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Abstract

The transcription factor Helios is expressed in a large subset of Foxp3* Tregs. We previously
proposed that Helios is a marker of thymic derived Treg (tTreg), while Helios™ Treg were induced
from Foxp3™ T conventional (Tconv) cells in the periphery (pTreg). To compare the two Treg
subpopulations, we generated Helios-GFP reporter mice and crossed them to Foxp3-RFP reporter
mice. The Helios* Treg population expressed a more activated phenotype, had a slightly higher
suppressive capacity /n vitro and expressed a more highly demethylated TSDR but were equivalent
in their ability to suppress inflammatory bowel disease /n vivo. However, Helios* Treg more
effectively inhibited the proliferation of activated, autoreactive splenocytes from scurfy mice.
When Helios*™ and Helios™ Treg were transferred to lymphoreplete mice, both populations
maintained comparable Foxp3 expression, but Foxp3 expression was less stable in Helios™ Treg
when transferred to lymphopenic mice. Gene expression profiling demonstrated a large number of
differentially expressed genes and showed that Helios™ Treg expressed certain genes normally
expressed in CD4*Foxp3~ T cells. TCR repertoire analysis indicated very little overlap between
Helios™ and Helios™ Treg. Thus, Helios* and Helios™ Treg subpopulations are phenotypically and
functionally distinct and express dissimilar TCR repertoires.
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Introduction

CD4*Foxp3™ Regulatory T cells (Treg cells) suppress immune activation in a dominant
manner and play a critical role in the maintenance of self-tolerance [1, 2]. Two major subsets
of Treg cells have been defined /n vivo, thymic-derived Treg cells (tTreg) develop in the
thymus and peripherally induced Treg cells (pTreg) derived from conventional CD4*Foxp3™~
T cells that are converted in peripheral tissues to cells that express Foxp3 and acquire
suppressive ability [3, 4]. Additionally, iTreg are conventional, naive CD4* T cells that can
be induced /n vitroto express Foxp3 and have suppressive functions both in vitroand in
vivo. Although it has been demonstrated that Treg cells can be generated /n vitroand in vivo
in the periphery, the lack of a specific marker or markers has precluded an assessment of the
relative numbers and percentages of pTreg vs tTreg and a direct comparison of their
functional properties.

We previously demonstrated that Helios, a member of the Ikaros gene transcription factor
family, is expressed in a subset of Foxp3* Tregs in both mouse and man. Using an antibody
to Helios, we characterized Helios expression in the thymus and in the periphery. We
postulated that Helios is a marker of tTreg based on the findings that all Treg that arise from
the thymus in the first weeks of life express Helios and, most importantly, that pTreg
induced /n vivo by oral tolerance lack Helios expression. [5]. A humber of studies have
supported this conclusion. Two groups have reported that the loss of the transcription factor
Bach2 in Treg results in a fatal Th2 mediated inflammatory lung disease [6, 7]. Expression
of Bach2 was required to suppress effector T cell programming and was also found to be
essential for TGFP induced Foxp3 expression and pTreg induction. Interestingly, Bach2
deficiency was associated with a specific loss of Helios™ Treg. Second, Lathrop et al have
shown that Treg from the colonic lamina propria of germ free mice, which lack pTreg, are
almost exclusively Helios* [8]. Third, Atarashi et. al demonstrated that the Clostridium
induced Treg that accumulated in the colonic mucosa of germfree mice reconstituted with
Clostridium, did not express Helios [9]. Furthermore, Luu et al. have shown that Treg
deficient in the transcription factor c-rel lack thymic Treg, but accumulate pTreg in the
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periphery and are fully sufficient to generate iTreg /n vitro. Interestingly, Helios™ Treg are
specifically lacking in these mice and with age, only the Helios™ Treg accumulate [10].
Lastly, mice with a T cell specific deficiency of Satbl also lack thymic Treg, but develop
Treg in the periphery and these pTreg do not express Helios [11]. On the other hand, several
groups have concluded that Helios is not a marker of tTreg [12-14]. First, both Verhagen
and Wraith and Gottschalk et al. have shown that iTreg generated /n vitro, specifically with
APC, express Helios. Gottschalk et al. further demonstrated that Helios was expressed in
pTreg generated by low dose antigen administration in the absence of adjuvant. Lastly,
Szurek et al. demonstrated that Aire deficient mice that lack some tissue specific self-
peptides or mice that expressed an MHC class Il molecule with a single covalently linked
peptide (APEp mice), that prevented binding of other self-peptides, developed
Foxp3*Helios" thymocytes normally. The significance of these observations is difficult to
interpret as Helios expression is expressed very early during thymic development on all T
cells at the DN2 and DN3 stages and there is no data to suggest that the strength of TCR
signaling during development plays any role in the induction of Helios expression. In
addition, mice that lacked the conserved non-coding sequence-1 (CNS-1) in the enhancer
element of the Foxp3 locus, that contains the TGFB-NFAT response element that regulates
the generation of pTreg, [15] had a normal distribution of Helios* and Helios™ Treg in most
sites, but a decreased percentage of Helios"Foxp3* Treg in the colon [14]. However, it
remains possible that some pTreg may be induced by pathways that do not involve signaling
via CNS-1. None of these studies analyzed the functional or phenotypic properties of the
Treg subsets induced in the genetically modified strains.

