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Abstract

Relative up-regulation of the Ikaros family transcription factor Helios in natural regulatory T cells
(Tregs) has been reported by several groups. However, a role for Helios in regulatory T cells has
not yet been described. Here, we show that Helios is upregulated in CD4*CD25* regulatory T
cells. Chromatin Immunoprecipitation (ChlP) experiments indicated that Helios binds to the
FoxP3 promoter. These data were further corroborated by experiments showing that knocking-
down Helios with siRNA oligonucleotides results in down-regulation of FoxP3. Functionally, we
found that suppression of Helios message in CD4+CD25+ T cells significantly attenuates their
suppressive function. Taken together, these data suggest that Helios may play an important role in
regulatory T cell function and support the concept that Helios may be a novel target to manipulate
Treg activity in a clinical setting.
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1. Introduction

Naturally occurring CD4*CD25* regulatory T cells (Tregs) represent an important
population of T cells that can prevent immunologic pathology(Chatila, 2005; Coombes et
al., 2005; Sakaguchi, 2004); however, this population may also function to inhibit immunity
to tumors or certain pathogens(Chatila, 2005; Curiel, 2008). Since several microarray
studies(Fontenot et al., 2005; Sugimoto et al., 2006), including our own(Getnet et al., 2009),
showed relative up-regulation of the Ikaros family transcription factor Helios in Tregs, we
hypothesized that this transcription factor might play a role in Treg generation and/or
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function. Helios is a highly conserved transcription factor expressed in early hematopoietic
progenitors of the bone marrow and subsets of developing thymocytes, while expression in
the periphery is mainly but not exclusively restricted to single positive T cells (Hahm et al.,
1998; Rebollo and Schmitt, 2003; Sridharan and Smale, 2007). Helios is known to interact
with nuclear remodeling proteins, HDACs, and other transcriptional elements (Sridharan
and Smale, 2007). We tested the relationship between Helios and FoxP3, a lineage marker
which distinguishes Tregs from other T cell subsets(Fontenot et al., 2003; Hori et al., 2003),
as well as the functional role of Helios in regulatory T cells.

2. Materials and methods

2.1. Lymphocyte isolation

Lymphocytes were purified from healthy donors under a Johns Hopkins IRB approved
protocol, J002. Briefly, peripheral blood was diluted with Hanks Buffered Saline Solution
(Invitrogen) to 50%, overlaid on a ficoll gradient (GE Healthcare) and spin-separated at
1800 RPM. A human regulatory T cell isolation kit (Miltenyi Biotec) was used according to
manufacturer's instructions to enrich CD4*CD25* T cells for FACS sorting or separate cells
for in vitro suppression assays.

2.2. Activation and skewing conditions

T cells were isolated, activated or skewed towards Tregs as described previously (Sfanos et
al., 2008). Briefly, human regulatory T cell isolation kit (Miltenyi Biotec) was used
according to manufacturer's instructions to enrich for CD4*CD25~ and depleted again using
to CD25* microbeads supplied by manufacturer to CD4*CD25* T cells to eliminate traces
of activated T cells. Cells were activated by plate coated 0.5 ug/mL anti-CD3e
(ebiosciences, Clone OKT3) and soluble 1 ug/mL anti CD28 (ebiosciences, Clone CD28.2).
During this activation, rTGFp (25ng/mL), anti-1L6 (10ug/mL), anti-IL4 (Lug/mL) and anti-
IFNy (5ug/mL) were added to skew cells towards regulatory T cells (R and D systems).
Murine CD4*FoxP3GFP~ T cells were FACS sorted from B10.d2 FoxP3GFP mice. Cells
were skewed towards Tregs by the addition of rTGFf (2ng/mL) and rIL2 (2U/mL) upon
activation with immobilized anti-CD3e (5ug/mL) and soluble anti-CD28 (1ug/mL) as
described previously (Chen et al., 2003; Zheng et al., 2007). All Treg skewing reagents were
acquired from R&D systems unless and otherwise stated.

