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Summary

Regulatory T (Treg) cells are a subset of CD4+ T cells that are critical for

the maintenance of self-tolerance. The forkhead box transcription factor

Foxp3 is a master regulator for the Treg phenotype and function and its

expression is essential in Treg cells, as the loss of Foxp3 results in lethal

autoimmunity. Two major subsets of Treg cells have been described

in vivo; thymus-derived Treg (tTreg) cells that develop in the thymus and

peripherally induced Treg (pTreg) cells that are derived from conventional

CD4+ Foxp3� T cells and are converted in peripheral tissues to cells that

express Foxp3 and acquire suppressive ability. The transcription factor

Helios, a member of the Ikaros transcription factor family, is expressed in

60–70% of Treg cells in both mouse and man, and is believed to be a

marker of tTreg cells. In this review, we discuss the role and function of

Helios in Treg cells, the controversy surrounding the use of Helios as a

marker of tTreg cells, and how Helios controls specific aspects of the Treg

cell program.

Keywords: autoimmunity; regulation/suppression; regulatory T cells; tran-

scription factors.

The Ikaros transcription factor family

Helios (Ikzf2) is a member of the Ikaros transcription fac-

tor family that is characterized by four highly conserved

C2H2 zinc fingers involved in DNA binding and two

C2H2 zinc fingers required for homodimeric and hetero-

dimeric protein interactions with other family members

(Fig. 1).1 There are five members of the Ikaros transcrip-

tion factor family. The founding member, Ikaros (Ikzf1),

was first described in 1992 and the remaining four mem-

bers of the family, Aiolos (Ikzf3), Helios, Eos (Ikzf4) and

Pegasus (Ikzf5) were cloned by the end of the decade.1 All

members of the Ikaros family are expressed in the

hematopoietic system, some widely and some more

restricted. Ikaros is expressed in all hematopoietic cells,

including very early hematopoietic stem cells, whereas

Aiolos is expressed in most hematopoietic cells, although

not in the earliest uncommitted cells.2,3 Aiolos is observed

in committed cells of the lymphoid lineage and is highly

expressed in mature B cells. Helios initially appeared to

be restricted to the T lymphocyte lineage.4,5 The sequence

of Eos is most homologous to Helios and was found to

be expressed in a variety of hematopoietic lineages as well

as other tissues.6

Targeted mutations of the Ikaros and Aiolos genes

have demonstrated the importance of this family in

lymphocyte development and homeostasis. Mice with a

null mutation of Ikaros lack B cells and natural killer

(NK) cells and have reduced numbers of thymic dendritic

cells.7 Fetal T cells are also absent, but a small number of

T cells eventually develop that are skewed towards the

CD4 lineage and are hyperproliferative. Mice that are

homozygous for a dominant negative mutation of Ikaros

lack B cells and NK cells, but are also devoid of all T cells

and early lymphoid progenitors.2 The pups fail to thrive

and die by 3 weeks of age. T cells from mice with a selec-

tive deletion of Ikaros only in mature T cells were able to

differentiate into T helper type 1 (Th1), Th2 and Th17

cells, but could not differentiate into regulatory T (Treg)

cells in culture (iTreg) when stimulated with transforming

growth factor-b (TGF-b).8 These mice also had enhanced

expression of multiple inflammatory genes, particularly

those induced by type I interferon. Mice with a targeted

mutation of Aiolos have elevated serum IgG and IgE and

possess autoantibodies.9 These mice have an increased

number of germinal centers, their B cells display an acti-

vated phenotype and are hyperproliferative in vitro, and

by 8–10 months the mice develop B-cell lymphomas.

Interestingly, old mice (> 12 months) with a germline

deletion of Eos exhibit autoimmunity, whereas mice with

a Treg cell-specific deletion display immune activation

and overt autoimmunity at an early (3 months) age
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(Gokhale and Shevach, manuscript in press). To date, no

known deletions of Pegasus have been described.