Further studies of the role of Helios in Treg function are hampered by the fact that Helios is
a nuclear protein and it has not been possible to separate cells based on Helios expression
using surrogate markers. In order to better study Helios, we have generated Helios-GFP
reporter mice and crossed them to Foxp3-RFP reporter mice. Among the various lymphoid
organs, Helios reporter mice show comparable expression patterns when compared to
intracellular staining and accurately reflect Helios expression. Here, we demonstrate that the
Helios™ and Helios™ Treg populations are phenotypically very different and that Foxp3
expression, under lymphopenic conditions, is much more stable in Helios™ Treg. Although
both populations have similar suppressive functions /n vitro, in vivo they have differing
capacities to control effector T cell activation and function. Detailed comparison of the
transcriptomes of Helios* and Helios™ Treg revealed that the latter retain several features of
non-Treg cells. Most importantly, Helios™ Treg and Helios* Treg populations show very
little overlap in their TCR repertoires. These data indicate that two Treg populations are
distinct and that Helios expression is a useful marker for stable Foxp3 expression.

Helios™ Treg have an activated phenotype

In order to investigate the differences between Helios™ and Helios* Treg, we first analyzed
splenocytes for the expression of a variety of Treg associated and activation markers. A
higher percentage of Helios* Treg expressed CD103, Nrp-1, OX40, TNFRII and CD69 when
compared to Helios™ Treg (Fig. 1A and 1C; all gating strategies shown in Supporting
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Information Fig. 1). Helios* Treg also expressed Ki-67, indicating a higher proliferative rate.
Smigiel et al have demonstrated that naive Treg, characterized as CD44!°CD62LN, express
higher levels of CD25 while effector Treg, characterized as CD44MCD62L!°, express lower
levels of CD25 [16]. Helios* Treg had a slightly lower percentage of cells that expressed
CD25 and had a higher percentage of cells that were CD44MCD62L, indicating that Helios
* Treg have an activated effector phenotype, but the expression of Helios does not
distinguish naive versus activated Treg based on the markers used by Smigiel et al. (Fig. 1A
- C). Analysis of other lymphoid organs yielded similar results; Helios™ Treg are a
heterogenous population of cells and none of the markers assayed distinguished Helios™
Treg from Helios™ Treg.

Functional properties of Helios™ and Helios* Treg

Further analysis of Helios™ and Helios* Treg was impeded by the fact that Helios is an
intracellular transcription factor and we were unable to discover surrogate cell surface
proteins for use in cell sorting. In order to investigate the functional differences between
Helios™ and Helios™ Treg, we generated a Helios-GFP reporter mouse (Supporting
Information Fig. 2) and crossed it to a Foxp3-RFP reporter mouse [17]. The double reporter
mouse exhibited a similar expression pattern of Helios and Foxp3 in multiple lymphoid
organs (Fig. 2A) to that of cells analyzed by intracellular staining (Fig. 2B). Thus, we were
able to use the double reporter mice to isolate Helios™ and Helios* Treg without using
surrogate cell surface markers. However, it should be pointed out that both by intracellular
staining and expression of the Helios reporter that there was a continuum of Helios
expression with a population of Helios!®/Int expressing cells evident using both techniques.

We first investigated the /in vitro proliferative and suppressive capacities of Helios™ and
Helios* Treg. The sorting strategy used for all experiments in shown in Supporting
Information Fig. 2. Both Helios™ and Helios* Treg failed to proliferate in response to TCR
stimulation alone but, were able to proliferate comparably to TCR stimulation in the
presence of IL-2 (Fig. 2C). In addition, both subsets of Treg were suppressive in our in vitro
suppression assay (Fig. 2D). However, Helios*™ Treg suppressed slightly, and consistently,
better. Similar results have been reported using a different double reporter mouse [18].

Helios™ and Helios™ Treg stability

Previous studies have demonstrated that Helios expression in Treg is required to maintain
effector Treg function [19]. Thus, we postulated that the Helios™ Treg population in a normal
mouse might be also be less stable. We first examined the stability of Helios™ and Helios*
Treg under non-inflammatory conditions and transferred purified, congenically marked
populations into WT recipients. When transferred into lymphoreplete WT recipients, most
Helios™ Treg maintained Helios and Foxp3 expression (Fig. 3A and 3B). Moreover, both
populations of transferred cells equally maintained Foxp3 expression. However, some Helios
~ Treg acquired Helios expression following transfer, but this level of Helios expression was
always at lower levels than that observed in Helios* Treg (Fig. 3B) and was similar to the
Helios!?/int population present in total Treg population (Fig. 2A and B). Post sort analysis
revealed that the purity of the transferred populations was not 100% and we cannot rule out
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a contribution of the expansion of the small percentage of contaminating cells (Supporting
Information Fig. 3).

