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Abstract

Exact mechanism of action of umbilical cord blood (CB)-derived regulatory T cells (Tregs) in the

prevention of GVHD remains unclear. On the basis of selective overexpression of peptidase

inhibitor 16 in CB Tregs, we explored the related p53 pathway, which has been shown to

negatively regulate miR15a/16 expression. Significantly lower levels of miR15a/16 were observed

in CB Tregs when compared with conventional CB T cells (Tcons). In a xenogeneic GVHD

mouse model, lower levels of miR15a/16 were also found in Treg recipients, which correlated

with a better GVHD score. Forced overexpression of miR15a/16 in CB Tregs led to inhibition of

FOXP3 and CTLA4 expression and partial reversal of Treg-mediated suppression in an allogeneic

mixed lymphocyte reaction that correlated with the reversal of FOXP3 demethylation in CB

Tregs. On the other hand, miR15a/16 knockdown in CB Tcons led to expression of FOXP3 and

CTLA4 and suppression of allogeneic lymphocyte proliferation. Using a luciferase-based

mutagenesis assay, FOXP3 was determined to be a direct target of miR15a and miR16. We
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propose that miR15a/16 has an important role in mediating the suppressive function of CB Tregs

and these microRNAs may have a ‘toggle-switch’ function in Treg/Tcon plasticity.

INTRODUCTION

Regulatory T cells (Tregs) as defined by their phenotype of CD4+CD25+CD127lo, and

increased FOXP3 expression, are emerging as a promising cellular therapy in the prevention

of GVHD.1–3 Improved outcomes have been associated with Treg-based therapy both in

preclinical and clinical settings.2–6 Although intracellular FOXP3 expression has been

determined to be essential for Treg function,7,8 the precise mechanism by which cord blood

(CB) Tregs prevent GVHD remains unclear.

FOXP3 expression has been shown to be regulated directly and indirectly, by microRNA

(miRNA)-mediated gene expression.9 Recent studies suggest that miRNA-dependent post-

translational regulation impacts FOXP3-dependent Treg genetic programming.10,11 As the

selective disruption of miRNAs in Tregs can exacerbate autoimmunity,11 particular subsets

of miRNAs have been also been proposed to mediate GVHD.12 Eight miRNAs are

preferentially expressed in CB-derived Tregs. These include miR425-5p, miR181c, miR21,

miR374, miR586, miR340, miR26b and miR491. In addition, two miRNAs are

downregulated (miR31 and miR125a).13 However, the association between these miRNAs

and FOXP3 expression and ultimately Treg function remains inconclusive. Recently,

miR155 has been shown to be a potential regulator of acute GVHD12 and a direct target of

FOXP3.14 However, miR155 deficiency has not shown to significantly impact the

suppressive effect of Tregs.14 As such, further research is needed to identify the critical role

of miRNAs in Treg function.

On the basis of genome-wide identification, peptidase inhibitor 16 (PI16) has been shown to

be a target of human FOXP3 gene in naturally occurring Tregs. In addition, PI16 has been

shown to be expressed on the cell surface of >80% of resting human CD25+FOXP3+ cells.15

PI16 has also been described as a surrogate surface marker for CB-derived Tregs based on

correlation with their suppressive activity.15,16 We performed an exploratory analysis to

identify possible miRNAs engaged in the PI16 pathway, with the goal of better

understanding its role in CB Treg function.15

MATERIALS AND METHODS

Cell cultures

CB Treg generation—Umbilical CB units were provided under University of Texas M.