Helios expression

Helios was cloned from a mouse thymoma cell line while

searching for Ikaros binding partners.5 Northern blot anal-

ysis for Helios expression demonstrated very high expres-

sion in the thymus, specifically in double-negative cells,

double-positive cells, and within a subpopulation of CD4

single-positive cells. Further studies showed that during

embryogenesis, Helios is not only expressed in sites of

hematopoiesis (blood islands of the yolk sac, fetal liver

and fetal thymus), but in epithelial tissues of the gut, the

respiratory tract, the olfactory and salivary glands, as well

as in the kidney and brain.4 However, the expression of

Helios was not found in adult tissues other than the spleen

and thymus. The functional analysis of Helios in these two

studies was conflicting because one study concluded that

Helios acted as a transcriptional activator,4 whereas nei-

ther transcriptional activation nor repression was observed

in the other.5 However, analysis of human tumor lines

suggested that Helios was a tumor suppressor,10–12 as

patients with adult T-cell malignancies expressed a domi-

nant negative isoform of Helios that lacked three of the

four zinc fingers in the DNA-binding domain.13 Forced

expression of this isoform of Helios in mice led to T-cell

lymphomas.14 However, ectopic expression of wild-type

Helios in B-cell progenitors, where Helios is not normally

expressed, led to increased survival and proliferation of B

cells and ultimately, the development of lymphoma.15

Finally, it has been demonstrated that Helios is expressed

in myeloid leukemia cells and its depletion in acute mye-

loid leukemia cells led to reduced colony formation and

delayed oncogenesis.16 Hence, Helios appears to act as a

tumor suppressor but can be tumorigenic when aberrantly

expressed in inappropriate cell types. Interestingly, ectopic

expression of wild-type Helios in T cells results in cell

death17,18 (Thornton and Shevach, unpublished).

Helios as a marker of thymus-derived Treg cells

The first suggestion that Helios was a Treg cell-specific

gene came from microarray studies that characterized the

unique gene signatures of Foxp3+ Treg cells.18,19 Using a

polymerase chain reaction-based differential screening

method, we also identified Helios as a Treg cell-specific

gene.20 We also developed a hamster monoclonal anti-

body (22F6) to mouse and human Helios, which allowed

us to characterize the expression of Helios at the single-

cell level (Fig. 1). Flow cytometry analysis (Fig. 2) showed

that Helios was expressed in double-negative thymocytes,

specifically DN2 and DN3, as well as a subset of CD4+

single-positive cells. Helios was expressed in a subset of

peripheral CD4+ Foxp3+ Treg cells. The most striking

observation using the 22F6 monoclonal antibody was that

Helios was only expressed in approximately 70–80% of

Treg cells in both human and mouse.

Two major subsets of Treg cells have been defined in vivo.

Thymus-derived Treg (tTreg) cells develop in the thymus

and peripherally induced Treg (pTreg) cells are derived from

conventional CD4+ Foxp3� T cells that are converted in

peripheral tissues to cells that express Foxp3 and acquire

suppressive ability.21,22 Our initial studies strongly sug-

gested that Helios was a marker of tTreg.23 Three main find-

ings supported this conclusion. First, the earliest Foxp3+

cells that arise in the thymus during the first week of life are

exclusively Helios+. Second, Foxp3+ Helios� cells do not

begin to appear in the periphery until after the first week

and do not reach their maximum percentage until after

weaning. Finally, Helios expression was not observed in

iTreg cells generated in vitro in the presence of exogenous

TGF-b, nor in pTreg cells generated in an oral tolerance

model. A number of other studies have supported this con-

clusion. Expression of Bach2 is essential for TGF-b-induced
Foxp3 expression and pTreg induction and ultimately, con-

trol of Th2-mediated autoimmunity.24,25 Importantly,

Bach2 deficiency was associated with a specific loss of

Helios� Treg cells. Similarly, a deficiency of the Kruppel-like

transcription factor 2 (KLF2) was associated with an absence

of Foxp3+ Helios� Treg cells, an inability to generate iTreg

cells, and a failure to develop antigen-specific pTreg cells fol-

lowing oral tolerance.26 Treg cells from the colonic lamina

propria of germ-free mice are almost exclusively Helios+27

and Clostridium-induced pTreg cells that accumulated in

the colonic mucosa of germ-free mice reconstituted with

Clostridium, were exclusively Helios�.28 Furthermore, mice

deficient in the transcription factor c-rel lack Fox-

p3+ Helios+ Treg cells, but develop Foxp3+ Helios� pTreg

cells in the periphery and are capable of generating iTreg

22F6 Antibody
ATG LoxP LoxP

Helios

Ikaros

Aiolos

Eos

Pegasus

DimerizationDNA
Binding

Figure 1. Ikaros transcription factor family. The exons for each pro-

tein are outlined with the conserved zinc fingers of the DNA-binding

domains in blue and the conserved zinc fingers of the dimerization

domain in red. The epitope recognized by the monoclonal antibody

22F6 is indicated by the yellow triangle and the loxP sites used for

targeted deletion are shown flanking exon 8 of Helios.
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cells29 and mice with a T-cell-specific deficiency of Satb1