We then transferred Helios™ and Helios™ Treg to RAG27~/~ recipients to examine stability
under lymphopenic conditions. As the transferred cells proliferated extensively, we were
able to examine the cells in different lymphoid organs. The stability of the transferred cells
was similar in mLN and spleen, but was significantly higher in peripheral LN (pLN). Under
lymphopenic conditions, a substantially larger percentage of the Helios™ Treg lost Foxp3
expression in all organs examined (Fig. 3C and 3D). In contrast to the transfer to WT mice,
most of the Helios™ Treg that maintained Foxp3 expression acquired low levels of Helios
expression. In addition, when CD4* naive cells (Foxp3~Helios™ cells) were transferred as a
control, a very small percentage of these cells converted to Foxp3* pTreg in the mLN and
pLN and also expressed intermediate levels of Helios. (Fig. 3C). Thus, Foxp3 expression is
equally stable in both Helios™ and Helios™ Treg upon transfer to WT mice, but under
lymphopenic conditions, Helios™ Treg more readily lose Foxp3 and acquire low levels of
Helios expression.

The studies described above demonstrate that Helios™ Treg have the propensity to lose
Foxp3 expression and become ex-Tregs in a lymphopenic environment. One potential reason
for decreased stability of the Helios™ Treg population could be less demethylation of the
conserved Foxp3 TSDR locus, that controls Treg stability [20]. Analysis of the Foxp3 TSDR
in Helios™ and Helios* Treg revealed that although both Helios™ and Helios* Treg had
highly demethylated TSDR regions, the TSDR of the Helios* Treg was more demethylated
than the TSDR of Helios™ Treg (Fig. 3E). Differential demethylation was observed across all
but one of the CpGs. Thus, the differences in demethylation might result in the increased
loss of Foxp3 expression in Helios™ Treg.

Suppressive properties of Helios™ and Helios* Treg in vivo

In order to study the suppressive capacity of Helios™ and Helios* Treg /n vivo, we first
examined Treg function in the IBD model of autoimmunity. Cell sorted naive CD4*RFP
~CD45RBM cells were transferred into RAG ™~ recipients in the presence or absence of
congenically marked Treg cells. The transfer of CD4*RFP~CD45RBM cells induced IBD in
recipients as measured by weight loss (Fig. 4A), IFNy production in CD4* cells from the
mLN (Fig. 4B), and infiltration and destruction of the colon (data not shown). Somewhat
surprisingly, Helios™ and Helios* Treg were equally protective in all parameters assayed. We
also examined the stability of the Treg under these inflammatory conditions. The absolute
number of Treg (as measured by expression of the congenic marker) recovered after transfer
was not statistically different (Fig. 4C). However, a significant percentage of Helios™ Treg
lost Foxp3 expression, while almost all Helios™ Treg maintained Foxp3 expression. Overall
though, the total number of recovered Treg that maintained Foxp3 expression was not
different between the two groups, which is consistent with the ability of the Helios™ Treg to
suppress disease as efficiently as the Helios* Treg. Of those cells that maintained Foxp3
expression, Helios* Treg maintained high Helios expression while most Helios™ Treg
acquired Helios, but at lower levels than that observed for Helios* Treg (Fig. 4D).
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We then tested the ability of Helios™ and Helios* Treg to suppress activated effector cells in
vivo. Scurfy mice contain a mutation in the Foxp3 gene and die 3—-4 weeks after birth due to
severe infiltration of lymphocytes into multiple organs [21]. The scurfy mutation is X-linked
recessive, thus splenocytes from male scurfy mice contain large numbers of activated CD4*
and CD8* autoreactive cells. In the scurfy transfer model, splenocytes from recently weaned,
moribund male scurfy mice rapidly proliferate and cause organ-specific autoimmune
infiltration upon transfer to RAG ™~ recipients [22]. Splenocytes from scurfy mice were
transferred to RAG ™~ recipients in the presence or absence of congenically marked Helios™
or Helios™ Treg cells and both the scurfy and Treg populations were analyzed six weeks
later. Upon transfer, scurfy splenocytes expanded significantly and this expansion was
efficiently inhibited by Helios* Treg (Fig. 5A). Helios™ Treg were less efficient at
suppressing the expansion of both scurfy CD8* and CD4™ cells. Additionally, transfer of
scurfy cells alone resulted in a high percentage of CD4* and CD8* cells that produced IFNy
(Fig. 5B). While Helios* Treg inhibited the percentage of scurfy CD4* cells that produced
IFNy, Helios™ Treg failed to do so. On a per cell basis, neither Helios™ Treg nor Helios™
Treg inhibited the production of IFN+y by scurfy CD8* cells. Finally, analysis of
lymphocytic infiltrate into the liver and lungs of the mice revealed that Helios* Treg were
more protective than Helios™ Treg (Fig. 5C).

We also examined the stability of the transferred Tregs under these inflammatory conditions.
Similar to the results observed in the IBD model, the absolute number of Treg cells
recovered, as measured by the congenic marker, was not significantly different between
Helios™ and Helios™ Treg (Fig. 5D). While expression of Foxp3 was lost in both Helios* and
Helios™ Treg populations, expression of Foxp3 was much less stable in the Helios™
population, but again, the absolute numbers of Foxp3* T cells recovered from the Helios*
and Helios™ Treg recipients were similar. Interestingly, we noted that some Helios™ Treg
produced IFNy (Fig. 5B) and that the IFN-y producers had lost Foxp3 expression (Fig. 5E).
Analysis of Helios expression again demonstrated that Helios* Treg maintained Helios
expression, while Helios™ Treg acquired Helios expression but at a lower level. Thus, under
lymphopenic conditions, Helios™ Treg more readily lose Foxp3 expression, but those that
remain Foxp3* are able to acquire Helios expression.