D. Anderson Cancer Center Institutional Review Board-approved protocols. CB Tregs were

isolated using CD25+ magnetic-activated cell sorting according to manufacturer’s

instructions (Miltenyi Biotec, Bergish Gladbach, Germany). Positively selected cells were

cocultured with CD3/28 co-expressing Dynabeads (ClinExVivo CD3/CD28, Invitrogen

Dynal AS, Oslo, Norway)17 and were maintained at 1 × 106 cells/mL by the addition of

fresh medium and interleukin-2 (CHIRON Corporation, Emeryville, CA, USA) every 48–72

h to maintain a final concentration of 200 IU/mL.4,17,18
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CB conventional T-cell generation—CD4+25neg cells were isolated from whole CB

units by negative selection as described previously.18 Isolated cells were cultured ex vivo for

14 days in continued presence of CD3/28 beads and interleukin-2 (200 IU/mL).

PB Treg generation—Using CD4+CD25+CD127dim regulatory T-cell isolation kit

(Miltenyi Biotec Inc, Auburn, CA, USA), naturally occurring Tregs were isolated from adult

PB as per manufacturer’s instructions.

MLR

A two way, allogeneic MLR was performed using PBMC isolated from two unrelated donor

samples as described previously.19 Cellular proliferation was measured by the incorporation

of 3H-thymidine. Results were measured using a cell harvester (PerkinElmer, Waltham, MA,

USA) and a liquid scintillation counter (Packard Meriden, Prospect, CT, USA). Results are

expressed in c.p.m.

Xenogenic GVHD mouse model

All animal work was performed under University of Texas M. D. Anderson Cancer Center

Institutional Animal Care and Use Committee-approved protocols. Xenogenic mouse model

for GVHD was developed using nonobese diabetic/severe combined immunodeficiency

(NOD/SCID) interleukin-2Rγnull mice (Jackson Laboratory, Bar Harbor, ME, USA) that

underwent sublethal whole-body irradiation (300 cGy from a 137Cs source delivered over 1

min by a J. L. Shepherd and Associates Mark I-25 Irradiator, San Fernando, CA, USA),

followed by intravenous injection of human PBMC at a dose of 1 × 107, on the next day as

described previously.18 In the experimental arm, CB Tregs at a dose of 1 × 107 were

injected into the mice 4 h after the completion of sublethal irradiation. The mice were

followed every 48 h to assess for GVHD scoring as described previously.20

RNA extraction, retro-transcription and analysis of mature miRNAs by quantitative reverse
transcription-PCR

Total RNA was isolated from cell pellets using Trizol reagent (Invitrogen, Grand Island,

NY, USA) for miRNA analyses according to the manufacturer's protocol. For mature

miRNA expression analysis, total RNA was retrotranscribed with miRNA-specific primers

using the TaqMan microRNA reverse transcription kit (Applied Biosystems, Foster City,

CA, USA), and then quantitative reverse transcription-PCR was performed using TaqMan

microRNA assays according to the manufacturer's protocol. The comparative cycle time (Ct)

method was used to calculate the relative abundance of miRNAs compared with small

nuclear RNA (snRNA) U6 as an internal control for RNA normalization.21 The profiling

was performed in duplicate wells for each samples and in two independent experiments

(four measurements each), and the results were presented as mean ± s.e. of the four

measurements. Differences in miRNA levels were compared with Student’s t-test. Fisher

exact and χ2 tests were applied to categorical variables.
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Western blot analysis

Cells were lysed at a density of 1 × 106/50 µL in protein lysis buffer (0.25 mol/L Tris–HCl,

2% sodium dodecylsulfate, 4% β-mercaptoethanol, 10% glycerol, 0.02% bromophenol blue)

supplemented with a protease inhibitor cocktail (Roche Diagnostic, Indianapolis, IN, USA).

Lysates were then separated on a 10% polyacrylamide gel (Bio-Rad Laboratories, Hercules,

CA, USA), transferred to Hybond-P membranes (GE Healthcare, Little Chalfont, UK),

probed with the appropriate antibodies: anti–human PI16 (Abnova, Walnut, CA, USA), anti-

FOXP3 and anti-p53 (Cell Signaling, Danvers, MA, USA), anti-CTLA-4 (Santa Cruz, CA,

USA), and visualized using an enhanced chemiluminescence plus kit (GE Healthcare,

Humble, TX, USA) or Odyssey Imaging System (LI-COR Bioscience, Lincoln, NE, USA).

miRNA overexpression and knockdown

mirVana (Life technologies, Grand Island, NY, USA) inhibitors or mimics of miR15a or

miR16 and negative control were obtained from Life Technologies (Carlsbad, CA, USA).

