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Abstract

Regulatory T cells play a critical role in maintaining immune tolerance and preventing
autoimmune disease. Treg cells express the transcription factor Foxp3, which acts as a master
regulator of their differentiation and controls their capacity to suppress T cell responses. Treg cells
have an intrinsically anergic phenotype and do not produce IL-2 or proliferate upon stimulation ex
vivo. Recent reports have identified that Helios, a member of the Ikaros family of transcription
factors, is expressed in Treg cells. However, its specific function is not yet fully understood. In
this study, we show that Helios regulates IL-2 production in Treg cells by suppressing the //2gene
transcription. Loss of Helios in Treg cells breaks their anergic phenotype and results in de-
repression of the //2locus, allowing Treg cells to display increased baseline proliferation and to
produce IL-2 following stimulation. Conversely, forced expression of Helios in CD4*Foxp3™ T
cells results in a loss of their normal ability to produce IL-2. Helios acts by binding to the //2
promoter and inducing epigenetic modifications that include histone deacetylation. We also show
that loss of Helios in Treg cells results in decreased Foxp3 binding to the //2promoter, indicating
that Helios promotes binding of Foxp3 to the //2 promoter. Interestingly, the loss of Helios in Treg
cells also causes a decrease in suppressive capacity. Our results identify Helios as a key regulator
of //2expression in Treg cells, contributing to the maintenance of the anergic phenotype.

Introduction

Regulatory T (Treg) cells are a subset of CD4* T cells essential for the maintenance of
immune homeostasis and the suppression of T cell responses (1). Thymically derived natural
Treg cells are characterized by elevated expression of CD25, the alpha chain of the high-
affinity I1L-2 receptor, GITR, and CTLA-4 Critical to the establishment of the Treg
phenotype is expression of the transcription factor Foxp3, which regulates Treg cell
generation, phenotype and function (2, 3). Underscoring the importance of Foxp3 are the
clinical features of Immunodysregulation, Polyendocrinopathy, and Enteropathy, X-linked
syndrome, where a loss-of-function mutation in Foxp3 causes a deficiency in Treg
generation. The resulting generalized autoimmunity manifests as polyendocrinopathy,
enteropathy, and dermatitis, and is usually fatal within the first few years of life (4, 5).

Treg cells can suppress T cells responses by modulating the activity of antigen-presenting
cells, by directly suppressing T cells or by secreting immune-regulatory cytokines (6-10). A
defining feature of Treg cells is their intrinsically anergic phenotype. Upon stimulation with
cognate antigen, Treg cells do not proliferate or produce IL-2, rather, they depend on TCR
activation and signals from local activated immune cells to be activated, proliferate and
exert their suppressive function (11, 12). The lack of IL-2 production by Treg cells might be
linked to their suppressive function, as addition of IL-2 to co-cultures of Treg cells and
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responder T cells abrogates the Treg cells suppressive effects (13, 14). Interestingly, the
chromatin of the //2 promoter in Treg cells is maintained in a closed state, indicating
suppression of //2expression at the epigenetic level (15, 16). Furthermore, Foxp3 has been
proposed to mediate this silencing effect (17). This inhibition of the //2 gene expression is
similar to what has been described in anergic effector T cells, where the transcription factor
Ikaros induces //2 gene silencing (18, 19). Helios, a member of the Ikaros family of
transcription factors that is normally expressed during thymocyte development, is also
highly upregulated in Treg cells, but not in other mature T cell populations (20). Helios has
a high level of sequence and structural homology to Ikaros and contains four amino-terminal
zinc finger DNA-binding domains, as well as two carboxy-terminal zinc fingers, which
mediate homo- and heterodimerization with other Ikaros family proteins (21, 22). Despite
the high levels of Helios expression in Treg cells, Helios-null mice do not show any defect
in Treg cells development, which appear to maintain their suppressive capacity (20, 23).
However human Treg cells in which Helios expression has been knocked down show
reduced suppressive activity and the expression of Helios may identify Foxp3+ Treg
populations with high suppressive capacity (24, 25).

In this study, we intended to determine the function of Helios in Treg cells. Our results show
that Helios is necessary for the suppression of IL-2 production in Treg cells. Helios binds to
the //2 promoter to maintain it in a deacetylated state, rendering it transcriptionally inactive.
Our results also indicate that Helios regulates Foxp3 binding to the //2promoter, suggesting
that the two transcription factors cooperate to enforce silencing of //2transcription in Treg
cells. Our findings provide a novel specific role for Helios in Treg cells, and help to expand
our understanding of the interconnected mechanisms of gene regulation and function in
these cells.

Materials and Methods

Mice

Cell Culture

Wild-type C57BL6/J, OT-Il TCR-transgenic C57BL/6-Tg(TcraTcrb)425Cbn/J, Ragl-
deficiet B6.129S7-Rag1i™IMoM/j and Foxp3-RFP C57BL/6-Foxp3™FIV) mice were
purchased from The Jackson Laboratory (Bar Harbor, ME) and were maintained under
specific pathogen-free conditions. All animal work was performed according to guidelines
established by the Albert Einstein College of Medicine Institutional Animal Care and Use
Committee.

Primary CD4* T cells were isolated from the spleens and lymph nodes of 4-6 week old mice
using anti CD4-conjugated magnetic beads (Invitrogen, Carlsbad, CA). Cells were activated
with 0.5 pg/ml of plate bound anti-CD3 (clone 145-2C11) and 0.5 pg/ml of anti-CD28
(clone 37.51) antibodies (eBioscience, San Diego, CA). To differentiate these cells to a Thl
phenotype, cells were activated for 6 days in the presence of 10 ng/ml recombinant mIL-12
(eBioscience), 10 wg/ml blocking anti-1L-4 antibody (clone 11B.11) and 10 U/ml
recombinant human IL-2 (NCI BRB Preclinical Repository, Frederick, MD). Cells were
cultured in DMEM supplemented with 10% FCS, 2 mM GlutaMAX (Life Technologies,
Grand Island, NY), nonessential amino acids (Lonza, Walkersville, MD), essential vitamins
(Lonza), and 50 M 2-mercaptoethanol. To generate RFP* Tregs, primary CD4* T cells
were isolated as described above from 4-6 week old Foxp3-RFP mice, and RFP™ cells
purified by cell sorting. Cells were activated with 0.5 pg/ml of plate bound anti-CD3 and 0.5
pg/ml of anti-CD28 antibodies and cultured in supplemented DMEM as described above,
with 100 U/ml recombinant murine IL-2 (mIL-2) (eBioscience).
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Treg or Th1 cells (2.5-5x10%) were stimulated with 0.5 pg/ml plate-bound anti-CD3 and
anti-CD28 for 16 h. Supernatants were collected, and IL-2 levels were measured in a
sandwich ELISA following the manufacturer’s recommendations (BD Biosciences, San
Jose, CA).