Transcriptome analysis of Helios™ and Helios™ Treg

To further characterize differences between Helios* and Helios™ Treg, we compared the
transcriptomes of the two subpopulations by next-generation sequencing analysis. Sorted
CD4*RFP*GFP~ (Helios™) and CD4*RFP*GFP™* (Helios*) Treg cells from five individual
mice were analyzed (Fig. 6A). A large number of genes (1029) were found to be
differentially expressed by a greater than a two-fold difference (p< .05) and the majority of
differentially expressed genes were upregulated in Helios* Treg. 838 genes were more
highly expressed in Helios*™ Treg, while 191 genes were more highly expressed in Helios™
Treg. GO analysis for genes involved in apoptosis, cytokines and receptors, and members of
the TNF and TNF receptor superfamilies (TNFRSF) also revealed a similar ratio of genes
more highly expressed in Helios™ Treg (Fig. 6B). The higher expression of several of the cell
surface antigens (Itgae [CD103], Nrp-1, Tnfrsf4 [OX40] and Tnfrsf1b [TNFRII)] seen Fig.
1A was confirmed in the RNA-Seq analysis (Fig. 6C). Other genes more highly expressed in
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Helios* Treg were primarily activation induced genes or genes already known to be
associated with Treg cells (/tgb1 [CD29], Tnfrsf9[CD137], CD101, Tnfrsfl8[GITR],
Klrg1, IL1IR2, ILIRL 1, Pdcdl [PD-1], Tnfrsf8[CD30] and T7igi?). Flow cytometry analysis
confirmed the higher expression of the proteins encoded by these genes in Helios* Treg,
although the expression of these proteins was not uniform for all cells, but was limited to a
subset of the Helios* Treg (Supporting Information Fig. 4). Other genes of note that are
selectively or more highly expressed in Helios* Treg compared to conventional naive
(CD4*CD44'° cells [Ty] or memory (CD4*CD44M [Ty]) non-Treg cells included /1988,
lkzf4 (Eos) and Penk (Supporting Information Fig. 5). Notably, Ly6cand Ly6aare more
highly expressed in Helios™ Treg but are genes that are expressed in naive cells and are
down-regulated upon activation (Supporting Information Fig. 4). Very few genes were more
highly expressed in Helios™ Treg including Vipr1, Dapl1, Tgfpr3, AmigoZ2and Gbp2b
(Supporting Information Fig. 5). However, these genes, as well as other genes more highly
expressed in Helios™ Treg, were also found in other CD4* cell subsets, with the exception of
Gbp2b which appears to be exclusive to Helios™ Treg.

Differential expression of a number of genes (Pde3b, Nte5[CD73], Rorc [Ror+yt], and
Satbl) offers potential insights into the differential function and origin of the Helios™ Treg
subpopulation. Expression of Pde3bwas higher in Helios™ Treg (Fig. 6D) compared to
Helios™ Treg. Pde3b functions by hydrolyzing cAMP and its expression has been shown to
be normally repressed in Tregs, as maintenance of high intracellular levels of CAMP is
needed to facilitate the transfer of cAMP from Treg to target cells to mediate suppression
[23, 24]. Helios™ Treg also expressed lower levels of CD73 than Helios* Tregs. CD73
expression plays a role in Treg stability and cleaves extracellular AMP to adenosine which
can mediate suppression of target cells [23, 25, 26]. Thus, Helios™ Tregs may be defective in
two of the proposed pathways involved in Treg suppression. Importantly, Helios™ Treg
expressed higher levels of the genomic organizer and repressor, Satb1, than Helios* Treg
(Fig. 6D). Satb1 is expressed at high levels in conventional T cells and suppression of Satbl
is required for Treg function and stability. As Satb1 repression occurs during Treg
development in thymus, the continued expression of Satbl in Helios™ Treg strongly suggests
that they are not of thymic origin [11]. Lastly, both mRNA and protein for Rorc, the Th17
effector cell transcription factor were more highly expressed in Helios™ Treg (Supporting
Information Fig. 4 and 5), further supporting the findings that Helios™ Treg are unstable and
have the ability to become effector cells. Taken together, this transcriptome analysis offers a
basis for both the defective function and instability of Helios™ Treg.