also lack tTreg cells but develop Foxp3+ Helios� Treg cells

in the periphery.30 Finally, Schallenberg et al.31 have

described a pTreg precursor population, characterized as

CD4+ CD25+ Foxp3� CD62Lint CD69+ that exists in wild-

type, unmanipulated mice. Using a unique fluorochrome-

based system to distinguish pTreg and tTreg cells, they

demonstrate that Helios� cells are present only in the pTreg

fraction, and that the precursors from the periphery, but not

from the thymus, differentiate into Helios� Foxp3+ Treg

cells.32

Although our studies, using plate-bound anti-CD3 as a

stimulus, demonstrated that iTreg cells never expressed

Helios, another study concluded that iTreg cells were fre-

quently Helios+.33 The difference between these two stud-

ies initially appeared to be related to the use of antigen-

presenting cells for antigen presentation. However, further

analysis of a variety of transgenic T-cell receptor (TCR)

cells, specific for foreign antigens, demonstrated that, for

some transgenic TCR lines, but not others, Helios expres-

sion was up-regulated on a proportion of the induced

Treg cells when stimulated with antigen-presenting cells

and soluble anti-CD3, but not with antigen-presenting

cells and the cognate antigen (Thornton and Shevach,

unpublished observations). Using a transgenic TCR line

specific for an autoantigen (TxA23) revealed that Helios

was expressed in iTreg cells regardless of the use of anti-

CD3 or specific peptide. Hence, the requirements for

Helios expression in iTreg cells, and its physiological rele-

vance at this time, are unclear. Although most in vivo

studies, described earlier, support the idea that Helios is

not expressed on pTreg cells, Gottschalk et al.34 demon-

strated that Helios was expressed in pTreg cells generated

by low-dose antigen administration in the absence of

adjuvant. It is difficult to reconcile our findings with this

study, as we were unable to observe Helios expression in

iTreg cells generated from 5C.C7 TCR transgenic mice

using anti-CD3 or antigen, nor could we observe Helios

expression in pTreg cells generated by low-dose antigen

administration (Thornton and Shevach, unpublished

observations). Lastly, Szurek et al.,35 in three mouse

models expected to lack tTreg cells or pTreg cells,

demonstrated that the ratio of Foxp3+ Helios�/Fox-
p3+ Helios+ was unaltered, indicating that Helios was not

a marker of tTreg cells. In contrast to the controversial

use of Helios as a marker of mouse tTreg cells, Helios

does not appear to be induced on the subset of human

Foxp3+ Helios� T cells following activation in vitro23,36 or

in vivo (Buszko and Shevach, unpublished). Although

Himmel et al.37 have argued that the presence of Fox-

p3+ Helios� T cells within the pool of ‘naive

(CD45RA+ CD31+ CCR7+ CD62L+)’ Treg cells is incon-

sistent with the concept that the lack of Helios expression

is a marker of antigen-experienced pTreg cells, this con-

clusion rests on the validity of the markers used to define

‘naive’ Treg cells. Furthermore, other studies have shown

DN1

0·0 0·1

18·

0·0

10·2

0·0

89·7

0·4 2·7

4·0

2·8 11·9

3·3

0·0

19·6

0·1

80·3

0·0 0·1

45·5
0

102

103

104

105

0

102

103

104

105

0

102

103

104

105

0

102

103

104

105

0

102

103

104

105

0

102

103

104

105

0 102 103 104 1050 102 103 104 105

0 102 103 104 105 0 102 103 104 105

0 102 103 104 105 0 102 103 104 105

DN2

Helios

Helios

CD4 SP

F
ox

p3

F
ox

p3

CD4

DN3 DN4

Figure 2. Helios expression. Thymocytes and splenocytes from C57BL/6 mice were analyzed by flow cytometry for the expression of Foxp3 and

Helios. Top: CD4� CD8� double-negative (DN) thymocytes were subdivided based on CD44 and CD25 expression (DN1: CD44+ CD25�, DN2:
CD44+ CD25+, DN3: CD44� CD25+, DN4: CD44� CD25�). Bottom: CD4+ CD8� single-positive thymocytes (left) and CD4+ CD8� splenocytes

(right).