All miRs were transfected as per the manual of the Amaxa (Gaithersburg, MD, USA)

Human T cell Nucleofector kit. Briefly, 300 nM miRNA mimics (Life Technologies) were

transfected into Tregs using program V24 (Lonza, Allendale, NJ, USA). Forty-eight hours

post transfection, RNA and protein were extracted. Samples were stored at −80 °C until

analyzed.

Lentiviral transduction of conventional T cell and Treg for MLR studies

Vesicular stomatitis virus G (VSV-G)-pseudotyped lentiviral particles were generated by the

lenti-miRNA Expression System from Applied Biological Materials. HEK293T cells were

co-transfected with Lenti-Combo Mix and (1) LentimiRa-GFP-has-miR-15a vector, (2)

LentimiRa-GFP-has-miR-16 vector, (3) LentimiRa-OFF-has-miR-15a vector and (4)

LentimiRa-OFF-has-miR-16 vector according to the manufacturer’s manual. Forty-eight to

72 h post transfection, viral supernatant was harvested, filtered through 0.45 µm filters and

stored at −80 °C until required. CD4+25− cells (conventional T cell (Tcon)) were isolated

using CD25 MicroBeads (Miltenyi Biotec Inc.). Expanded Treg and Tcon cells were

exposed to viral supernatant in the presence of 8 µg/mL polybrene (Sigma, St Louis, MO,

USA) and 200 U/mL interleukin-2. GFP+ (green fluorescent protein) cells were sorted by

BD FACS Aria High-Speed Digital Cell Sorter (BD Biosciences, San Jose, CA, USA) 3

days after transduction. All experiments were performed three times.

Luciferase assay

To further evaluate the relationship between miR15a/16 and FOXP3, the Dual-Luciferase

Reporter System (Promega, Madison, WI, USA) was used. This approach has been widely

used in vitro and in vivo22 and has been proposed as a system not only to detect protein–

protein interactions but also to validate miRNA targets experimentally.23,24 Herein, a Firefly

and Renilla dual luciferase reporter system was employed to investigate the interaction

between miR15a and FOXP3. The putative target sites for the miR15a seed sequence were

identified by using TargetScan25 and microRNA.org26 software. The interaction between

miR15a/16 and FOXP3 was predicted by three algorithms: miranda, PITA and RNA22. A

253-bp or 232-bp fragment of FOXP3 3′-UTR encompassing the miR15a and miR16
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potential target sites was cloned downstream of the firefly luciferase gene (XbaI sites) in the

pGL3-control plasmids (Promega) and designated as FOXP3 wild type. PCR primers used

for amplification of the FOXP3 3′-UTR were as follows: binding site 1, 5′-

GTGGTTCTAGACACCCCCTCCCCCA TCATA-3′ (forward) and 5′-

GTGGTTCTAGAGGCTCTCTGTGTTTTGGGGT-3′(reverse); binding site 2, 5′-

GTGGTTCTAGACCTACACAGAAGCAGCGTCA-3′ (forward) and 5′-

GTGGTTCTAGAGATCAGGGCTCAGGGAATGG-3′ (reverse). To generate the 3′-UTR

mutant construct (3′-UTR-del), seed regions were deleted using the QuikChange site-

directed mutagenesis kit according to the manufacturer’s protocols (Agilent, Santa Clara,