TCR repertoire analysis of Helios™ and Helios™ Treg

Although the suppressive function of the Helios™ Treg and Helios* Treg appear to be similar
in vitro and in the IBD model, differences in their ability to suppress activated effector cells,
in the stability of Foxp3 expression, and in the expression of Satb1 indicate that the two Treg
populations are likely distinct. However, one explanation, given that Helios* Treg have a
more activated phenotype with enhanced suppressor function, is that Helios™ Treg are
merely precursors of Helios* Treg. In order to determine if the two are distinct populations
and if Helios™ Treg are precursors of Helios* Treg, we analyzed the TCR repertoire of the
two cell types using high throughput TCRp sequencing analysis. Due to the limitations of
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sequencing large numbers of TCR molecules from normal, unmanipulated mice, previous
analyses of the Treg TCR repertoire have been performed using T cells from mice with
limited TCR repertoires, such as those with a fixed VP gene. We wished to compare the
TCR repertoires of Helios™ and Helios™ Treg from mice with an unbiased, normal repertoire.
While deep sequencing provides the ability to completely sample the TCR repertoire of all
Treg present in a single mouse, adequate sampling of the TCR repertoire of the Foxp3™ Ty
population from a single mouse, as a control, was beyond our ability. Thus, we chose to
purify Treg cells only from one location (mLN) in order to limit the number of control Ty
that needed to be sequenced, but allowing us to sequence all CD4* T cells from that
location. In our initial analysis, we focused only on the Helios™ and Helios* Treg
populations. We sequenced 2 x 10° Helios™ Treg cells and 4 x 10° Helios* Treg cells from
the mLN of two individual mice from the same litter (Supporting Information Table 1).
Diversity index is a measure of population diversity where an index of 1.0 indicates the TCR
sequences are all identical and an index of 0 indicates no sequence similarity. The diversity
indices of both Treg subsets were exceedingly low, indicating that both Treg populations are
very diverse (Fig. 7A). Comparison of the Helios* and Helios™ Treg repertoires from a
single mouse indicated that there was very little overlap between the two populations (10%)
and that Helios™ Treg and Helios™ Treg are separate and distinct populations (Fig. 7B).
Moreover, it appeared that each population was more similar to its counterpart in another
mouse than Helios™ and Helios* Treg cells within the same mouse.

We then deep sequenced the entire TCR repertoires of Helios* and Helios™ Treg as well as
Tn (Foxp3~CD44™) from the mLN of three individual littermates (Supporting Information
Fig. 6 and Supporting Information Table 1). The CDR3 length distribution was similar
among the three populations (Supporting Information Fig. 7A). Examination of the V
usage revealed that there was a statistically significant difference in the usage of Vp12-1
within the Helios™ Treg population, but all other VB genes were used in a similar manner
(Supporting Information Fig. 7B and 7D). This was observed in the first experiment as well
with mice from a different facility (data not shown). However, usage of V12-1 only
accounted for 4% of all TCRp genes. VVJ usage was no different between the populations
(Supporting Information Fig. 7C and 7D).

Diversity analysis of the populations showed that all three populations were very diverse
(Fig. 7C). We also compared the similarity of the populations. In agreement with our initial
experiment, the correlation between Helios™ Treg and Helios* Treg was reproducible and
again, was very low (Fig, 7D). Analysis of the common sequence overlap revealed a similar
finding; Helios™ Treg and Helios* Treg were not similar. However, Helios* Treg and Ty had
a higher percentage of common sequences than Helios™ Treg and Ty. This experiment was
repeated with four individual mice at a lower depth of sequencing and reproduced the results
shown here (data not shown). Thus, the TCR repertoire analysis demonstrates that the
repertoires of Helios™ and Helios*™ Treg are quite different, but does not permit us to draw
any conclusions as to the origins of the two populations.
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Discussion

We have previously demonstrated, using a mAb to Helios, a member of the Ikaros
transcription factor family, that both mouse and human Foxp3™ Treg can be divided into two
major subpopulations composed of Foxp3*Helios* (~70-90%) and Foxp3*Helios™ (~10-
30%) cells depending on the species and the location in vivo. We hypothesized that the
Foxp3*Helios™ population represented tTreg, while the Foxp3*Helios™ population
represented pTreg. A number of correlative observations supported this hypothesis: 1) the
exclusive presence of Foxp3*Helios* Treg in the neonatal thymus and in the periphery until
one week after weaning, 2) the observation that iTreg generated in vitro were uniformly
Foxp3*Helios™, and 3) that antigen-specific Foxp3* T cells (pTreg) generated in vivo in
response to the oral administration of antigen were Helios™. Several subsequent studies have
disputed this claim and have proposed that the expression of Helios is either not specific to
tTreg and can be expressed in pTreg [12-14] or is expressed in CD4* Tconv and is related to
the activation state or to the strength of the antigenic signal delivered to the cells [14, 27—
29]. While it is widely acknowledged that pTreg can be generated in vivo under different
conditions, the overall size and functional importance of the pTreg pool remains unknown.
As cellular biotherapy with in vitro expanded polyclonal Treg is now being used
therapeutically to prevent GVHD [30] or treat autoimmunity [31] and studies are ongoing to
enhance Treg numbers and function by administration of low-dose I1L-2 [32], it is critical to
understand which Treg subpopulation is targeted by different therapeutic approaches.

Three limited studies have compared the phenotype and function of Helios™ and Helios*
Treg. Using CD103 and GITR as surrogate markers for mouse Helios* Treg, Zabransky et
al. demonstrated that Helios* Treg have the highest suppressive capacity [33]. Using a
single-cell cloning approach to define human Helios™ and Helios* Treg, Himmel et al.
interestingly found that Helios™ Treg produced more IFN+y and that Helios* Treg were
slightly more demethylated than Helios™ Treg, [34]. However, the suppressive ability of each
population was comparable. The study was limited in that the sort was restricted to CD45RA
* naive Treg and Treg were cultured for 3 weeks after sorting before being defined by Helios
expression and then assayed. Finally, using a single cell cloning approach and TIGIT and
FCRL3 as surrogate markers for Helios* human Treg, Bin Dhuban et al also demonstrate
that Helios™ Treg have less suppressive capacity and produce inflammatory cytokines [35].
Again, the two markers do not divide Treg into two distinct populations that encompass the
total Treg population.