ª 2019 John Wiley & Sons Ltd, Immunology, 158, 161–170 163

Helios: still behind the clouds



that CD45RA+ Treg cells in cord blood are almost exclu-

sively Helios+, which is again consistent with the useful-

ness of Helios as a marker of human tTreg cells.38 One

further confounding issue with the analysis of human

Treg cell populations is that Foxp3 can be expressed in

activated conventional T cells and that some of the Fox-

p3+ Helios� population represent activated conventional

T cells.36

Helios+/Helios� Treg cell genetic differences

To directly compare the differences between Helios� and

Helios+ Treg cells, we generated a Helios/Foxp3 double

reporter mouse.39 A similar reporter mouse has been

described, but that study only examined the suppressive

and cytokine-producing capacities of the cells.40 In our

mice, comparison of the transcriptomes of Helios+ and

Helios� Treg cells revealed that the two subpopulations

differed by ~1000 genes and that the latter retain several

features of non-Treg cells. Notably, Foxp3+ Helios� Treg

cells expressed Satb1, which is normally expressed at high

levels in conventional T cells but is repressed in Fox-

p3+ Helios+ Treg cells. Repression of Satb1, a chromatin

remodeler and super-enhancer, has been shown to be

critical for Treg cell function and ectopic expression of

SATB1 in human Treg cells reprogrammed the cells into

T effector cells that produced a variety of effector cytoki-

nes, even in the presence of Foxp3.30,41,42 Helios� Foxp3+

T cells also expressed Pde3b, which is normally expressed

in naive CD4+ T cells and its expression is stable upon T-

cell activation. The physiological function of Pde3b is to

break down adenosine and cyclic adenosine 30,50-
monophosphate (cAMP), both of which have been pro-

posed to mediate Treg cell suppression43 and hence,

Pde3b must be strongly repressed in Treg cells.44 Finally,

one of the Treg cell signature genes whose expression is

reduced in Helios� Treg cells is Nt5e (CD73), a 50

ectonucleotidase that metabolizes AMP to the immuno-

suppressive molecule adenosine. Taken together, the

higher levels of Satb1 and Pde3b and the lower levels of

NT5e present in the Helios� Treg cells indicate that the

Helios� Treg cell subpopulation is composed of pTreg

cells that contain residual expression of certain genes nor-

mally expressed in CD4+ Foxp3� T cells. This is sup-

ported by a recent single-cell expression analysis of gene

expression in Treg cells versus conventional T cells, which

identified a subpopulation (26%) of Treg cells whose

expression profile overlapped with conventional T cells

and was termed ‘furtive Treg cells’. This population

expressed the same levels of Foxp3 transcripts as did

other Treg cell subpopulations, but the ‘furtive Treg’ sub-

population expressed low levels of Helios.45 Although the

large number of differentially expressed genes in the Fox-

p3+ Helios� subpopulation compared with Helios+ Fox-

p3+ indicates that the two populations are distinct, it still

does not definitively rule out the possibility that the two

populations of Treg cells represent different stages of dif-

ferentiation.

Comparison of the pTreg and tTreg TCR repertoires is

a more direct approach to determining the relationship

between these Treg cell populations. Previous studies have

concluded that the TCR repertoires of Treg and

CD4+ Foxp3� conventional T cells are distinct and exhi-

bit little overlap.46–49 However, all of these early studies

were performed in mice with restricted TCR repertoires

and the results may not reflect the broader repertoires in

normal mice. Wide variations in overlap (10–60%) were

also noted in studies that attempted to address the issue

of peripheral conversion and pTreg cell generation by

comparing tTreg cells with pTreg cells generated in a

variety of ways.46,50 Two previous studies have specifically

examined the TCR repertoires of Helios� and Helios+

Treg cells. Szurek et al.35 concluded that most TCRs were

expressed by both populations at similar frequencies.

However, Lord et al.51 have also deep-sequenced Helios�

and Helios+ Treg cells, along with effector CD4+ T cells,

from inflamed versus non-inflamed colon of patients with

ulcerative colitis. Little overlap (5–10%) of Helios� and

Helios+ Treg cell sequences was observed.

