKT inhibits iTreg induction (19), and the pharmacological inhibition
of the mTOR signaling pathway enhances iTreg induction (20). Therefore, regulation of this
pathway by miRNAs is an obvious mechanism for fine-tuning its function in T-cell
development.

The regulation of mMTORC2 by miR-15b/16 affected mTOR signaling by reducing AKT
activity and subsequent downstream events. This disruption in mTOR signaling is consistent
with the T cell-specific deletion of Rictor, which diminishes AKT activation and enhances
iTreg induction (46). It is also consistent with the effects observed in the T cell-specific
deletion of mTOR (18). However, in contrast to the T cell-specific deletion of mTOR, iTreg
induction in miR-15b/16-overexpressing cells still required the addition of TGF-B. In
addition, the proximal events of TGF-p signaling were not affected in Dicer’= CD4* T cells
as they were in Mror'= CD4* T cells. Therefore, the effects on signaling by the reduction of
MTOR levels do not entirely follow the complete loss of MTOR expression, suggesting that
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other signaling mechanisms involving the mTOR pathway exist that are only sensitive to
large changes in mTORC activity. Interestingly, the reduced AKT activity in T cells
overexpressing miR-15b/16 had no effect on FoxO protein levels or phosphorylation,
suggesting that the change in AKT activation was not sufficient to regulate this part of the
pathway. In contrast, it was sufficient to regulate mMTORC1 activity, leading us to speculate
that the reduction of both mTORC1 and mTORC2 levels from reduced mTOR expression
amplified the effect of the reduced AKT activity. Alternatively, regulation of mMTORC1in T
cells might be more sensitive to small changes in AKT activity.

The regulation of the mTOR signaling pathway is a major mechanism controlling Treg
development, and miR-15b/16 affects this pathway by regulating the expression of Rictor
and mTOR. However, there will undoubtedly be other important targets for this miRNA, as
well as targets for miR-24 and miR-29a. Furthermore, the regulation of expression of these
miRNAs will need to be differentially controlled in iTreg induction to enhance their levels
over what is found in other Th subtypes. T-cell activation results in a global change in
miRNA levels through their turnover due to the destabilization of Argonaute proteins;
however, transcriptional regulation of miRNA transcripts and their posttranscriptional
processing are also important (47). Therefore, it will be interesting to dissect the
mechanisms controlling expression of these important miRNAs.
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Figure 1. miR-15b/16, miR-24, and miR-29 are important for the in vitro induction of Tregs
(A) Relative expression levels of miRNAs (as determined by gPCR) in naive Th cells (CD4*

CD62L* CD25~ CD44") from lymph nodes and spleen of C57BL/6 mice that were either
un-activated or activated under the indicated polarizing conditions. (B) The effect of
overexpression of miR-15b/16 on the induction of iTregs. Naive CD4* T cells were
transduced with GFP-expressing retroviruses that either did not express any miRNA
(control) or expressed miR-15b/16. iTreg induction was measured in GFP* cells by the
expression of Foxp3. On the left is a representative experiment, and on the right is the mean
and standard deviation of six independent experiments, which demonstrated a significant
difference between control and miR-15b/16 overexpressing cells (** p=0.005). (C) The
effect of blocking of miR-15b/16 on iTreg induction. Similar to above, naive CD4" cells
were transduced with control or miR-15b or miR-16 decoy-expressing lentiviruses, and
iTreg induction was measured by the expression of Foxp3. On the left is a representative
experiment, and on the right are the mean and standard deviation values from six
independent experiments showing a significant difference control and decoy expressing cells
(miR-15b, * p=0.045; and miR-16, * p=0.02). (D) The effect of the level of expression of
miR-15b/16 or its decoys on iTreg induction. The level of expression of the miRNAs or their
decoys was deduced from GFP expression. iTreg induction (measured by Foxp3 expression)
was determined in populations of cells within gates of no, low, medium, or high GFP
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expression as indicated in the insets, and statistically significant differences were found
when comparing no versus high GFP expression (overexpression, ** p=0.005; decoy
expression, *** p=0.001). (E) Comparison of the effects of individual miRNASs in
overexpression and blocking experiments using a Z-score analysis as described in the
Materials and Methods. Only miR15b/16, miR-24, and miR-29a were found to impact iTreg
induction. Data are derived from six individual experiments for each miRNA. (F)
Restoration of iTreg induction in Dicer’~ CD4* T cells by miR-15b/16, miR-24, and
miR-29a. miRNA mimics for the indicated miRNAs were transfected into naive Dicer~ or
Dicer’= CD4* T cells, and the effect on iTreg induction was determined by Foxp3
expression (miR-all indicates a combination of miR-15b, miR-24, and miR-29). On the left
is a representative experiment, and on the right is the mean and standard deviation values
from three independent experiments, which demonstrated a significant difference in Dicer”'~
CD4* T cells between the positive acting miRNAs (but not the negative acting miR-21) and
the negative control miRNA mimic (miR-15b, * p=0.02; miR-24, * p=0.05; miR-29, **
p=0.002; all three miRNAs together, *** p=0.0005).
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Figure 2. Overexpression of miR-15b/16 enhances the production of pTregs and decreases the
autoimmune response in RagZ_/_ reconstitution experiments