In the present report, we have performed a comprehensive series of studies whose goal was
to compare Helios* and Helios™ Treg and to address whether the Helios* and Helios™
populations of Treg are distinct subpopulations or whether they represent different stages of
differentiation of a single Treg population. As we were unable to identify surrogate cell
surface markers that could clearly separate the Helios* and Helios™ Treg subpopulations, we
generated a Helios/Foxp3 double reporter mouse which readily allowed isolation of the two
subpopulations. However, Helios expression is a continuum and while Helios* cells are high
in expression, there are Treg cells that express Helios at an intermediate level and our gating
strategy has mostly removed this population. Not surprisingly, when comparing Helios™ and
Helios™ Treg, the two populations only moderately differed in their expression of Treg-
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associated cell surface makers. While the Helios™ subpopulation displayed higher
percentages of cells that expressed “Treg activation antigens” at a higher level, this
phenotypic analysis does not really distinguish between the possibility of two distinct
populations or merely a difference in differentiation status. It thus remains possible that
Helios™ Treg could represent a Treg precursor population that upon activation would express
Helios and other activation markers and would develop into a fully functioning Treg.

Analysis of gene expression by RNA-seq was somewhat more informative in that the two
subpopulations differed by ~1000 genes. The majority of differentially expressed genes were
present in the Foxp3*Helios* subpopulation and many encoded activation antigens
consistent with the protein data. Although the differential expression of a large number of
genes in the Foxp3*Helios™ subpopulation could indicate that the two populations are
distinct, it does not rule out the possibility that the large differences represent different
stages of differentiation Foxp3*Helios™ Treg expressed SarbI which is normally expressed at
high levels in T conventional cells, but is repressed in Foxp3*Helios* Treg. Repression of
Satb1, a chromatin remodeler and super-enhancer, has been shown to be critical for Treg
function [11, 36, 37] and ectopic expression of SATB1 in human Treg reprogrammed the
cells into T effector cells that produced a variety of effector cytokines even in the presence
of Foxp3. Similarly, we could detect expression of Pde3bin Foxp3+Helios™ Treg, but not in
Foxp3*Helios™ Treg. Pde3b is normally expressed in naive CD4* T cells and its expression
is maintained upon T cell activation. One potential reason it is normally strongly repressed
in Treg [23] is that the physiologic function of Pde3b is to break down adenosine and cyclic
adenosine 3’,5’-monophosphate (cAMP) both of which have been proposed to mediate Treg
suppression [26]. Ectopic expression of PDE3B in human Treg cells impaired Treg
homeostasis as measured by reduced cell number. Lastly, one of the Treg signature genes
whose expression is reduced in Helios™ Treg is NVt5e (CD73), a 5” ectonucleotidase that
metabolizes AMP to the immunosuppressive molecule adenosine. Taken together, the higher
levels of Sath1 and Pde3b and the lower levels of NT5e present in the Helios™ Treg are
consistent with the possibility that the Helios™ Treg subpopulation is composed of pTreg
which contain residual expression of certain genes normally expressed in CD4*Foxp3~ T
cells and have not fully differentiated into the Treg lineage. This hypothesis is supported by
a recent single-cell expression analysis of gene expression in Treg versus Tconv which
identified a subpopulation (26%) of Treg that overlapped in expression with Tconv and was
termed “furtive Tregs.” While this population expressed the same levels of Foxp3 transcripts
as did other Treg subpopulations, the “furtive Treg” subpopulation expressed low levels of
Helios [38]. Interestingly, “furtive” Treg also expressed higher levels of /tgb1, Tnfrsflb,
Tnfrsf4, Tnifrsf9, and Tnfrsfl8and expressed lower levels of Vipril, Dap/1and lgfbp4,
similar to the differences that we have observed in in our comparison of Helios™ vs. Helios™
Treg.

Helios™ Treg were comparable in their capacity to suppress the proliferation of naive T cells
in culture and to inhibit the ability of naive T cells to induce IBD. However, Helios™ Treg
were deficient in their capacity to suppress activated T effector cells in a model in which T
cells from moribund scurfy mice are transferred to immunodeficient recipients. While lower
levels of cCAMP or adenosine and could explain the reduced function that we observe in
Helios™ Treg, Helios™ Treg also appear to also have a defect in stability. While iTreg
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generated in vitro in general have fully methylated TSDR regions of the Foxp3 enhancer,
pTreg can display a fully demethylated TSDR [39]. Both the Helios™ and the Helios™
populations had demethylated TSDRs, but the extent of demethylation was stightly greater
in the Helios™ subset. Consistent with this, both subpopulations of Treg maintained stable
expression of Foxp3 upon transfer to normal recipients but major differences in stability
were observed when the subpopulations were transferred to immunodeficient recipients.
While both subpopulations lost significant expression of Foxp3, the loss was 50% greater in
the Helios™ subpopulation. The reduced fitness of Helios™ Treg correlates with our previous
study and that of Kim et al where Treg deficient in Helios have a reduced fitness [19, 40].
Our studies concluded that Helios deficient Treg were unable to generate or maintain
activated effector Treg due to a reduction in Bcl2, while the studies of Kim et al concluded
that instability of Treg was due to decreased activation of the STAT5 pathway. However, our
gene expression analysis did not indicate a difference in Bcl2 nor in molecules within the
STATS pathway, thus, the instability we observe in Helios™ Treg does not appear to be
similar to the instability observed in Treg cells that are deficient in Helios.