Using the double reporter mice, we examined the

repertoires of normal mice without having to restrict the

repertoire and were able to completely sample all CD4+ T

cells from the mesenteric lymph nodes.39 We concluded

that the repertoires of Helios� and Helios+ Treg cells are

not similar and that it is likely that Helios� and Helios+

Treg cells represent different lineages. However, this anal-

ysis was limited to cells from one location and future

studies to examine the similarity of Treg cells to other

populations requires an extensive analysis of these popu-

lations from multiple locations, particularly from the thy-

mus.

Helios+/Helios� Treg functional differences

Several studies have indirectly examined the differences

between Helios� and Helios+ Treg cells. Using surrogate

markers for Helios expression (CD103 and GITR or

TIGIT and CD226), it was demonstrated that Helios+

Treg cells had a more highly activated phenotype, were

more suppressive52,53 and had a more stable Foxp3

expression.53 Both of these studies were limited in that

the surrogate markers used were not absolute. Using a

single cell cloning approach of human cells, Himmel

et al.37 found that Helios� Treg cells had the capacity to

produce cytokines, but that the two populations had sim-

ilar suppressive capacities. However, in this study, the

cells were cultured for 3 weeks before cells were typed for

Helios expression. We were able to use our reporter mice

to clearly separate Helios+ and Helios� subsets in suffi-

cient numbers to directly compare the two subsets in vivo
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and in vitro.39 Both Helios� Treg cells and Helios+ Treg

cells suppress the proliferation of naive T cells in our

standard co-culture assay in vitro. However, in vivo,

Helios� Treg cells and Helios+ Treg cells have differing

suppressive functions. Although both subsets inhibit the

ability of naive T cells to induce inflammatory bowel dis-

ease, Helios� Treg cells fail to suppress activated T effec-

tor cells in a model in which T cells from moribund

scurfy mice are transferred to immunodeficient recipients.

Although lower levels of cAMP or adenosine could

explain the reduced function that we observe in Helios�

Treg cells, the Helios� Treg cells also appear to have a

defect in the regulation of the stability of Foxp3 expres-

sion in this model. Major differences in the stability of

Foxp3 expression were also observed when the subpopu-

lations were transferred to immunodeficient recipients.

Helios+ Treg cells never lost Helios expression to become

Helios� Treg cells, suggesting that high Helios expression

is a fixed phenotype in Helios+ Treg cells. Although both

subpopulations lost significant expression of Foxp3, the

loss was 50% greater in the Helios� subpopulation. Con-

sistent with this finding, both the Helios+ and the Helios�

populations had substantially demethylated the Treg-

specific demethylated regions, an indication of Foxp3 sta-

bility,54 but the extent of demethylation was greater in

the Helios+ subset.

In contrast to our previous conclusion that Helios was

a specific marker of tTreg cells,23 the cell transfer studies

also revealed that a subpopulation of Helios� Treg cells

could acquire expression of Helios when transferred to

both immunocompetent mice and to RAG�/� mice.39

However, the level of Helios expressed was always less

than that expressed by the Foxp3+ Helios+ subset. Helios

expression appears to be a stable marker that distin-

guishes the two subsets under physiological conditions,

but it is clear that under lymphopenic conditions Helios�

Treg cells can be induced to express Helios at low levels.

In addition, pTreg cells generated under lymphopenic

conditions from naive cells also acquire a low level of

Helios. Moreover, in the studies by Schallenberg et al.

and Petzold et al. described above, the induction of

Helios� pTreg cells from a defined precursor was not

absolute in that a population of pTreg cells that expressed

Helios was also observed.31,32 However, when compared

with the Helios+ thymically derived Treg cells, Helios

expression was much lower in those pTreg cells. It

remains possible that some of the previous reports that

claimed that pTreg expressed Helios, reflected this low

level of expression as is evident in the study by

Gottschalk et al.34 Whereas iTreg cells generated in vitro

in the presence of accessory cells can express levels of

Helios that approximate the levels seen on the Fox-

p3+ Helios+ subset in normal mice, the induction of

Helios was TGF-b-dependent and may not be indicative

of the normal regulation of Helios expression.

Furthermore, iTreg cells never demethylate their Treg-

specific demethylated region, in contrast to pTreg cells

in vivo55 and are ultimately highly unstable in vivo when

stimulated via their TCR,56 so the significance of Helios

expression by iTreg cells remains unresolved.