Real-Time PCR (qRT-PCR)

RNA was isolated from cells using the RNeasy RNA Isolation Kit (Qiagen, Valencia, CA).
cDNA was synthesized, and expression levels were measured using PpwerSYBR PCR mix
(Applied Biosystems, Carlsbad, CA) in a StepOne Plus thermocycler (Applied Biosystems).
mRNA induction was calculated as 272ACt ysing primers for actin as control. Melting
curves established the specificity of the amplified band. Primers used are as follows: //2
Forward: 5" TCTGCGGCATGTTCTGGATTT; //2-Reverse:

5 ATGTGTTGTCAGAGCCCTTTAG; Helios-Forward:
5'ACACCTCAGGACCCATTCTG; Helios-Reverse: 5" CCATGCTGACATTCTGGAG;
Eos-Forward: 5" CACCGGCAAGGGAAGGATAAT; Eos-reverse:

5’ TGAGTCCCCGCTACTTTCACA,; /karos-Forward: 5" GCTGGCTCTCAAGGAGGAG;
Ikaros-Reverse: 5° CGCACTTGTACACCTTCAGC; Alolos-Forward:
5'CTGAATGACTACAGCTTGCCC; Aiolos-Reverse:
5'GCTCCGGCTTCATAATGTTCT,; Ctla4 Forward: 5’ CATGGTGTCGCCAGCTTTC;
Ctla4-Reverse: 5 AGTCACCCGGACCTCATCA, //2ra-Forward:
5'CTCCCATGACAAATCGAGAAAGC; //2ra-Reverse:

5’ TCTCTTGGTGCATAGACTGTGT; Tgfbi-Forward:

5’ TCATGTCTCAGTTCCCATCTAGT; 7Tgfb1-Reverse:
5'GAGAGCGAGGCCATCAGTC; Tnfrsf18-Forward:
5'GAGCAATACGGCCATTTGACT,; Tnfrsf18Reverse:
5'GAGCTGGACTGTGGTTAGGAA.

Intracellular staining

Cells were stimulated with either 0.5 pg/ml of plate-bound anti-CD3 and anti-CD28
antibodies, or PMA (20 nM) and lonomycin (500 nM) for 3 hours. Brefeldin A was added at
5 pg/ml for an additional 3 hours. Cells were then washed, fixed and permeabilized using
the Foxp3 Buffer Staining Set (eBioscience). Cells were incubated with 0.1 g of APC-
conjugated anti-1L-2 (clone JES6-5H4), APC-conjugated anti-Foxp3 (clone FIK-16s)
(eBioscience), or with 0.05 g of PE-conjugated anti-Helios (clone 22F6) (Biolegend)
antibodies for 45 minutes, and then washed and analyzed on a FACScan DxP5 flow
cytometer (Becton Dickinson, Cytek Development, Fremont, CA). Analysis was performed
using FlowJo Software (Tree Star).

Chromatin Immunoprecipitation (ChlP)

Histone acetylation, Helios, and Foxp3 binding were assayed using the EZ-ChIP assay kit
(EMD-Muillipore, Billerica, MA) following the manufacturer’s instructions. Nuclear lysates
from 5-8x10° cells were subjected to immunoprecipitation overnight at 4°C with anti-
acetyl-H3 (Millipore), anti-Helios or anti-Foxp3 antibodies (G20 and V17, respectively;
Santa Cruz Biotechnology, Santa Cruz, CA) or with isotype or polyclonal type control
antibodies. Specific primer pairs were designed to amplify the —232bp to +99bp region of
the //Zpromoter (Forward: 5" TAAGTGTGGGCTAACCCGA; Reverse:

5’ TTGAGGTCACTGTGAGGAGT), the Cd3e promoter (Forward:

5’ TTCCTGCCTCCGCTGGAGGG; Reverse: 5" GGCAGAAGCCTCCGCCTTGG), and the
Foxp3 promoter (Forward: 5" GCAGCTTCTGGGAGCCAGCC; Reverse:

5’ TGGCAGAGCTGGCCACTCCT). Purified DNA was subjected to quantitative PCR
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analysis. Data was analyzed by adjusting input samples to 100%, calculating the percent
return on input samples, and then subtracting the percent return on input of the
immunoprecipitation from the isotype control antibody.

Lentiviral transduction of T cells

To generate shHelios-expressing lentiviral particles, HEK293T cells were transfected using
TransIT-LT1 (Mirus Bio LLC, Madison, WI) with the pCCL-cPPT-PGK-EGFP-WPRE
backbone plasmid into which one of two short hairpin-forming sequences (shHelios1.: Sense:
5'CACCTACCTTGGAGCTGATTCAAGAGATCAGCTCCAAGGTAGGTGA, Antisense:
5’ TCACCTACCTTGGAGCTGATCTCTTGAATCAGCTCCAAGGTAGGTGA; or
shHeliosZ. Sense:

5’ TGCAACATCTGTGGCTACATCTCTTGAATGTAGCCACAGATGTTGCA,;
Antisense:

5’ TGCAACATCTGTGGCTACATCTCTTGAATGTAGCCACAGATGTTGCA) were
inserted. Additionally, cells were transfected with lentiviral packaging plasmids expressing
Gag/Pol (pMDLg/pRRE), Rev (pRSV-Rev), and VSV-G (pMD2.G). Supernatants were
harvested from cells every 12 hours for a period of 3 days. Following each harvest,
supernatants added to target cells in media containing 6 pg/ml of hexadimethrene bromide
(Sigma-Aldrich, St. Louis, MO).