2.3. Cell lines and transfections

EL4 and Jurkat T cells were maintained in Jurkat/EL4 cell media (RPMI, 10% FCS, and
antibiotics) under 1x1076 cells/mL and split the night before transfection. Both cell lines
were electroporated using the Equibio Easyject Electorporator (Wolf laboratories) with
settings of 280V, 975 uF, and 335 R. Cells were mixed with DNA, shocked, and placed
immediately in antibiotic free media supplemented with 20% FCS (Jurkats: 12x1076 cells/
300uL/8ug of DNA,; EL4: 5x1076 cells/ 300uL/ 5ug of DNA). Results are representative of
three or more experiments.

2.4. Apoptosis assay

Apoptosis was quantified using the BD Apoptosis kit (Becton Dickinson). Jurkat cells
exposed to UV light were used as a positive control, and flow cytometry was performed
using a FACS caliber instrument (Becton Dickinson).

2.5. Chromotin immunoprecipitation assay

The Upstate-Millipore chromatin-immunoprecipitation assay kit was used according to the
manufacturer's instructions with minor modification. Briefly, EL4 cells were transfected

Mol Immunol. Author manuscript; available in PMC 2011 April 1.



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

1duasnuey Joyiny vd-HIN

Getnet et al.

Page 3

with the indicated overexpression constructs (pEfla-MycHis C, Invitrogen), rested
overnight, and stimulated with anti-CD3e (5ug/mL, immobilized), anti-CD28 (Lug/mL,
soluble), and rTGFp (2ng/mL) for 24hrs. Cells were fixed with 1% formaldehyde at 37°C
for 10 minutes, lysed with 1% SDS lysis buffer, sonicated 15 to 20 times (10 sec pulse,30
sec rest) on ethanol dry ice mixture, Micrococcal nuclease (New England Biolabs) treated
for 10 min at 37°C and immunoprecipitated with an anti-Myc antibody (Abcam, Clone
9E10) and Protein A/G sepharose beads. After DNA extraction, input was diluted 1 to 15
and the following primers pairs were used for target amplification starting from furthest
target from Transcriptional Start Site (TSS): Fwd 5'-actttctcttcctcaggect-3' and Rvs 5'-
ctgtcataattttggtagce-3’; Fwd 5'-ctttttctttttacacggaatctgg-3’ and Rvs 5'-
cccccacaaattcacagaat-3'; Fwd 5'- cttttttctccatgaattge-3’' and Rvs 5'-
ctcatgagaaaccacaattt-3’;Fwd 5'- gatttgacttattttcccte-3' and Rvs 5’ gcttttataccgagaagaaa-3'.
ChIP assay results represent three independent experiments.

2.6. In Vitro Suppression Assay

Lymphocytes were isolated as described above. Non-CD4 T cells (flow-through) were
immediately frozen in 5% DMSO and autologous serum — these cells served as feeder cells
in a suppression assay. CD4*CD25~ T cells were maintained in complete RPMI
supplemented with 10% autologous serum. CD4*CD25* T cells were nucleofected with the
indicated siRNA oligonucleotide (siRNA ID#: 116127 and Ambion Control siRNA)
(Ambion) using Amaxa kits (Amaxa) according to manufactures instructions and incubated
for 60-72 hrs in complete RPMI supplemented with 10% autologous serum. Suppression
assays were performed by admixing 2x 10° irradiated (8000 rad) feeder cells with
CD4*CD25~ T cell responders and CD4*CD25* T cell suppressors in 2:1:1 ratio in serum
free media. Cells were stimulated with 0.5ug/mL of anti-CD3e (ebiosciences, Clone OKT3)
and 1ug/mL of anti-CD28 (ebiosciences, Clone CD28.2) incubated for 5 days and pulsed
with 1 uCi H3-thymidine (Amersham Life sciences) for 12 to 16 hrs. H3-thymidine
incorporation was measured after harvesting cells using a Packard Micromate cell harvester
and counts quantified using a Packard Matrix 96 direct beta counter (Packard Biosciences,
Meriden, CT). H3-incorporation suppression assay results represent three experiments from
three different donors.

For CFSE dilution experiments, lymphocytes were purified, nucleofected and incubated or
frozen as described above. CD4*CD25™ responding T cells were CFSE labeled with 2.5 uM
CFSE in 1ml PBS for 45 sec at room temperature. CFSE dilution suppression assays were
set up by admixing 10° irradiated (8000 rad) feeder cells with 104 CD4*CD25™ T cell
responders and CD4*CD25" T cell suppressors in 10:1:1 ratio in serum free media. Results
represent suppression assays from four separate donors from H3-thymidine incorporation
assay.