Lessons from Helios-deficient mice

Genetic approaches to understanding the function of

Helios in lymphocytes have involved the generation of

global Helios-deficient mice as well as the use of lkzf2fl/fl

mice with deletion in selective lymphocyte subpopula-

tions. Germline deletion of Helios resulted in almost

complete neonatal lethality when the mice were generated

on a mixed background,57 but complete lethality when

generated on a B6 background (Thornton and Shevach,

unpublished observations). Using the few surviving mice

on the mixed background, Cai et al. demonstrated that

the lack of Helios was not required for the development

and function of T or Treg cells. We selectively deleted

Helios in Treg cells (cKO) by crossing Ikzf2fl/fl mice with

Foxp3YFP-Cre mice.58 As mice with defects in Treg cell

function typically exhibit autoimmunity at an early age,

we were surprised to observe the lack of a prominent

phenotype at 2 months of age. However, by 5–6 months

of age, the mice had activated CD4+ and CD8+ T cells,

hypergammaglobulinemia and markedly expanded T fol-

licular helper (Tfh) cells. Yet, Treg cell suppressive activ-

ity was normal both in vitro and in the in vivo

inflammatory bowel disease model. Similar to our studies

with the double reporter mice, though, Helios-deficient

Treg cells (similar to the Helios� Treg cells from wild-

type mice) were unable to control the proliferative

response of scurfy CD4+ T cells. In a manner similar to T

effector cells, Treg cells can be divided into naive or acti-

vated/effector subpopulations, based on the differential

expression of cell surface markers CD44 and CD62L.59

The percentage of naive Helios cKO Treg cells was

unchanged, but the effector Treg subpopulation was not

maintained. Moreover, the anti-apoptotic factor Bcl-2 was

lower in Helios cKO Treg cells and was even lower upon

stimulation. Hence, Helios maintains Bcl-2 expression

upon activation in Treg cells, allowing the differentiation

of effector Treg cells that control Th1 and Tfh responses.

Examining X-linked genes, such as Foxp3, has a unique

benefit in that X-linked genes are subject to allelic exclu-

sion. Only one allele of each gene on the X chromosome

is expressed and this is done in a random manner. Hence,

targeting one allele with a Foxp3-driven Cre recombinase

results in half of the Treg cells expressing Cre and able to

delete a floxed gene of interest while the other half

remain as wild-type Treg cells. This results in a heterozy-

gous female in which the wild-type Treg cells are domi-

nant and the mice are phenotypically normal. Hence, the

role and function of the cKO Treg cells can be examined
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in a non-lymphopenic and non-inflammatory environ-

ment. Using the lkzf2fl/fl mice crossed to Foxp3wt/Cre-YFP

mice to establish a competitive setting, we confirmed that

Helios was required for stability of the CD44hi CD62Llo

effector Treg cells (Fig. 3).

Kim et al.60 analyzed the Helios Treg conditional

knockout mice that we had generated and concluded that

Helios was required for Treg cell stability. They proposed

that under inflammatory conditions Helios deficiency

results in diminished signal transducer and activator of

transcription 5 (STAT5) phosphorylation with resultant

reduced Foxp3 expression and defective suppressor func-

tion. In contrast, we were unable to demonstrate defects

in STAT5 activation. Subsequent studies by this group61

have claimed that the instability of Helios-deficient Treg

cells could be beneficial in the tumor environment and

would result in the conversion of Treg cells to effector

cells that produce inflammatory cytokines. However,

there were fewer intratumoral Treg cells in cKO mice and

the level of cytokine production from the converted Treg

cells was low in comparison to that of CD4+ and CD8+

effector T cells. It is difficult to imagine that the small

percentage of converted Treg cells played a significant

role in antitumor activity. This group also postulated that

abnormal immune responses secondary to Helios defi-

ciency would only be apparent under inflammatory con-

ditions. This is clearly not the case, as the survival of

Helios-deficient Treg cells is compromised in heterozy-

gous female mice that are phenotypically normal. Regard-

less of the mechanism of instability (Bcl-2 or STAT5), the

consensus from these two studies is that Helios plays a

role in maintaining the activation/effector phenotype of

Treg cells.