Transfection of primary T cells

4 days post-activation under Th1-skewing conditions as described above, cells were
transduced with pHAGE-CMV-dsRedExpress-IRES-GFP-W (a gift from S. Horwitz) into
which full-length Helios had been cloned, using an Amaxa Nucleofector and Mouse T Cell
Nucleofection Kit (Lonza) according to the manufacturer’s protocol. 24 hours following
transduction, cells were stimulated and prepared for intracellular staining as described
above.

In vitro suppression assay

Wild-type, scramble-shRNA or shHelios-transduced purified RFP* Treg cells were co-
cultured with 2.5x10° splenocytes isolated from C57BL6/J mice and 5x104 naive or Thi
cells from OT-1I mice, in the presence of 1M OVA peptide. Cells were incubated for 48h,
and supernatants were collected. IL-2 production was assayed with ELISA as described
above. Alternatively, CD4 T cells from OT-1I mice were labeled with CFSE and activated
with 1 pg/ml plate-bound anti-CD3 in the presence of equal numbers of Treg cells (control
and lentiviral transduced). Four days later cells were harvested and CFSE dilution measured
using a FACScan and FlowJo software. Where indicated 5 pg/ml of neutralizing anti-1L-2
antibody (clone JES6-1A12 (e-Bioscience) were added to the suppression reaction.

Inflammatory bowel disease (IBD) induction

Rag1™~ mice were injected intravenously with 5x10° Treg-depleted naive CD4+ T cells
isolated from C57BL6/J mice. Twenty-four hours later, mice were injected intraperitoneally
with 2.5x10° of either wild type RFP+ Treg cells isolated from RFP-Foxp3 mice or with
Treg cells transduced with lentivirus expressing a scramble control ShRNA or Helios-
specific ShRNA. Mice were monitored over a period of 6—7 weeks for the development of
colitis by weekly monitoring of body weight. Mice were then sacrificed and colons were
isolated, fixed and stained with hematoxylin and eosin for histopathological evaluation at the
Histopatholoy Core of the Albert Einstein College of Medicine. Colitis was graded using the
Maggio-Price colitis index by adding scores (inflammation, mucosal hyperplasia and
extension of lesion) from cecum, and ascending, transverse, descending and distal colon for
each sample as described (26).
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Regulation of Helios expression in Treg cells

Previous reports have underlined the essential role of Ikaros in the regulation of cytokine
gene expression in anergic effector Thl cells (18, 19). Given the intrinsic anergic status of
Treg cells, we chose to investigate the potential role of Ikaros family members in the
regulation of //2expression in Treg cells. First, we assessed the relative gene transcription of
Ikaros family members with qRT-PCR in isolated CD4*CD25* T cells from the spleen and
lymph nodes of mice compared to naive CD4+ T cells or in vitro differentiated effector Thl
cells, using actin as a housekeeping control transcript. Consistent with previous reports (20,
24, 27), we found a marked upregulation (>3 fold) of Helios in freshly isolated naive Treg
cells as compared to naive or effector Thl cells (Fig. 1A and B). To gain insight into the
possible regulation of Helios transcription, we followed the kinetics of Helios transcription
in Treg cells activated /n vitro for one week using anti-CD3 and anti-CD28 antibodies. We
found that Helios mMRNA levels were significantly upregulated in activated Treg cells
compared with the basal level of expression found in naive Treg cells. Foxp3 expression
remained high in those cells, and only a small increase was detected, though, following
activation. No significant increase in Helios expression was found in CD4+CD25- T cells at
any time point following activation (Figs. 1B and C). These results indicated specific
expression of Heliosin Treg cells that was upregulated following to activation.

Recently, several reports have shown the expression of Helios in T cell subsets other than
Treg cells, such as Th2 and T follicular helper cells, activated T cells and peripherally-
induced Treg cells (28-30). To confirm we were working with a pure expanded Treg
population, and that our subsequent analysis of Helios expression and function was
restricted to Treg cells, we isolated CD4*RFP* cells from 5 week old C57BL/6-
Foxp3tm1Flv/J mice (Foxp3-RFP), which contain an IRES-RFP cassette inserted between
the translation stop codon and the poly-A tail on the 3" end of the Foxp3locus (31). The use
of very young mice minimizes also the possibility that the RFP* cells isolated might not be
Treg cells. Six days post activation, cells were fixed and stained for Helios and Foxp3, and
analyzed by flow cytometry. As a control, we used effector CD4* T cells that were cultured
under Thl-skewing conditions for 6 days. As expected, more than 95% of the Th1 control
cells expressed neither Foxp3 nor Helios; by contrast, more than 95% of RFP* Treg cultures
expressed both Helios and Foxp3 (Fig. 1D), indicating that Helios expression was mostly
restricted to Foxp3+ Treg cells. Confirming the expression of Helios in extrathymic Treg
cells, similar results were obtained when thymocytes were from the thymi of RFP-Foxp3
mice, where more than 90% of FoxP3+ cells also express Helios (Fig. 1E).

Previously we had shown that IL-2 signaling was able to prevent the induction of T cell
anergy by inhibiting the expression of several anergy-associated genes, including Ikaros
(32). Furthermore, our initial analysis of Heliosexpression in Treg cells revealed that
following addition of IL-2 in the Treg culture, we could observe a transient downregulation
of the expression of Helios (Fig. 1B). We therefore sought to determine whether IL-2
signaling could regulate Helios expression in Treg cells. CD4*RFP* Treg cells were
activated with anti-CD3 and anti-CD28 antibodies in the presence of IL-2. After 5 days,
IL-2 was removed from the culture media for 24h. Following this period of cytokine
deprivation, IL-2 was replenished in the media and cells were cultured for an additional 24h.
gRT-PCR analysis was performed at points before IL-2 deprivation, after 24h of IL-2
deprivation, and after 24h of IL-2 replenishment to determine levels of Helios transcription.
Results showed that IL-2 signaling appeared to downregulate Helios expression, as
increased in Helios transcription could be detected upon IL-2 withdrawal, and a subsequent
decrease in Helios transcription was evident following replenishment of IL-2 (Fig 1F).
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Helios inhibits 112 expression in Treg cells