2.7. Quantitative PCR

gRT-PCR was performed as previously described(Huang et al., 2004). Cells were pelleted
and frozen in Trizol reagent. Total RNA was extracted using the RNeasy kit (Qiagen) and
cDNA was synthesized using Superscript 111 kit (Invitrogen). All primers and probes for
quantitative RT-PCR were obtained from Applied Biosystems inventory. Each sample was
assayed in triplicates for the target gene together with 18S rRNA as the internal reference in
a 25 ul final reaction volume, using the Taq man Universal PCR Master Mix and the ABI
Prism 7900 Sequence Detection system. The relative mRNA frequency was determined by
normalization to the internal control 18S RNA. Relative mRNA frequencies were calculated
as 28ACt where AACt=(ACtezjipration—ACtsample)-
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As several transcriptional profiles of regulatory T cells (Treg), including ours, documented
upregulation of Helios in antigen-experienced regulatory T cells in mice (Fontenot et al.,
2005; Getnet et al., 2009; Sugimoto et al., 2006), we tested whether Helios mMRNA
expression in Tregs parallels the microarray studies. qRT-PCR determination of transcript
levels from FACS sorted CD4*CD25~ and CD4*CD25* T cells showed that Helios
expression is increased in the CD25* compartment of both human and mouse CD4 T cells;
correlating well with FoxP3* expression (Fig. 1A). These data demonstrate that Helios
expression is relatively restricted to the activated phenotype (CD25%) of CD4 T cells, a
compartment enriched for regulatory T cells as determined by sustained FoxP3 expression
(Hori et al., 2003).

However, it was not clear from these experiments whether Helios is expressed in thymic-
derived regulatory T cells (natural Treg) or Helios expression defines a population of
peripherally induced regulatory T cells(Curotto de Lafaille and Lafaille, 2009). This issue is
particularly complex in human Treg population where the compartment is relatively less
well-defined(Roncador et al., 2005). To examine whether Helios is expressed in induced
Treg, we utilized the FoxP3-GFP reporter mice originally described by Fonenot et. al
(2005). CD4*CD25~ FoxP3-GFP T cells from these animals could convert from FoxP3-GFP
negative to FoxP3-GFP positive in vitro providing a source of induced Tregs (Zheng et al.,
2007). We thus sorted out a pure population of FoxP3-GFP negative CD4*CD25~ T cells
and skewed them towards Treg development by TCR engagement in the presence of TGFf
and IL-2 in vitro. After 5 days of in vitro skewing of FoxP3-GFP negative cells, both GFP
positive and negative populations were collected FACS sorting. To our surprise, in vitro
skewed regulatory T cells (FoxP3-GFP positive cells) did not appear to upregulate Helios
suggesting that Helios expression may be a characteristic of natural Treg as opposed to
induced Treg (Fig 1B).

Previous work has shown that transient FoxP3 expression is a property of activated human
CDA T cells (Pillai et al., 2007; Wang et al., 2007), while human Treg in vitro show a more
sustained up-regulation of FoxP3(Allan et al., 2007; Roncador et al., 2005). We thus
examined whether transient Helios up-regulation is a property of naive human CD4*CD25~
T cells during activation. CD4 T cells were highly depleted of CD25+ cells using magnetic
beads and stimulated with anti-CD3e/anti-CD28 antibodies. As shown in Figure 1c (left
panel), we confirmed relative up-regulation of FoxP3 in naive human CD4 T cells activated
in vitro. However, Helios upregulation in activated naive CD4 T cells was moderate
compared to FoxP3 message and reached its peak within 12hrs of activation. We next tested
whether Helios up-regulation would correlate with FoxP3 expression as naive human CD4 T
cells are skewed towards Treg induction in vitro. Naive human CD4 T cells were activated
with anti-CD3e/anti-Cd28 antibodies in the presence of TGFp, anti-IL6, anti-1L4, anti-INF
v. Similar to the activating conditions, Helios message increased early in Treg skewing
conditions and declined subsequently with its message peaking within 12hrs as opposed to
FoxP3 message, which peaked at a much later time point after activation and remained
elevated. Taken together, these data demonstrate that sustained Helios expression in T cells
is selective and restricted to a subset within the pre-existing CD4* CD25* population,
suggesting that this transcription factor is more likely to play a role in natural Treg as
opposed to induced Treg.
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3.2 Forced Helios expression induces apoptosis