Despite the clear importance of the Ikaros gene family

members, their molecular mechanisms of action are still

poorly understood. Ikaros family members are thought to
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Figure 3. Analysis of heterozygous Foxp3

females. (a) CD4+ Foxp3+ thymocytes or

splenocytes from 2- or 5-month-old Ikzf2fl/fl

9 Foxp3wt/YFP-Cre mice were analyzed by flow

cytometry for YFP expression, a reporter for the
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cells were analyzed for CD44 and CD62L to cal-

culate the percent of eTreg cells defined as
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regulate gene transcription through chromatin remodeling

and studies have shown that Ikaros and Helios interact in

nucleosome remodeling and the DNA methylation

(NuRD) complex, an ATP-dependent complex that has

both nucleosome disruption activity and histone deacety-

lase activity that condenses chromatin and generally

serves to inhibit transcription.62 Indeed, Ikaros can bind

to the interleukin-2 (IL-2) promoter and repress expres-

sion while reduced binding of Ikaros releases the require-

ment for CD28 co-stimulation-mediated IL-2

expression.63 It has been reported that Eos interacts with

Foxp3 to mediate gene silencing through chromatin mod-

ifications64 and that small interfering RNA-mediated

down-regulation of Eos resulted in IL-2 production by

Treg cells and loss of Treg suppressive capacity in vitro

and in the inflammatory bowel disease model. Although

mice with a conditional deletion of Eos in Treg cells

developed a moderate autoimmune phenotype by

3 months of age, we found no evidence of loss of Foxp3

expression or a lethal autoimmune phenotype (Gokhale

and Shevach, in press), which would have been expected

from the observations of Pan et al.64

In Treg cells, it was claimed that Helios promotes bind-

ing of Foxp3 to the IL-2 promoter and controls IL-2

expression.65 In addition, it was reported that Helios

directly bound to the Foxp3 gene and small interfering

RNA knockdown experiments resulted in decreased Fox-

p3 expression and impaired Treg cell function in vitro.17

However, Ikaros and Aiolos, but not Helios or Eos, were

identified as members of the groups of 361 proteins asso-

ciated with Foxp3 in mass spectrometric analyses of Fox-

p3 complexes.66 Nor was Helios also identified as one of

the critical transcription factors involved in the regulation

of the Treg gene signature.67 Further studies of the

molecular functions of Helios and its interactions with

other members of the Ikaros gene family in different cell

types are clearly needed.

Helios in other immune cells

This review focuses on Helios in Treg cells, but its expres-

sion and function in other cells may shed light on its role

in Treg cells. Although it initially appeared that Helios

was expressed primarily in Treg cells, it is expressed in

several other subsets in the immune system. As we

described earlier, Helios is initially expressed in all T cells

during thymic development.23 Helios also appears to be a

marker of autoreactive CD4+ cells undergoing negative

selection in the thymus.68,69 Helios expression was also

demonstrated in CD4+ Foxp3� from TCR transgenic

mice specific for a gastric autoantigen both in cells under-

going negative selection in the thymus, but also in

peripheral T cells in the stomach and draining gastric

lymph node. The latter were shown to be functionally

anergic.69 Because of this potential functional role of

Helios during negative selection in the thymus, one might

expect that mice with a global deletion of Helios or a T-

cell-specific deletion of Helios would possess a high pro-

portion of autoreactive cells and would develop autoim-

munity. However, this is clearly not the case as Helios-

deficient mice have normal thymic development.57,58 It is

possible that other Ikaros family members can compen-

sate for the lack of Helios during thymic development.

Although we have described Helios as a marker of tTreg

cells, several groups have suggested that Helios is merely a

marker of T-cell activation.35,69–71 In fact, a small popula-

tion of CD4+ Foxp3� cells in normal unmanipulated mice

express Helios.23 One explanation for the failure of

Ikzf2flfl 9 CD4Cre to develop immune defects is that the

Helios expression in CD4+ Foxp3� cells must also play a

significant functional role in normal CD4+ T-cell activa-

tion. Although mice with a deletion of Helios in all CD4+

T cells possess Helios-deficient Treg cells, the additional

lack of Helios in CD4+ Foxp3� T cells must somehow bal-

ance out this defect to prevent the activation of Th1 and

Tfh cells observed in the Ikzf2flfl 9 Foxp3Cre mice. How-

ever, Helios expression could be demonstrated in Th2 and

Tfh cells, and the absence of Helios in CD4+ Foxp3� cells

did not have any functional consequences.71

We recently investigated the functional role of Helios

in CD4+ Foxp3� cells and found that Helios did not play

a role in the primary immune response, but was critical

for a secondary memory response.72 Surprisingly, the

function of Helios was not cell intrinsic, but in the

absence of Helios, a small proportion of the activated

cells generated during the primary response differentiated

to pTreg cells that were responsible for inhibiting the sec-

ondary response in an antigen-dependent manner. This is

seemingly contradictory, as we believe Helios expression

is important for Treg stability but in this study, a small

proportion of antigen-specific T cells were more prone to

pTreg cell differentiation in the absence of Helios.