While several groups have reported the expression of Helios in Treg cells, its exact function
remains unclear. Given lkaros’ established role in silencing transcription of the //2 gene
during T cell anergy (18, 19), we hypothesized that Helios might have a similar role in Treg
cells; to suppress the expression of //2. To investigate this possibility, we generated
lentiviral vectors expressing shRNAs directed against Helios (shHelios) and used them to
transduce CD4*RFP* Treg cells. After transduction, reduction of Helios expression was
assessed by both qRT-PCR and flow cytometry. We found approximately a 60% decrease of
Helios mMRNA levels, which correlated with a clear decrease in protein expression levels
(Fig. 2A and B). To ensure that knockdown of Helioswas stable over the course of our
experiments, we cultured Treg cells for an additional 3 days post-transduction and assessed
Helios expression levels by flow cytometry. After 3 days of culture post-transduction,
suppression of Helios expression was maintained at a level similar to that seen 24h post
transduction (Fig. 2B). One of the defining features of Treg cells is their intrinsically anergic
phenotype. Unlike other types of effector T cells, they do not proliferate or produce IL-2
upon stimulation with a cognate antigen (13). This lack of IL-2 expression appears to be
enforced at the transcriptional level, as analysis of the //2 promoter in Treg cells revealed a
closed, heterochromatic-like configuration when compared with IL-2-producing effector T
cells (16). To examine the role of Helios in the regulation of IL-2 production in Treg cells,
we transduced isolated CD4*RFP* Treg cells with lentiviral vectors expressing two different
shRNAs specific for Helios and measured 1L-2 production following re-stimulation with
anti-CD3 and anti-CD28 antibodies. As expected, scramble control Treg cells did not
produce IL-2 when re-stimulated. However, Treg cells in which Helios expression had been
knocked down, began to produce IL-2 upon re-stimulation, indicating that the loss of Helios
expression had caused the loss of their anergic phenotype (Fig. 2C). The increase in 1L-2
expression appeared to be a consequence of increased //2 gene transcription, as we could
also detect increased expression of //ZmRNA in those Treg cells where the expression of
Helios had been suppressed (Fig. 2D). There have been conflicting reports on whether or not
loss of Helios might alter expression levels of Foxp3 in Treg cells. Therefore, we also
examined Foxp3 expression in cells transduced with the lentiviral vectors expressing ShRNA
against Heliosby qRT-PCR and flow cytometry. Despite the loss of Helios, we did not
observe any significant changes in the levels of Foxp3mRNA or protein expression (Fig. 2B
and data not shown).

The previous experiments identified a role for Helios as a repressor of IL-2 expression in
Treg cells. To further confirm that Helios had this activity, we next examined if Helios was
able to exert its repressive effect on IL-2 in Thl effector cells, which are normally able to
produce IL-2 upon activation. Purified CD4* T cells from C57BL6 mice were activated and
cultured under Thl-skewing conditions for 6 days. We then transfected them with a CMV-
driven Helios overexpression construct. Twenty-four hours post-transfection, we recovered
Helios- and control empty-vector-transfected T cells and stimulated them with anti-CD3 and
anti-CD28 antibodies for 6 hours to measure IL-2 production by intracellular cytokine
staining and flow cytometry. As expected, almost all IL-2 producing cells in the empty-
vector transduced population were effector Helios™ T cells. A sub-population of Helios*
cells could also be seen in control cells, likely representing endogenous Treg cells present in
the culture, which were unable to produce IL-2 (Fig 2E). Interestingly, the population of
Helios™ cells in the Helios-transduced Th1 cultures were also mostly IL-2~, whereas almost
all 1L-2* cells within the culture represented the untransfected Helios™ cell population,
confirming that expression of Helios is sufficient to suppress IL-2 production. Taken
together with our shRNA knockdown findings in Treg cells, these results identify a role for
Helios in the regulation of IL-2 production in T cells.

J Immunol. Author manuscript; available in PMC 2014 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Baine et al.

Page 7

We also analyzed if the loss of Helios would affect the proliferative capacity of Treg cells.
We found that in the absence of exogenous IL-2, control Treg cells and Treg cells
transfected with scramble shRNA failed to proliferate and eventually died. However, knock-
down of Helios expression allowed Treg cells to survive and proliferate (Fig. 2 F and G). It
is important to note that these experiments were performed in resting Treg cells. In the
absence of TCR engagement, even Treg cells in which Helios expression had been knocked
down did not produce any IL-2 (Fig 2C, second and third bars), indicating that the effect
Helios deficiency had on the regulation of Treg proliferation and survival was likely
independent of its ability to suppress activation-induced IL-2 production in Treg cells.

Helios binds to the 112 promoter and maintains epigenetic silencing of the l12 gene in Treg

cells

While we had identified a role of Helios in the repression of //2expression in Treg cells, we
sought to further clarify the mechanism by which Helios exerted its regulatory effects.
Several binding sites for Ikaros have been identified in the //2promoter (18, 19). Given
Helios” homology to Ikaros and that both target the same consensus sequence for DNA
binding (33), we determined whether Helios would bind the //Zpromoter in Treg cells to
silence it. To examine this, we performed ChIP using an antibody directed against Helios,
and assessed its binding to the //2 promoter in CD4*RFP* Treg cells. We used CD4* T cells
cultured under Th1-skewing conditions as a control population of cells that express much
lower levels of Helios (Fig. 1A) and actively transcribe //2. We found a clear enrichment of
Helios association with the //2promoter in Treg cells that was not detected in I1L-2-
producing Thl cells (Fig. 3A), indicating that Helios’ regulatory effects on the //2locus
involves recruitment to its promoter. This association was specific for the //2locus, as we
did not detect any significant increase in Helios binding to the Cd3e promoter, a gene not
expected to be regulated by Helios in Treg cells (Fig. 3A).