CA, USA) and designated as FOXP3 del. QuikChange site-directed mutagenesis was

performed using the following primers: binding site 1, 5′-CACAGAGCC TGCCTCA

CGCACAGATTACTTC-3′ (forward) and 5′-GAAGTAATCTGTGCGTG

AGGCAGGCTCTGTG-3′ (reverse); binding site 2, 5′-GAGGTCCCAACAC

GTCACACACACGGCCTG-3′ (forward) and 5′-CAGGCCGTGTGTGTGACG

TGTTGGGACCTC-3′ (reverse). All the constructs were verified by sequencing performed

in the core facility of M. D. Anderson Cancer Center. Subsequently, we plated HEK293T

cells (2.2 × 105) in 96-well plates. Reporter plasmid, pGL3-3′-UTR-WT (or pGL3-3′-UTR-

del), for the predicted target genes, was co-transfected with miR15a, miR16 overexpression

plasmid and miR-control plasmid. The pRL-TK Renilla luciferase plasmid was also co-

transfected as an internal control using Lipofectamine 2000 (Invitrogen) according to the

manufacturer’s guidelines. After 48 h post transfection, firefly and Renilla luciferase

activities were consecutively measured using a Dual-Glo Luciferase Assay System kit

(Promega), and luminescence was measured on Multimode Microplate Readers (BMG

LABTECH, Cary, NC, USA). Luciferase activity was expressed as relative light unit, which

was the ratio of firefly luminescence to renilla luminescence.

RESULTS

CB Tregs demonstrate increased expression of PI16 and p53

Using the method of western blotting, we demonstrated that PI16 protein expression is

increased in the CB Tregs as compared with CB Tcons (Figure 1a). PI16 belongs to the

cysteine-rich secretory protein family and shares linkage with p53.27,28 Also, Tregs increase

p53 phosphorylation and total protein expression in senescent CD4+ T cells (Tcon), thereby

controlling their proliferation.29 Therefore, we investigated the expression of p53 on CB

Tregs. Using western blotting, we demonstrated increased expression of p53 protein in CB

Tregs when compared with CB Tcons (Figure 1b). As a positive control, we also showed

increased FOXP3 and CTLA4 expression in CB Tregs compared with CB Tcons (Figure

1c).

miR15a/16 expression is decreased in CB Tregs

Fabbri et al. showed that in normal tissues there exists an inverse relation between p53 and

miR15a/16 expression (Figure 1d).24 On the basis of this observation, we explored the

expression level of miR15a/16 in CB Tregs and CB Tcons. Using quantitative reverse

transcription-PCR with snRNA U6 as an internal control for RNA normalization, we

evaluated endogenous miR15a and miR16 levels in CB Tregs and CB Tcons. Significantly
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lower expression of miR15a (P = 0.0024) and miR16 (P < 0.0001) was detected in CB Tregs

when compared with Tcons (Figure 1e). This experiment was independently repeated three

times. Consistent with previous reports30 (and as a positive control for this study), miR21

was shown to be upregulated in CB Tregs, when compared with CB Tcons (Figure 1e). U6

normalizer was used to control for loading. Similar pattern of lower expression of

miR15a/16 was also seen in PB-derived Tregs when compared with Tcon (Figure 1f).

miR21 was also increased in PB-derived Tregs as positive control. As described

previously,18 we used a xenogenic GVHD mouse model (Supplementary Figure 1) to study

the impact of infused CB Tregs on miR15a/16 levels. Lower levels of miR15a (Figure 1g)

and miR16 (Figure 1h) were seen in the circulating lymphocytes of third party CB Treg

recipients as compared with PBMC-alone group at day 14. We utilized the Ferrara GVHD

scoring system20 to objectively evaluate the severity of GVHD in the xenogenic mouse

model. The lymphocyte miR15a (Figure 1i) and miR16 (Figure 1j) level inversely

correleated with the GVHD score. Whereas, no differences were seen in the miR15a/16

expression levels when comparing CB with PB Treg (Supplementary Figure 1).