In addition to thymic T cells and peripheral CD4+ Fox-

p3� cells, Helios expression had also been noted in NK

cells and mucosa-associated invariant T cells.73–77 Helios

expression seems to be a marker of an intermediate stage

in the differentiation of NK cells, but in mucosa-associ-

ated invariant T cells it is expressed in the effector-mem-

ory subset. The functional role of Helios in these cells has

not been addressed.

In cells outside the immune system, Helios expression

has been noted in neurons and in cochlear hair cells.78–81

In the brain, Helios expression is confined to the embryo

(beginning E14.5) and early postnatal stages and has been

described as a marker of precursors to striatal matrix

neurons that express enkaphalin.78 Further experiments

demonstrated that Helios retains neural progenitor cells

in the G1/G0 phase. The loss of Helios (using the mice

generated by Cai et al.) results in an increase of cells in S

phase entry and of S phase length that ultimately leads to
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cell death during the postnatal stage, a decrease in, and

issues with the initial acquisition of motor skills.79 In the

cochlear hair cells, Helios is essential for the development

of outer hair cells.80 Loss of Helios leads to the functional

impairment of outer hair cells and hearing loss, whereas

forced expression in inner hair cells imparts an outer hair

cell phenotype and restoration of electromobility func-

tion.

Conclusion

Although Helios expression was initially thought to be

restricted to Treg cells, it is quite clear that Helios is

expressed in a wide variety of cells. Taken together, the

studies on Helios indicate that Helios appears to function

by maintaining cells, or maintaining a set of genes, in a

fixed, differentiated state through the modification of

chromatin structure. In Treg cells specifically, Helios

maintains only a subset of the Treg cell program, as

Helios-deficient mice have a moderate phenotype in com-

parison to Foxp3-deficient mice. Helios is clearly a mar-

ker of stable and highly suppressive Treg cells and we

advocate the use of Helios as a marker of Treg cell stabil-

ity in the mouse, but particularly in man. In the treat-

ment of autoimmunity, cellular therapy depends upon

the stability of the Treg cells during the long-term culture

required to generate sufficient cells. Helios can be used as

a marker to monitor Treg cell stability and methods to

target Helios and Foxp3, such as oligodeoxynucleotide

treatment, can improve stability and will yield an optimal

population for use in biotherapy.36,82 The issue of

whether Helios is a specific marker of tTreg cells versus

pTreg cells remains open. We believe that most of the

data strongly supports its utility as a tTreg marker,

although caution should still be exercised in drawing a

definitive conclusion. Furthermore, Helios is certainly a

more specific marker of tTreg cells than neuropilin-1

(Nrp1), which has also been proposed as a tTreg cell

marker.83,84 The major problem with Nrp1 as a tTreg cell

marker is that its expression can be induced by TGF-b
both in vivo and in vitro.83 The percentage of Nrp1+ Treg

cells in the steady state is also dependent on TGF-b
derived from Treg cells, as mice with deficiency of GARP,

a protein on Treg cells that binds latent TGF-b, have

markedly reduced percentages of Nrp1+ Treg cells (Fig. 4;

Edwards and Shevach, unpublished).

Although progress has been made in defining the role

and function of Helios in Treg cells, there are still many

unanswered questions. As previously noted, the in vivo

requirements for Helios induction in pTreg cells remain to

be determined, as does the question of whether this lower

level of Helios expression in pTreg cells is stable. In addi-

tion, the mechanism of how the up-regulation of Helios in

conventional CD4+ T cells prevents the induction of pTreg

cells remains to be established. Most importantly for Treg

cells, it is uncertain why the lack of Helios results in a

seemingly modest phenotype, despite the overt systemic

activation of T cells. The mechanisms that lead to the fail-

ure of Treg cells to control CD4 and CD8 T-cell activation

must be clarified and the interactions of Helios with chro-

matin and chromatin binding complexes to alter gene

expression remain to be to elucidated.
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