Naive CD4" T cells were transduced with the control or miR-15b/16-expressing
retroviruses. GFP* cells were sorted and adoptively transferred into Rag2/~ mice, and the
effect of miR-15b/16 overexpression was examined in the following assays: (A) Loss of
body weight was followed over 55 days after reconstitution, and it was significantly less
(day 36, ***, p=0.0003; day 50, *, p=0.05; day 55, **, p=0.01). (B) Thickness of colons and
colitis score at the endpoint of analysis were measured using a scale of 1-5, and these were
significantly less (colon thickness, *, p=0.01; colitis score, *, p=0.03). (C) Representative
histological sections of the large intestine of mice demonstrated a large decrease in the
inflammation. Scale bar represents 100um. (D) Total numbers of mononuclear cells were
significantly reduced (*, p=0.05) as were CD4"* T cells (GFP™ cells *, p=0.02). (E) Analysis
of inflammatory IFN-y and IL-17 producing cells. On the left are representative
experiments, and on the right are the mean and standard deviation values. There was a
significant reduction in IFN-y-producing cells (*, p=0.03) but no significant change in
IL-17-producing cells. Interestingly, the percentage of CD4* T cells producing IFN-y or
IL-17 was not significantly different. (F) The development of pTregs was significantly
increased. On the left is a representative experiment from spleen and on the right is the mean
and standard deviations showing significant differences in the percentages of Tregs in the
spleen (***, p=0.0001), lungs (**, p=0.007) and mesenteric lymph nodes (**, p=0.002), but
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not away from the site of inflammation at the peripheral lymph nodes. Data were derived
from six control and five miR-15b/16 mice. Two independent experiments were performed
with similar results.
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a-IFN-y

(A) IFN-y expression in CD4* T cells polarized towards the indicated Th cell subsets. IFN-
v levels were measured by a Flowcytomix-based assay, and the mean and standard deviation
values from three independent experiments are shown. Expression was found to be
significantly higher in Dicer’~ CD4* T cells in ThO (* p=0.03), Th1 (* p=0.05), Th2 (*

p=0.04), and Th17 (* p=0.003) cell subsets. However, in iTregs IFN-y production was
virtually absent in both Dicert’~ and Dicer”'~ CD4* T cells. (B) iTreg induction in the
presence of a neutralizing IFN-y antibody or exogenously added IFN-y (from culture

supernatants of cells polarized under Thl conditions). On the left is a representative
experiment, and on the right are the mean and standard deviation values from three
independent experiments, which show that the addition of an IFN-y neutralizing antibody
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did not enhance iTreg induction in Dicert’~ or Dicer'~ CD4* T cells; whereas exogenously
added IFN-vy did inhibit induction in both Dicer'~ and Dicer’- CD4* T cells.
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Figure 4. Proximal events in TGF-B signaling are not affected in Dicer ™/~ CD4* T cells
TGF-p signaling was examined in Western blots of phosphorylated SMAD?2 at serines 465

and 467. (A) A representative experiment. (B) The mean and standard deviation values of
the relative expression or phosphorylation levels in anti-CD3/CD28 + TGFp stimulated cells
from three separate experiments. Owing to the variability in the relative signal strength of
the indicated protein compared to B-actin, we normalized the results in each experiment to
B-actin, then determined the ratio between Dicer”'~ and Dicert’~ CD4* T cells and
calculated the mean and standard deviation of this value for all experiments. No significant
difference was observed in the levels of SMAD2/3 protein or the phosphorylation of
SMAD?2.
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Figure 5. The mTOR signaling pathway is enhanced in Dicer '~ CD4* T cells
(A) A simplified diagram of the mTOR signaling pathway showing the targets of specific