Overexpression of miR15a/16 in CB Tregs leads to a reversal of suppressive activity

To explore the direct effect of miR15a and miR16 on the better known targets that control

Treg function (including FOXP3 and CTLA4), we transfected miR15a and miR16 miRNA

mimics into CB Tregs by Nucleofection. Transfection led to upregulation of the expression

of these miRNA activities. Cells collected 48 h after transfection exhibited overexpression

(OE) of miR15a or miR16 when compared with an empty vector control (Supplementary

Figure 2). Western blotting revealed that the miR15a and miR16 OE led to decreased

expression of FOXP3 and CTLA4 (Figure 2a). This experiment was repeated three times. To

further examine the effects of miR15a and miR16 on the functionality of Tregs, lentiviral

transduction was employed to establish more stable overexpression. Seventy-two hours after

transfection, GFP+ cells (co-expression of GFP used to confirm transfection efficiency) were

sorted by flow cytometry and stable overexpression was demonstrated as compared with the

empty vector (data not shown). Overexpression of miR15a and miR16 led to partial reversal

of the FOXP3 demethylation that is essential for CB Treg function (Figure 2b).31 Although

≥85% suppression of lymphocyte proliferation was observed in the presence of non-

transfected vector control Tregs, less marked suppression was observed in the presence of

the miR15a OE and miR16 OE Treg (Figure 2c). There was no additive effect of combined

OE of miR15a and miR16 in CB Treg (data not shown).

Knockdown of miR15a/16 in CB Tcons induces suppressor function

Electroporation was employed to knock down miR15a or miR16 expression in Tcons. The

effect on expression of FOXP3 or CTLA4 in these cells was investigated. Cells collected 48

h after transfection exhibited knockdown of miR15a or miR16 when compared with an

empty vector control (Supplementary Figure 3). Using western blotting, knockdown of

miR15a or miR16 in Tcons led to increased expression of FOXP3 and CTLA4 (Figure 2d).

These experiments were independently repeated three times. To further explore the

importance of miR15a or miR16 expression on allo-MLR, we systematically knocked down

Supplementary Information accompanies this paper on Bone Marrow Transplantation website (http://www.nature.com/bmt)
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miR15a or miR16 in Tcons. Seventy-two hours after transfection, GFP+ cells (co-expression

of GFP confirmed successful transfection) were sorted by flow cytometry and stable

knockdown was confirmed (data not shown). Although Tcons transfected with empty vector

had no impact on the magnitude of lymphocyte proliferation, knockdown of miR15a and

miR16 in Tcons led to the suppression of the allogeneic lymphocyte proliferation by 90%

when present at a 1:1 effector cell ratio (Figure 2e, P < 0.02 for miR15a and miR16). This

experiment was repeated three times.

FOXP3 is a direct target of miR15a/16

To further evaluate the relationship between miR15a/16 and FOXP3, we used the Dual-

Luciferase Reporter System. The interaction between miR15a/16 and FOXP3 was predicted

by three algorithms: miranda, PITA and RNA22 (Figure 3a). Using the luciferase-based

assay, we demonstrated that miR15a/16 had a direct binding interaction with FOXP3 at

binding site 1: 5′-GTGGTTCTAGACACCCCCTCCCCCATCATA-3′ (forward) and 5′-

GTGGTTCTAGAGGCTCTCTGTGTTTTGGGGT-3′ (reverse) and binding site 2: 5′-

GTGGTTCTAGACCTACACAGAAGCAGCGTCA-3′ (forward) and 5′-

GTGGTTCTAGAGATCAGGGCTCAGGGAATGG-3′ (reverse) (Figure 3b). Using a

QuikChange site-directed mutagenesis, the following primers: binding site 1, 5′-

CACAGAGCCTG CCTCA CGCACAGATTACTTC-3′ (forward) and 5′-GAAGTAATCT

GTGCGTGAGGCAGGCTCTGTG-3′ (reverse); and binding site 2, 5′-

GAGGTCCCAACACGTCACACACACGGCCTG-3′ (forward) and 5′-

CAGGCCGTGTGTGTGACGTGTTGGGACCTC-3′ (reverse) were used. In the luciferase-

based assay, we showed that the miR15a/16 lost their ability to bind to FOXP3 when

binding sites 1 and 2 are mutated (Figure 3b).