It has been previously shown that regulation of the //2gene expression in Treg cells takes
place at the epigenetic level (16). Deacetylation of core histones mediated by histone
deacetylases (HDACS) is associated with decreased locus accessibility by the transcriptional
machinery and silencing of gene expression. We analyzed the acetylation status of core
histones at the //2promoter in CD4*RFP™* Treg cells by ChIP using anti-acetylated H3
antibodies. These experiments confirmed that histone acetylation in the //2promoter in Treg
cells was much lower than in effector T cell controls, which maintain the //2locus in a
transcriptionally active state (18) (Fig 3B). We and others have previously shown that Ikaros
enforces T cell anergy by recruiting HDACSs and inducing deacetylation of core histones in
the //2 promoter (18, 19, 34). Helios, like Ikaros, has been also shown to associate with
components of the Nucleosome Remodeling and Deacetylase (NurD) complex and recruit
HDAC:s (35). Therefore, we hypothesized that Helios could be responsible for maintaining
the //2promoter in a deacetylated state in a similar manner. To investigate this, we used
specific ShRNAs to inhibit the expression of Helios in CD4"RFP* Treg cells and examined
the acetylation status of histone H3 at the //2 promoter. Control Treg cells and scramble
shRNA-transduced Treg cells displayed a low level of acetylation, consistent with their
inability to produce IL-2. By contrast, shHelios-expressing Treg cells showed a significant
increase in H3 acetylation at the //2 promoter (Fig 3B), indicating that epigenetic
modifications associated with active transcription had occurred. We also examined H3
acetylation at the Foxp3 promoter, a gene that is transcriptionally active in Treg cells. As
expected, H3 acetylation at the Foxp3 promoter was much higher in Treg cells than in
effector T cells. However, inhibition of the expression of Helios did not cause a change in
the levels of histone acetylation in the Foxp3 promoter (Fig. 3C). These findings show that
Helios is required to suppress //2production in Treg cells by maintaining the //2 promoter in
a transcriptionally inactive state.

J Immunol. Author manuscript; available in PMC 2014 February 01.
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FoxP3 can also bind the //2promoter and participate in the inhibition of the //2gene
transcription cooperating with other binding partners in Treg cells (17). We then determined
if Helios might also cooperate with Foxp3 to regulate the //2 promoter activity in Treg cells.
To examine this possibility, we performed a sequential ChlP analysis to determine if both
Helios and Foxp3 were localized simultaneously to the //2promoter in Treg cells.
Interestingly, we found that Foxp3 and Helios were found to localize simultaneously on the
/12 promoter, indicating that they might act in concert to regulate its activity (Fig. 3D). Our
sequential ChIP findings led us to question whether Helios would be required for Foxp3
binding to the //2promoter. To examine this possibility, we transduced either a scramble
shRNA, or a specific ShRNA for Helios in CD4*RFP* Treg cells, and performed ChIP
analysis to determine Foxp3 binding to the //Z promoter. As previously reported in Treg
cells (17), FoxP3 recruitment to the //2 promoter was clearly detected in control scramble
shRNA-transduced Treg cells. However, Treg cells expressing a ShRNA specific for Helios
showed a marked loss of Foxp3 association with the //2promoter (Fig. 3E). These results
indicate that in the absence of Helios, Foxp3 has a reduced ability to bind the //2 promoter,
and therefore, that Helios promotes Foxp3 binding to that locus.

Helios regulates Treg-mediated suppression

One of the primary functions of Treg cells in the immune system is to suppress other T cell
responses. Because we observed that loss of Helios led to increased IL-2 expression in Treg
cells, we investigated whether the loss of an anergic phenotype would also affect the
suppressive capacity of these cells. Purified CD4*RFP* Treg cells were activated,
transduced with either scramble or Helios-specific ShRNAs, and co-cultured with CFSE-
labeled CD4*CD25™ T cells, and activated with plate-bound anti-CD3 for 72 hours.
Analysis of CFSE dilution by flow cytometry indicated that knocking down Helios
expression decreased the suppressive activity of Treg cells (Fig. 4A). The loss of
suppressive activity was not due to loss of Foxp3, as we did not observe changes in the
levels of Foxp3 expression in Treg cells where Helios expression had been knocked down
(Fig. 2B). Interestingly, the expression of other genes also involved in Treg-mediated
suppression, including Ctla4, Gitr, Tgfb and Cd25, was not altered either by the reduction in
Helios expression (Fig. 4B). Knock down of Heljos did not induce any compensatory
upregulation of any other member of the Ikaros family of transcription factors either (Fig.
4C). These results suggested that the loss of Helios would cause a breakdown of the anergic
phenotype of Treg cells, resulting in increased proliferation and production of IL-2, which
could likely be the cause for the loss of suppressive activity in Treg cells with reduced
Helios expression.

To confirm these results, Treg cells isolated from Foxp3-RFP mice were transduced with
either scramble or Helios-specific ShRNAs were co-cultured for 48 hours with Ovazy3_339-
peptide loaded APCs and TCR-transgenic, OVA-specific CD4* Th1 cells derived from OT-
I mice. Under these conditions, the Treg cells, which did not express the transgenic TCR,
did not produce any IL-2 (Fig. 4D, second bar). However, we still found that Treg cells in
which the expression of Helios was inhibited showed reduced suppressive capacity,
measured as inhibition of 11-2 production, compared to uninfected and scramble control-
transduced Treg cells, which effectively suppress responder T cells even at low Treg to Thl
ratios (Fig. 4D and E). To further understand the possible role of the IL-2 that may be
produced by Treg cells during a suppression reaction, we assessed the effect of neutralizing
IL-2 in a suppression reaction were T cells were polyclonally activated, and therefore
Helios-deficient Treg cells would secrete IL-2 (Fig. 2C). As expected, Treg cells expressing
a Helios specific ShRNA, fail to efficiently suppress proliferation of CD4*CD25~ T cells
activated with plate bound antiCD3, whereas control untransduced Treg cells, or Treg cells
infected with a virus expressing a scramble sShRNA blocked activation-induced T cell
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proliferation (Fig. 5A upper panels). Addition of a blocking anti-1L-2 antibody to the culture
did not affect control Treg cells, but partially restored the suppressive capacity of Helios-
deficient Treg cells (Fig. 5A lower panels). Together, these results indicate that Helios
regulates different aspects of Treg biology that modulate their suppressive function,
including the inhibition of IL-2 expression and the regulation of their anergic status.