pharmacological inhibitors. See text for details. (B) A representative experiment and (C) the
mean and standard deviation values for three independent experiments examining the effect
of mTOR signaling pathway inhibitors on iTreg induction in Dicer’~ and Dicer’~ CD4* T
cells. The PI3K inhibitor LY294002 had minimal effect; whereas the mTORCL1 inhibitor
rapamycin (* p=0.05) and the AKT inhibitor iIAKT1/2 (* p=0.02) significantly enhanced
iTreg induction in Dicer’~ CD4* T cells. (D) Levels of the indicated proteins are illustrated
in a representative Western blot. (E and F) The mean and standard deviation values for the
relative level of expression (E) or phospho-protein (F) of the indicated protein between
Dicer’~ and Dicer’~ CD4* T cells. Ratios were calculated as done in Fig 4 and were
derived from three separate experiments. In Dicer’= CD4* T cells there was no significant
change in PTEN or AKT expression, a slight increase in the level of PDK-1 (* p=0.02), a
significant decrease in FoxOZla (** p=0.004), and a significant increase in mTOR (**
p=0.005) and Rictor (** p=0.007). In addition, in Dicer’= CD4* T cells there was an
increase in phosphorylated AKT at both Thr 308 (* p=0.03) and Ser 473 (** p=0.01) and an
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increase in phosphorylated FoxOla (** p=0.002) and S6 (* p=0.03), indicating an enhanced
response in the mTOR signaling pathway.
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Figure 6. miR-15b/16 regulates the expression of Rictor and mTOR in iTregs
(A) Expression levels and phosphorylation of indicated proteins in control or miR-15b/16-

expressing CD4* T cells as measured by Western blot. On the left is a representative
experiment, and on the right are the mean and standard deviation values for the relative level
of expression or phospho-protein of the indicated protein between control or miR-15b/16-
expressing CD4* T cells. In mir-15b/16-overexpressing T cells, there was a reduction in the
level of Rictor (* p=0.03) and mTOR (** p=0.002), and also the phosphorylation of AKT
Ser 473 (* p=0.02) and S6 (* p=0.02). Values are derived from between three and six
experiments. (B) The level of Rictor mRNA was similarly affected by miR-15b/16
overexpression, and it was increased in Dicer’~ CD4* T cells. (C) Luciferase reporter
constructs containing the 3 UTR of Rictor were regulated by miR-15b/16 overexpression in
HEK 293T cells, and this was significantly reduced when the predicted miR-15b/16 target
site was mutated (*** p=0.0009). (D) An miRNA mimic for miR-15b decreased the
expression of Rictor and mTOR in Dicer’= CD4* T cells as measured by Western blot. (E)
siRNA knockdown of Rictor enhanced iTreg induction in both Dicer”’~ and Dicer'~ CD4*
T cells. On the left is a representative experiment, and on the right are the mean and standard
deviation values from two independent experiments, each performed in triplicate (Dicer’-,
*** n=0.0002; Dicer’~, ** p=0.005). (F) Expression levels of Rictor in one of the two
siRNA-knockdown experiments, with the relative level compared to GAPDH listed below
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each band. Similar results were obtained in each experiment. (G) The reduction in iTreg
induction with the inhibition of miR15b/16 is counteracted by the knockdown of Rictor
expression. CD4" T cells were transduced with either a control (Cont LV) or miR-16 decoy
expressing lentivirus (16 decoy LV). After 16-18 hours, cells were transfected with a control
or Rictor siRNA then 48 hours later cells were harvested and analyzed for Foxp3 expression.
A representative experiment is displayed on the left, and the mean and standard deviation
values from four independent experiments are displayed on the right. Under these conditions
the miR-15b decoy significantly inhibited iTreg induction (Cont LV + Cont siRNA vs 16
decoy + Cont siRNA) ***** n=0.000006. Likewise, the Rictor siRNA enhanced iTreg
induction (Cont LV + Cont siRNA vs Cont LV + Rictor siRNA) *p=0.012. Most
importantly, the Rictor siRNA counteracted the inhibition of iTreg induction by the miR-16
decoy (16 decoy LV + Cont siRNA vs 16 decoy LV - Rictor siRNA) *p=0.011.
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