DISCUSSION

Here we demonstrate that FOXP3 is a direct target of miR15a/16 and we propose that

changes in miR15a/16 expression may provide a mechanism for the plasticity of Treg

function. Although the precise targets for miR15a/16 in Tregs remain unclear, we have

shown that their overexpression leads to a marked reduction in FOXP3 and CTLA4 protein

expression in CB Tregs. As FOXP3 is essential for the suppressive function of Tregs,7,8 the

observation that FOXP3/CTLA4 protein expression and the Treg suppressive function are

decreased on overexpression of miR15a/16 provides evidence that miR15a/16 likely has an

impact Treg activity by engaging with FOXP3. Our conclusion is substantiated by

identification of specific binding sites utilized by miR15a and miR16 to engage the FOXP3

gene as shown by the luciferase assay, where mutation of these binding sites disrupts such

engagement. Although we appreciate the limitations of our in vitro assays and the possibility

of generating non-physiological levels of overexpression, our findings nonetheless provide

the first direct evidence of involvement of the miR15a/16 pathway in Treg function.

Furthermore, the reversal of the demethylation profile of the Treg-specific demethylated

region by miR15a/16 overexpression provides the unique possibility of crosstalk between

miR15a/16 and the DNA methylation machinery in Tregs. Further, there are accumulating

data that some miRNAs target, directly or indirectly, effectors of the epigenetic machinery

such as DNA methyl transferases and methyl CpG binding protein 2.32–35 It is therefore
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possible that miR15a/16 may additionally regulate Treg methylation, FOXP3 expression and

ultimately the suppressive function of the Treg. In humans, miR-15a and miR-16 are

clustered within 0.5 kb at chromosome position 13q14 and even though we were not able to

demonstrate any additive effect of manipulating these miRNAs, the overall impact of

individual knockdown and overexpression experiments showed consistent outcomes on the

functional properties of Tregs and Tcons.

Although the prime focus of this study has been FOXP3, another potential target for

miR15a/16 is CTLA4. CTLA4 is one of the FOXP3-dependent amplified genes in Treg cells

and may act in a cellintrinsic manner to restrict the activation of Tcon, as well as being

implicated in the regulation of Treg cell-mediated suppression function.36,37 In addition,

TGF-β-mediated induction of FOXP3 in vitro is associated with the expression of CTLA4.38

As CTLA4 expression was decreased when miR15a/16 were overexpressed Tregs, this

provides another potential mechanism by which miR15a/16 may exert their downstream

effects.

To validate the importance of miR15a/16 in the characterization of suppressive function of

Tregs, we demonstrated that the silencing of miR15a/16 in Tcons led to the increased

expression of FOXP3/CTLA4, which provided Tcons with Treg-like suppressive activity.

As FOXP3 is a target of miR15a/16, it is possible that knockdown of miR15a/16 may have

an effect at the level of gene expression. Our findings are consistent with a study reporting

that the retroviral transfer of the FOXP3 gene into activated peripheral Tcon (CD4+CD25−)

also confers a Treg-like suppressor activity.7,8 Furthermore, we propose that miR15a/16

knockdown in Tcons leads to induction of FOXP3 gene, which in turn confers on them

suppressive function as demonstrated in the MLR suppression assay in Figure 2e.