To better elucidate the relationship between FoxP3 expression and Helios in CD4 T cells,
we created several Helios Lenti virus constructs and transduced T cells with Helios.
Unfortunately, the yeild of Helios-transduced primary cells was surprisingly low. Thus, we
were unable to further study the phenotype of this transduced population. To further
understand this reduced survival of Helios positive cells, Jurkat T cells were transfected with
a full-length isoform of Helios as well as a non-DNA binding isoform of Helios (Zhang et
al., 2007) and assayed for apoptosis by 7AAD and Annexin V staining (Fig. 2). Very low
total GFP positive percentages and high numbers of apoptotic cells were detected in wells
transfected with complete Helios starting from early time points while the reverse (low
apoptotic cells but high total number of GFP positive cells) was observed for controls (Fig
2A). By 72 hrs post transfection, the GFP positive fraction of Helios transfected Jurkat cells
stained consistently high for 7AAD and annexin V indicating increased apoptosis driving
the progressive loss of GFP positive cells in sample. These data indicate that Helios
expression mediates apoptosis and such an over-expression alone appears to be insufficient
to generate regulatory T cell characteristics.

3.3 Helios binds to the FoxP3 promoter

Given Helios' association with nuclear remodeling complex proteins and transcription
initiation factors, we postulated that Helios might be involved in the transcriptional
regulation of FoxP3 (Sridharan and Smale, 2007). To address this question, we used EL4
mouse thymoma cells, which express several isoforms of Helios and have been reported to
transcribe FoxP3 upon stimulation with anti-CD3e, anti-CD28, and TGFp (Tone et al.,
2008). Myc-tagged complete Helios or Insert control were electroporated in EL4 cells and
cells were rested overnight. An anti-Myc antibody was able to precipitate regions of the
FoxP3 promoter in a ChlP assay 24 hrs after stimulation (Figure 3). Two separate but
adjacent regions (—1184 to —724 and —692 to —335 from transcriptional start site) on the
FoxP3 promoter were targeted by Helios. These data demonstrate that the DNA binding
isoform of Helios is present at the promoter region during FoxP3 transcription in these
thymoma cells suggesting that FoxP3 expression may be partially regulated by Helios in T
cells.

3.4 Helios affects FoxP3 message levels and regulatory T cell activity

Because Helios binds to the FoxP3 promoter, we reasoned that SiRNA mediated knockdown
of Helios might affect FoxP3 expression. CD4*CD25* Treg were enriched from human
peripheral blood lymphocytes, nucleofected with Helios siRNA or control siRNA, incubated
for 60hrs, and message levels were analyzed by quantitative RT-PCR. Helios siRNA did not
completely abolish Helios expression, but did attenuate Helios message levels by
approximately 40% (Fig. 4A). Interestingly, Helios knockdown also resulted in decreased
levels of FoxP3 message (Fig. 4B). We ruled out non-specific activity of sSiRNA by using
multiple siRNA to target Helios message in CD4*CD25* T cells (data not shown). The
synchronous reduction of FoxP3 by selective targeting of Helios suggested that Helios could
impact regulatory T cell function. To examine the importance of Helios in the function of
human regulatory T cells, we investigated the suppressive capacity of regulatory T cells
after siRNA knockdown of Helios using a classical in vitro suppression assay (Thornton and
Shevach, 1998). Helios siRNA transfected CD4*CD25" T cells were incubated for 60hrs
and admixed with autologous CD4*CD25™ T cells and irradiated APCs(Ono et al., 2007).
Untransfected and control siRNA transfected regulatory T cells suppressed the proliferation
of responding cells significantly while the introduction of Helios siRNA into human
regulatory T cells alleviated the suppression of responding cells (Fig. 4C). To eliminate the
possibility that the proliferation of Helios siRNA transfected cells accounted for the
increased H3-thymidine incorporation in these assays, we repeated the studies using CFSE
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dilution of responder cells as a readout. As shown in Figure 4D, Helios siRNA transfected
Treg were less capable of mediating suppression using this readout as well, supporting the
notion that Helios interacts with the FoxP3 promoter to maintain the suppressive activity of
Treg.