To determine if Helioswould also regulate Treg function /n vivo we measured the impact of
knocking down Helios expression in a mouse model of IBD. IBD was induced by injection
of naive CD4*CD25™ T cells into RagZ~~ mice, which caused weight loss and colon
inflammation that extended from the cecum to the distal colon (Fig. 5B-D). As expected,
transfer of control or scramble shRNA-expressing Treg cells protected against IBD, and
mice showed no weight loss or any signs of mucosal inflammation in the colon. Supporting
the /in vitro data, Treg cells that expressed a sShRNA for Helios, failed to protect against IBD
and mice showed in some cases even more marked weight loss and higher colitis scores that
mice receiving just naive T cells (Fig. 5 B-D).

Discussion

Helios is a member of the Ikaros family of transcription factors whose expression appears to
be restricted primarily to the lymphoid compartment (21). Confirming previous reports (20,
24, 30, 36), we have seen that Treg cells express much higher levels of this transcription
factor than naive T helper or effector Th1l cells. Though originally identified as a possible
target of Foxp3, the regulation of Helios expression in Treg cells has not been fully
characterized yet. It was suggested that Helios could be a target of Foxp3 in Treg cells (24,
27). It has also been reported that Helios expression can be maintained during Treg
expansion by the presence of oligodeoxynucleotides in a TLR-independent manner,
suggesting that oligodeoxynucleotide-sensing pathways may participate in the regulation of
Helios expression in Treg cells (37). Our results show that signals transduced through the
TCR can also regulate Helios expression in Treg cells, as upregulation of Helios MRNA was
clearly detected in Treg cells up to one week following activation through engagement of
the TCR and CD28. Our results also indicate that IL-2R mediated signaling can inhibit the
expression of Helios, which may reflect a negative feedback regulatory mechanism to
downregulate Helios expression during Treg cell expansion. Interestingly, IL-2 has also
been shown to inhibit the expression of Ikaros in Th1l cells, preventing it from repressing //2
transcription in activated T cells (32).

Although most Ikaros family members have important roles during hematopoietic cell
development, expression of these transcription factors can also be detected in differentiated
cells, where they regulate different processes. Ikaros has been previously identified as a
factor required to suppress //2transcription in anergic CD4* T cells (18, 19) and Aiolos has
recently shown to participate in the inhibition of //2expression in developing Th17 cells
(38). Interestingly, Eos was also shown to cooperate with Foxp3 in the suppression of the
expression of several genes, including //2, in Treg cells (15). Our results support that Helios
is also responsible for the repression of //2transcription in Treg cells, and therefore for the
maintenance of the anergic phenotype of this T cell population, as sShRNA-mediated
inhibition of Helios expression allowed Treg cells to produce IL-2 following stimulation.
Interestingly, while lack of //2expression in specific Treg populations has been correlated
with decreased levels of several transcription factors, those Treg cells that failed to produce
IL-2 also express the highest levels of Helios (39). The Ikaros family proteins can bind the
same DNA motifs (33), several of which have been identified at the //2 promoter, where
they recruit Ikaros to regulate //2transcription in Thl cells (18, 19). Our results show that
the effect of Helios on //2transcription appears also to be direct, as specific recruitment of
Helios to the //2promoter occurs in Treg cells. Transcription factors of the Ikaros family
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frequently interact and have been shown to associate with one another to form heterodimers
(22). It would be interesting to explore if Helios might also cooperate with other Ikaros
proteins to silence //2expression. This possibility could explain why silencing of either
Helios or Eosresults in de-repression of //2expression in Treg cells (15). Alternatively
Helios might act independently of Eos, which would be supported by our finding that upon
knockdown of Helios, there is decreased association of Foxp3 with the //2promoter in Treg
cells, which does not occur when Eos expression is inhibited (15). One of the targets of
Foxp3 in Treg cells is the //2promoter, where Foxp3 has been shown to cooperate with
other transcription factors to inhibit the expression of this cytokine gene (15, 17). Our
analyses using sequential ChIP show that both Foxp3 and Helios bind simultaneously to the
proximal //2promoter, and that Foxp3 binding is reduced when Helios expression is
inhibited. These results indicate that Helios may cooperate with Foxp3 to suppress //2
expression, and that binding of Helios could facilitate binding of Foxp3 to the //2 promoter.

Our results add to the overall model that Ikaros proteins may have common and overlapping
roles, acting individually or coordinately, to repress //2expression in different T cell
populations; Ikaros in anergic Thl cells, Aiolos in Th17 cells and Eos and Helios in Treg
cells. The specific role of each of those proteins may be determined by their pattern of
expression or their ability to interact with different partners. Recently it has been shown that
Helios is also expressed in T cells that differentiate into Th2 cells (29). We can speculate
that Helios may also downregulate //2expression in this T helper cell population that does
not produce significant amounts of IL-2. However, as shown for Ikaros in Th2 cells, Helios
may also regulate the expression or other lineage determining proteins or cytokines in those
T cells (34, 40).

Helios has the ability to interact with histone remodeling complexes, including NuRD,
which contain HDACs and contribute to silencing of gene expression by inducing core
histone deacetylation on regulatory elements of specific genes (35). Although, as it has been
shown for Ikaros (41), we cannot rule out that Helios may also exert its repressive effect
independently of its ability to recruit HDACSs, our results support that in Treg cells Helios
contributes to silencing //2 expression by inducing deacetylation of histones at the //2
promoter. We detected decreased levels of H3-acetylation in Treg cells compared with
effector Thl cells, which present high levels of histone acetylation at the //2locus (18).
These results are consistent with lack of activation-induced IL-2 production in Treg cells
and high levels of IL-2 expression in effector Th1 cells. However, suppression of Helios
expression in Treg cells caused increased activation-induced expression of IL-2 and resulted
in increased levels of acetylated H3, similar to the ones found in effector Thl cells.