The cell transfer studies also revealed that a subpopulation of Helios™ Treg could acquire
expression of Helios both when transferred to immunocompetent mice and to RAG™~ mice.
The level of Helios expressed was always less than that expressed by the Foxp3*Helios*
subset. It remains possible that some of the previous reports that claimed that pTreg
expressed Helios reflected this low level of expression. Importantly, Helios* Treg never lost
Helios expression to become Helios™ Treg, as loss of Helios was concomitant with loss of
Foxp3, suggesting that high Helios expression is a fixed phenotype in Helios* Treg. While
Helios expression appears to be a stable marker that distinguishes the two subsets under
physiologic conditions, it is clear that under lymphopenic conditions Helios™ Treg can
acquire a low level of Helios expression. In addition, pTreg generated under lymphopenic
conditions from naive cells also acquire Helios. A similar case may occur in vitro during the
induction of iTreg in the presence of TGF-p and IL-2 where Helios appears to be induced if
dendritic cells are present during the induction phase [12, 13].

A direct approach to determining the relationship between Treg and Tconv and between
tTreg and pTreg is a comparison of the their TCR repertoires. Previous studies have
concluded that the TCR repertoire of Treg and that of CD4*Foxp3~ Tconv cells are quite
distinct and exhibit little overlap but with wide variations in overlap [41], [42], [43] [44].
However, all of these early studies were done in mice with restricted TCR repertoires and
the results may not reflect the broader repertoires in normal mice. Wide variations in overlap
(60% to 10%) were also noted in studies that attempted to address the issue of peripheral
conversion and pTreg generation by comparing thymic Treg to peripheral Treg ([44], [45]
[46]. Studies that directly compared the pTreg and tTreg repertoires by comparing the
Foxp3* T cells that have been generated after transfer of Foxp3~ T cells to normal or
lymphopenic recipients [41] showed very low levels (4-10%) of overlap. Similarly, a low
level of overlap (<10%) was observed in a comparison of tTreg and pTreg generated in mice
that received tTreg to protect from induction of IBD [47]. Two previous studies have
specifically examined the TCR repertoires of Helios™ and Helios™ Treg. Szurek et al.
performed high throughput sequencing on cells from TCR mini-gene mice [14] but restricted
the analysis to the top 50 most prevalent sequences from each group. They concluded that
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most TCRs were expressed by both populations at similar frequencies. Lord et al. have also
deep-sequenced Helios™ and Helios* Treg, along with effector CD4* T cells, from inflamed
versus non-inflamed colon of patients with ulcerative colitis [48]. Little overlap (5-10%) of
Helios™ and Helios* Treg sequences was observed and even less overlap between either Treg
subpopulation and effector CD4*Foxp3~ cells regardless of location [48] which is in
agreement with our study.

With the ease and lower cost of high throughput sequencing, it is now possible to examine
the repertoires of normal mice without having to restrict the repertoire. Thus, we did not use
repertoire restricted mice and were able to eliminate concerns of adequate random sampling
and were able to completely sample all CD4" T cells from the mLN, generating 3 to 5
million sequences per mouse. This approach allowed us to conclude that the repertoires of
Helios™ and Helios™ Treg are not similar. However, we are unable to conclude that Helios™
Treg can be generated from Ty nor did this approach definitively rule out the possibility that
Helios™ Treg are precursors to Helios* Treg. It remains possible that Helios™ Treg in the
mLN were generated from Ty in the small intestine lamina propria that subsequently
migrated to the mLN, and that the Ty population we analyzed from the mLN did not contain
the precursors of the Helios™ Treg isolated from the mLN. Future studies to examine the
similarity of Treg cells to other populations will require an extensive analysis of these
populations from multiple locations, particularly from the thymus. However, it may not be
possible to deduce the origin of pTreg using unmanipulated, conventional mice as the
precursor frequency may be too low to detect significant overlap of the TCR repertoires.

Lastly, we strongly advocate the use of Helios as a marker of Treg stability in the mouse, but
particularly in man [49]. One major difference between the species is that we have not been
able to detect Helios expression in human Foxp3~CD4* T cells even after activation. If the
Foxp3*Helios™ Treg population in man is also composed of pTreg, it would clearly be a
potentially inappropriate population to use for cellular biotherapy or to expand in vivo with
cytokines or other biologics as it would be poorly suppressive, lack stability, and be deficient
in a TCR repertoire with self-antigen specificity. The combined use of the appropriate
surrogate markers and Helios expression should yield an optimal population for use in
biotherapy.