Taken together, these data suggest that Helios expression identifies a subset of Tregs, and
also affects the function of these cells. Here, we show that ectopic Helios expression induces
apoptosis, suggesting that Helios expression alone is not sufficient for the generation of
regulatory T cells. Recently, the first Helios null mice from a targeted inactivation of the
dimerizing domain on exon 7 were described (Cai et al., 2009). Surprisingly, those mice
showed intact lypmphogenesis, although viability of knockout progeny was severely
compromised. Those data are inconsistent with prior studies in which a dominant negative
form of Helios was expressed in the hematopoietic compartment, resulting in T cell
hyperproliferation and leukemia (Zhang et al., 2007). These knockout data are also
seemingly inconsistent with our findings in human cells. However, it is possible the lack of
phenotype in these Helios-null mice could represent the results of a compensatory escape
mechanism, possibly through target sharing and/or the homo- or hetero-dimerization by
other Ikaros family of transcription factors (Hahm et al., 1998; Kelley et al., 1998). Clearly,
further studies will be required to address these issues.

In summary, we confirmed that the Ikaros family member Helios is up-regulated in human
and murine Tregs. We found that direct functional studies of Helios' role in CD4 T cells are
complicated by the finding that Helios expression appears to mediate apoptosis. In natural
Tregs, however the co-expression of anti-apoptotic proteins such as Bcl-2 might counteract
this apoptotic propensity (Getnet et al., 2009; Liu et al., 2005). On a mechanistic level, we
found that Helios binds to at least two sites on the FoxP3 promoter, and that sSiRNA-
mediated Helios knockdown attenuates FoxP3 levels. Functionally, we found that Helios
knockdown mitigates the suppressive capacity of human Treg — suggesting that
manipulation of Helios function or levels might serve to attenuate Treg function in settings
such as tumor immunotherapy, where enhanced immunity is desired.
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Fig. 1.

Helios expression correlates with FoxP3 expression in CD4 T cells. CD4 T cells were
enriched using magnetic beads and CD25* and CD25™ populaitons FACS sorted. RT-PCR
was used to assess message levels of Helios and FoxP3. (A) Relative Helios and Foxp3
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message levels in CD25~ and CD25* subsets of human and mouse CD4" T cells. (B) Helios

and FoxP3 message comparison in FOXP3GFP~ CD4*CD25™ T cells skewed towards
Regulatory T cells using TGFb and IL2. (C) Relative expression of Helios and FoxP3

message in naive T cells post activation (left panel) or post Treg induction (right panel).
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Fig. 2.

Ectopic expression of Helios induces Apoptosis. Jurkat T cells were transfected with the
indicated constructs and GFP positive cells were analyzed for apoptosis via Annexin V and
7AAD staining. (A) Representative FACS plot of GFP positive cells (B) graphical
representation of Annexin V positive GFP positive Jurkat T cells of 2 independent
experiments.
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Fig. 3.

Helios binds the FoxP3 promoter. EL4 cells were transfected with Myc tagged Helios or
insert control and rested overnight. Chip assay performed using an anti-Myc antibody after
stimulation with anti-CD3e, anti-CD28, and TGFb. One iteration of three independent
experiments is shown.
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Fig. 4.

Helios knockdown results in decreased FoxP3 message and diminished suppressive capacity
of human Tregs in vitro. Primary CD4*CD25* T cells were nucleofected with Helios siRNA
and control siRNA and incubated for 60hrs; repeated x3. (A) Relative message levels of
Helios (B) relative message levels FoxP3. Responder CD4*CD25~ T cells admixed with
untransfected or siRNA transfected suppressor CD4*CD25* T cells in a 1:1 ratio.
Proliferation of responders was assayed by H3-thymidine incorporation (C) or CFSE
dilution (D) after 5 days of activation. Suppression assay repeated x3.
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