Treg cells present an anergic phenotype when stimulated ex v/vo and are not capable of
proliferating when stimulated in the absence of IL-2 (11). Our results indicate that Helios
not only maintains //2gene silencing in Treg cells, but it also appears to control the
proliferative responses of this T cell population, as inhibition of Helios expression led to
increased proliferation of Treg cells. It is possible that derepression of //2expression in the
absence of Helios might be responsible, via an autocrine loop, for increasing Treg cell
division. However, it is important to note that IL-2 expression in Helios knock-down Treg
cells required engagement of the TCR, whereas baseline proliferation was detected in
Helios-deficient Treg cells even in the absence of re-stimulation. Interestingly, Helios
inhibition also protected Treg cells from cell death, a process that has been recently
proposed to be independent of IL-2 signaling in this T cell population (42). Supporting the
notion that Helios may regulate T cell survival, overexpression of Helios in naive
CD4*CD25 T cells and some T cell lines has been reported to induce cell death (24, 36).
The downregulation of Helios expression that we detected in response to IL-2 signaling
might, therefore, represent a pro-survival pathway activated by this cytokine in proliferating

J Immunol. Author manuscript; available in PMC 2014 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Baine et al.

Page 11

Treg cells. Our results support, thus, that Helios can control Treg function at different levels:
by suppressing //2transcription and maintaining a non-proliferative anergic state, and by
regulating Treg survival.

Although IL-2 receptor signaling is required for the maintenance and activation of Treg cells
(42-44), Treg-mediated suppression is inhibited /n vitro in the presence of IL-2 (10, 13, 14).
Our results show that breaking the anergic phenotype of Treg cells by inhibiting Helios
expression reduces their suppressive activity /n vitroand /n vivo. This effect, although likely
mediated in part by the expression of IL-2 in Treg cells and therefore partially inhibited
using anti-1L-2 blocking antibodies, cannot be completely explained by that fact. In
conditions where Helios-null Treg cells did not produce IL-2, we still detected a clear loss of
suppressive function in those Treg cells that had reduced expression of Helios. We cannot
rule out that that Helios may also regulate the expression of other genes required to confer
suppressive activity to Treg cells, however, we did not detect any changes in the levels of
expression of several Foxp3 target genes associated with suppression, such as Ca’25 or
Ctla4, Gitr, or in Foxp3itself. Similarly, a recent report has failed to identify a role for
Helios in the regulation of a Treg gene signature, which appears to be redundantly regulated
by a different set of transcription factors (45). Treg cells develop normally in Helios-
deficient mice and appear to suppress with a similar activity as their wild type counterparts
(20, 23). However, experiments performed with human Treg cells in which Helios
expression had been knocked down showed reduced suppressive activity in those cells (24).
Differences observed between knock-out cells and knocked-down Treg cells may be
explained by the presence of active redundant mechanisms in Treg cells from Helios™~
mice, as Ikaros-family proteins recognize the same consensus biding sequences and can
cooperate with each other forming heterodimers (22). In this sense, it has been reported that
in some genetic backgrounds Helios-deficient mice are not viable, which may indicate that
those redundant mechanisms may be active only in certain strains or under specific
conditions (23). We did not observe any compensatory increase in the expression of /karos,
Aiolos or Fosin Treg cells where Helios expression was knocked down, which might
explain why the acute loss of this transcription factor might have resulted in a clear
alteration of the phenotype of those Treg cells.

The expression of Helios has been proposed to identify the population of thymically derived
natural Treg cells (20). Additionally, a recent report shows that naive Helios™ cells likely
represent thymically-derived Treg cells, which contain a completely de-methylated TSDR
locus (37). However, recent reports have suggested that this transcription factor might also
be expressed in peripherally induced Treg cells (30). We performed our experiments using
Treg cells isolated from young specific pathogen-free Foxp3-RFP mice, which contain
mostly natural Treg cells. However, since Helios may also be expressed in induced Treg
cells (30), it is possible that it might also play a similar role in those cells, silencing the
expression of //2and regulating proliferation and survival of induced Treg cells.
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Figure 1. Regulation of Heliosexpression in Treg cells
A. CD4*CD25* Treg cells were purified from C57BL6/J mice and mRNA was isolated.

gRT-PCR analysis was performed to detect Helios mMRNA. Results are shown as fold
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induction of Helios MRNA over the levels detected in naive CD4*CD25~ T helper cells
(Th). p-actin was used as a control housekeeping transcript. Results shown are the average
of 3 independent experiments+SEM. B and C. Purified CD4*CD25* Treg and CD4*CD25~
Th cells were activated with 0.5 pwg/ml of plate-bound anti-CD3 and anti-CD28 antibodies
and mRNA was isolated at time points shown. gRT-PCR analysis was used to detect Helios
and Foxp3 mRNA. Results are shown as fold induction of Helios mMRNA over the levels

detected in naive CD4*CD25~ Th cells. Th cells were activated under Th1 skewing

conditions. Results shown are the average of 3 independent experiments+SEM. *p<0.05
when comparing Helios expression in naive and activated Treg cells. D. CD4*RFP* Treg
cells and CD4+RFP~ Th cells were isolated from Foxp3-RFP mice and activated as in B for
6 days. Helios and Foxp3 expression were detected by flow cytometry on cells gated as
CD4". Data is shown from one representative experiment out of 3 independent experiments.
E. Helios and Foxp3 expression detected by flow cytometry in thymocytes. F. CD4*RFP*
Treg cells were isolated from Foxp3-RFP mice and stimulated as in B for 5 days in the
presence of 100U/mlI mIL-2 (IL-2). Cells were then were deprived of mIL-2 for 24 hours,
after which mIL-2 was restored to the media for another 24 hours. Samples were taken from

fresh Treg cells and following deprivation or restoration of IL-2 and the expression of
Helios mRNA determined by gRT-PCR. Expression of Helios (from 2 independent

experiments showing mean+SEM) is represented as fold-increase over the Helios mMRNA
levels in CD4+RFP~ Th cells.
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Figure 2. Helios-deficient Treg cells express|L-2 upon stimulation