We propose a ‘toggle-switch’-like role of miR15a/16 that can be possibly exploited to

manipulate the Treg/Tcon axis (Figure 3c) so that the overexpression of miR15a/16 in Tregs

can push their activity more to that of a Tcon. Alternatively, silencing of miR15a/16

pathway in Tcon may lead to the induction of Treg-like activity. A better understanding of

the impact of miR15a/16 manipulation in in vivo models is needed before the full potential

of a process able to manipulate and exploit the ‘switch’ between Treg and Tcon activities in

a clinical setting can be fully realized.
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Figure 1. CB Tregs express low levels of miR15a/16
(a) CB Tregs show higher expression of PI16. Equal amounts of total cell lysates from

expanded Tcons and Tregs were analyzed by SDS-PAGE and immunoblotted with antibody

against peptidase inhibitor 16 (PI16). The blot was stripped and reprobed with antibody

against GAPDH to control for protein loading (representative blot from three different

experiments is shown). (b) CB Tregs show higher expression of p53. Equal amounts of total

cell lysates from expanded Tcons and Tregs were analyzed by SDS-PAGE and

immunoblotted with antibody against p53. The blot was stripped and reprobed with antibody
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against GAPDH to control for protein loading (representative blot from three different

experiments is shown). (c) CB Tregs show higher expression of FOXP3 and CTLA4. Equal

amounts of total cell lysates from expanded Tcons and Tregs were analyzed by SDS-PAGE

and immunoblotted with antibody against FOXP3 and CTLA4. The blot was stripped and

reprobed with antibody against actin to control for protein loading (representative blot from

three different experiments is shown). (d) p53 negatively regulates miR15a/16. Adapted

from Fabbri et al.,24 a negative control between p53 and miR15a/16 is demonstrated in

normal tissues. (e) miR15a and miR16 expression is lower in CB Tregs when compared with

Tcons. miR15a and miR16 levels were quantified using quantitative reverse transcription-

PCR (qRT-PCR). The comparative cycle time (Ct) method was used to calculate the relative

abundance of microRNAs compared with snRNA U6 as an internal control for RNA

normalization. Significantly lower miR15a (P =0.0024) and miR16 (P < 0.001) were seen in

CB-derived Tregs when compared with Tcons. miR21 is increased in CB Tregs (P=0.005),

shown as a positive control. (f) miR15a and miR16 expression is lower in PB Tregs when

compared with Tcons. miR15a and miR16 levels were quantified using qRT-PCR. The Ct

method was used to calculate the relative abundance of microRNAs compared with snRNA

U6 as an internal control for RNA normalization. Lower miR15a and miR16 were seen in

PB-derived Tregs when compared with Tcons. miR21 is increased in PB Tregs, shown as a

positive control. Decreased miR15a/16 in circulating lymphocytes of CB Treg recipients in

xenogenic GVHD model. Sublethally irradiated gamma null mice were injected with human

PBMC with or without preceding third party CB Treg injection in 1:1 ratio to evaluate for

development of GVHD. The expression of miR15a or miR16 in the circulating lymphocytes

on Day 14 for recipients of PBMC or those with Tregs and PBMC (expressed as fold change

to snRNA U6, as an internal control for RNA normalization) was analyzed. (g) The miR15a

levels (P=0.037; two-tailed t-test) and (h) miR16 levels (P =0.008; two-tailed t-test) were

decreased in PBMC+Treg recipients when compared with PBMC-only group. The miR15a

(i; regression coefficient 0.92) and miR16 (j; regression coefficient 0.96) levels in the

circulating lymphocytes correlated with the GVHD score of the animals.
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Figure 2. miR15a/16 mediate functional activity of CB Tregs
(a) Overexpression (OE) of miR15a and miR16 in Tregs suppresses FOXP3 and CTLA4.

Equal amounts of total lysates of Tregs with empty vector or Tregs overexpressing miR15a

or miR16 were analyzed by SDS-PAGE and immunoblotted with antibodies against FOXP3

and CTLA4, respectively. The blot was stripped and reprobed with an antibody against actin

to control for protein loading (representative blot from three different experiments is

shown). (b) miR15a/16 OE in Tregs reverses FOXP3 demethylation. Bisulfite sequencing in

ex vivo-expanded UCB-derived Treg showed significant DNA demethylation of the FOXP3
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gene locus at amplicons 7, 9, 10 and 11, which is partially reversed with MiR15a or miR16