A. Purified CD4*RFP*Treg cells were mock transduced or transduced with lentivirus
expressing either a control scramble shRNA (Scrm) or a specific ShRNA for Helios
(shHelios). Helios expression was measured by qRT-PCR analysis. Results shown are the
average+SEM of 6 independent experiments. B. Purified CD4*RFP* Treg cells were
transduced as in A and intranuclear staining was performed to detect Helios and Foxp3.
Cells were analyzed by flow cytometry 1 and 3 days after completion of the transduction
protocol. Results are representative of 3 independent experiments. C and D. Treg cells were
transduced with lentivirus expressing either a control scramble shRNA (Scrm) or one of two
specific sShRNA for Helios (shHel). Cells were then stimulated with 0.5 pg/ml of plate-
bound anti-CD3 and anti-CD28 antibodies for 24 hours and IL-2 production was measured
by ELISA (C) or gRT-PCR (D). Results shown are the average of 3 independent
experiments+SEM. *p<0.05. E. CD4* T cells were isolated and cultured for 5 days under
Th1-skewing conditions. Cells were then transfected with either an empty-vector or a
Helios-expression construct. After 24h, cells were re-stimulated for 6 hours with 0.5 pg/ml
of plate-bound anti-CD3 and anti-CD28 antibodies and intracellular staining was performed
to detect Helios and IL-2. Cells were analyzed by flow cytometry. Results shown are
representative of 3 independent experiments. F and G: CD4+RFP+ Treg cells were
activated and either mock transduced or transduced with lentivirus expressing either a
control scramble shRNA (Scrm) or a specific ShRNA for Helios (shHel). After transduction,
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cells were cultured in fresh media without I1L-2 for 60 hours. BrdU was then added and cells
cultured for an additional 12 hours. Proliferation was monitored by measurement of BrdU
incorporation (F) or by counting the number of trypan-blue excluded viable cells (G).
Results shown are average of 2 independent experiments with 3 different samples in each.
*p<0.05 (shHelios vs. Mock).
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Figure 3. Helios bindsto the 112 promoter in Treg cells and regulates histone acetylation

A. Binding of Helios to the //2 promoter was detected by ChIP using anti-Helios antibodies
in Treg and effector Th1 cells. Binding to the Ca3e promoter was used as control for
specificity. Results are the mean+SEM of 3 independent experiments. * p<0.05 (Treg vs.
Th1 at the //2 promoter). B and C: Changes in the histone acetylation at the //2(B) and
Foxp3 (C) promoters were determined by ChIP using antibodies against acetylated H3 (Ac-
H3) in Thl cells and control Treg cells (Treg) or Treg cells transduced with lentivirus
expressing a scramble shRNA (Scrm) or a specific ShRNA for Helios (shHel). Results are
the average+SEM of 3 independent experiments. * p<0.05 (shHel vs. Treg). D. Concomitant
binding of Helios and Foxp3 to the //2 promoter was detected by sequential ChlP using anti-
Helios (15%) and anti-Foxp3 (2"9) (top panels) or anti-Foxp3 (15¢) and anti-Helios (2"d)
(bottom panels) antibodies in nuclear lysates from Treg and Th1l cells. Binding to the Cd3e
promoter in Treg cells was used as control to prove specificity. Results are the average
+SEM of 3 independent experiments. E. Binding of Foxp3 to the //2promoter was
determined by ChIP using antibodies against Foxp3 in Treg cells transduced with lentivirus
expressing a scramble shRNA or a specific ShRNA for Helios. Results are the average+SEM
of 3 independent experiments. * p<0.05.
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Figure 4. Helios regulates suppressive capacity of Treg cells

A. Proliferation of naive CD4+ Th cells was assessed by CFSE dilution in resting cells, and
cells activated with 0.5 pg/ml of plate-bound antiCD3 (left panel) or cells activated in the
presence of equal numbers of control Treg cells or Treg cells transduced with a lentivirus
expressing a scramble ShRNA or a shRNA specific for Helios (right panels). The percentage
of Th cells undergoing more than two divisions was calculated for each condition (right
graph) Data shown is from three independent experiments. *p<0.05 B and C. Expression of
Ctla4, Gitr, Tgfband Ca25 (B) or different Ikaros family members (C) was determined by
gRT-PCR in control Treg cells or Treg cells expressing a scramble shRNA or a Helios
specific ShRNA (shHelios). Results show average+SEM of 3 independent experiments. D
and E. Treg-mediated suppression of Th1 cells cytokine production was measured by
ELISA. IL-2 production was measured in cultures of Th1 OT-II cells activated with
OVA323 339-loaded (1um) T cell-depleted splenocytes in the presence or absence of Treg
cells at different Th1/Treg ratios (2:1 in D and from 2:1 to 16:1 in E) using control Treg
cells or Treg cells transduced with a lentivirus expressing a scramble ShRNA or a specific
shRNA for Helios (shHel). Results are average+SEM of 4-6 independent experiments.
*p<0.05. (shHelios vs. control or scramble shRNA-expressing Treg cells).
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Figure5. Heliosregulates the suppressive capacity of Treg cellsin vitro and in vivo.

A. Proliferation of naive CD4* Th cells was assessed by CFSE dilution in resting cells and
cells activated with 0.5 pg/ml of plate-bound antiCD3 alone (upper left panel) or in the
presence of equal numbers of control Treg cells or Treg cells transduced with a lentivirus
expressing a scramble shRNA or a shRNA specific for Helios (upper right panel). The effect
on Treg-mediated suppression of blocking IL-2 using a neutralizing anti-1L2 antibody
during the suppression reactions for different Treg groups was also analyzed (lower panels).
Data shown is from two independent experiments performed in triplicate. B: IBD was
induced in RagZ~~ mice as described in the material and methods section. The protective
effect of cotransferring naive CD4" T cells and control Treg cells or Treg cells transduced
with a lentivirus expressing a scramble shRNA (Scrm) or a shRNA specific for Helios
(sHel) was assessed by monitoring total body weight, expressed as percentage of the initial
weight for each animal (B), of through histopathological analysis of the colon in mice
sacrificed 50 to 55 days post-adoptive T cell transfer. (C-D). Control untouched mice were
also analyzed. Percentage of body weight loss at time of sacrifice was calculated (B, right
panel). Histopathological score was calculated for each sample as previously described (28).
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Data are presented as average+SD from three independent experiments, in which one mouse
per condition per experiment were analyzed. *p<0.05.
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