overexpression in CB Tregs. X axis denotes the CpG island locus and Y axis denotes percent

methylation (n=3). (c) miR15a and miR16 OE in Tregs partially reverses their suppressive

function. Peripheral blood mononuclear cells (PB MNC) from adult donor 1 (D1) and adult

donor 2 (D2) were mixed at 1:1 ratio using 50 000 cells from each source to generate a two-

way allogeneic mixed lymphocyte reaction, where proliferation is captured by the

incorporation of 3H-thymidine. Stable overexpression of miR15a and miR16 using lentiviral

transduction of CB Tregs led to partial reversal of the suppression of allogeneic lymphocyte

proliferation, when added in 1:1 concentration to the effector cells. No such effect on

suppression was seen with the Treg vector control cells (n=3; mean ±s.e.). (d) Knockdown

of miR15a and miR16 in Tcon leads to increased FOXP3 and CTLA4 protein expression.

Equal amounts of total lysates from Tcons with empty vector or Tcons subject to miR15a

and miR16 knockdown were analyzed by SDS-PAGE and immunoblotted with antibodies

against FOXP3 and CTLA4, respectively. The blot was stripped and reprobed with an

antibody against actin to control for protein loading. (e) Knockdown of miR15a and miR16

induces suppressive function in CB Tcon cells. PB MNC from adult donor 1 (D1) and adult

donor 2 (D2) were mixed at 1:1 ratio using 50 000 cells from each source to generate a two-

way allogeneic mixed lymphocyte reaction, where proliferation is captured by the

incorporation of 3H-Thymidine. Silencing of miR15a and miR16 expression using lentiviral

transduction of CB Tcons was shown to induce significant suppressive activity on

lymphocyte proliferation when added in 1:1 concentration to the effector cells. No such

suppression was seen with the Tcon vector control cells (n=3; mean±s.e.).
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Figure 3. FOXP3 is a direct target of miR15a/16
(a) Sequences and introduced mutations of the miR15a and miR16 binding sites. The

putative target sites for the miR15a seed sequence were identified by using TargetScan25

and microRNA.org26 software. The interaction between miR15a/16 and FOXP3 was

predicted by three algorithms: miranda, PITA and RNA22. Annotation of the FOXP3 3′-

UTR showing predicted binding sites of miR15a and miR16, their seed sequences and

subsequent introduced mutations. Two sites were identified: binding site 1: 5′-

GTGGTTCTAGACACCCCCTCCCCCATCATA-3′ (forward) and 5′-
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GTGGTTCTAGAGGCTCTCTGTGTTTTGGGGT-3′ (reverse) and; binding site 2: 5′-

GTGGTTCTAGACCTACACAGAAGCAGCGTCA-3′ (forward) and 5′-

GTGGTTCTAGAGATCAGGGCTCAGGGAATGG-3′ (reverse). Using a Quik-Change

site-directed mutagenesis was identified in the following primers: binding site 1, 5′-

CACAGAGCCTGCCTCACGCACAGATTACTTC-3′ (forward) and 5′-

GAAGTAATCTGTGCGTGAGGCAGGCTCTGTG-3′ (reverse); and binding site 2, 5′-

GAGGTCCCAACACGTCACACACACGGCCTG-3′ (forward) and 5′-

CAGGCCGTGTGTGTGACGTGTTGGGACCTC-3′ (reverse). (b) miR15a/16 directly

interact with Foxp3 at binding site 1 and binding site 2. In luciferase-based assay,

miR15a/16 showed direct binding interaction with FOXP3 at binding site 1 and binding site

2. When these sites are specifically mutated, mir15a/16 lose their ability to bind to FOXP3.

(c) ‘Toggle-switch’ role of miR15a/16 and FOXP3 function. Overexpression of miR15a/16

in Tregs can push their functional differentiation into a more conventional T-cell-like

activity. On the other hand, silencing of miR15a/16 pathway in Tcon may lead to an

inducible Treg-like function.
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