Materials and Methods

Animals

C57BL/6 mice were obtained from Charles River (Frederick, MD). Helios-GFP mice were
generated by TaconicArtemis (Cologne, Germany). The targeting vector was generated using
BAC clones from the C57BL/6J RPCI-23 BAC library. A cassette containing an Internal
Ribosome Entry Site (IRES) and the open reading frame of eGFP was inserted immediately
after the translation termination codon of 1kzf2 and a puromycin resistance cassette, flanked
by F3 sites, was inserted into intron 7. The targeting vector was transfected into the
C57BL/6N Tac ES cell line. Correctly targeted ES cell clones were injected into C57BL/6
blastocysts and chimeric mice were crossed to FLPe recombinase expressing deleter mice to
remove the puromycin resistant cassette. The Helios-GFP reporter mice were then crossed to
Foxp3-RFP mice [17] purchased from The Jackson Laboratory (Bar Harbor, ME) to
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generate double reporter mice. Double reporter mice were also crossed to CD45.1 congenic
mice. B6.SJL congenic, B6.SJL RAG deficient and B6 RAG deficient mice were obtained
by NIAID and maintained by Taconic under NIAID contract. Female heterozygous B6.Cg-
Foxp3sf/J (Scurfy) mice were purchased from Jackson Laboratories and bred to C57BL/6
male mice to generate hemizygous male B6 [Cg-Foxp3s/Y (Scurfy)] offspring. Scurfy mice
were also bred to B6.SJL (CD45.1) congenic mice. All animal protocols used in this study
were approved by the NIAID Animal Care and Use Committee.

Media, antibodies and reagents

Mouse cells were grown in RPMI 1640 (Lonza, Walkersville, MD) supplemented with 10%
heat-inactivated FCS, penicillin (100 pg /ml), streptomycin (100 pg/ml), 2 mM L-glutamine,
10 mM HEPES, 0.1 mM non-essential amino acids, 1 mM sodium pyruvate (all Lonza,
Walkersville, MD) and 50 uM 2-ME (Sigma, St. Louis, MO). Purified anti-CD3 (2C11), PE-
CD25 (PC61), APC-CD62L (MEL-14), PE-Ki-67 (B56), AF700-CD4 (RM4-5), PE-IL1R2
(4E2), PE-PD-1 (J43) and FITC-CD8 (53-6.7) were purchased from BD Biosciences (San
Jose, CA). BV650-CD4 (RM4-5), PE-CD103 (2E7), PE-CD134/0X40 (OX-86), PE-
CD120b (TR75-89), e780-CD45.2 (104), BV421-IFNy (XMG1.2), APC-CD8 (53-6.7),
BV570-TCRp (H57-597), AF700-CD45.1 (A20), PerCP-Cy5.5-CD45.2 (104), APC-
IL-17A (TC11-18H10.1), BV650-1L-17A (TC11-18H10.1), PE-CD29 (HMp1-1), PE-
CD137 (17B5), PE-KLRG1 (2F1/KLRG1), PE-TIGIT (Vstm3), PE-Ly6C (HK1.4), PE-
Ly6A (D7) and APC-NRP-1 (3E12) were purchased from BioLegend (San Diego, CA).
FITC-Helios (22F6), e450-Foxp3 (FIK-16s), PE-CD69 (H1.2F3), PE-CD44 (IM7), APC-
CD44 (IM7), e450-CD4 (RM4-5), PE-Foxp3 (FIK-16s), APC-CD45RB (C363.16A),
PerCP-Cy5.5-CD45.1 (A20), APC-CD45.1 (A20), AF700-CD45.2 (104), APC-Foxp3
(FIK-16s), PE-CD101 (Moushi101), PE-GITR (DTA-1), PE-CD30 (mCD30.1), PE-RORyt
(B2D) and e450-CD73 (eBioTY/11.8) were purchased from eBioscience (San Diego, CA).
PE-IL1RL1 (DJ8) was purchased from mdbioproducts (St. Paul, MN). CD4, CD90.2 and PE
microbeads were purchased from Miltenyi Biotec, Inc. (Auburn, CA). Human rlL-2 was
obtained from the Preclinical Repository of the Biological Resources Branch, National
Cancer Institute (Frederick, MD).

Flow cytometry

Intracellular staining for transcription factors and cytokines was performed with the Foxp3
staining buffer kit according to the manufacturer’s protocol (eBioscience). Flow cytometry
was performed on a BD LSR |1 (Special Order with 488nm, 532 nm, 633 nm and 405 nm
lasers) and analyzed using FlowJo® software. Cell sorting was performed on a BD
FACSAria sorter or, for TCR repertoire analysis, on a BD Influx. Gating strategies are
shown in Supporting Information Fig. 1. For all flow cytometry and cell sorting, the EJI
guidelines were followed.

Proliferation and suppression assay

CD4*RFP~GFP~ (Tconv), CD4*RFP*GFP~ and CD4"RFP*GFP* FACS sorted cells were
purified from pooled spleen and LN of four male and female double reporter mice and were
cultured as previously described [50]. Briefly, to assess proliferative capacity, Tconv cells,
Helios™ Treg or Helios™ Treg (5 x 104) were stimulated with T depleted splenocytes (5 x
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10%) and anti-CD3 in the presence or absence of IL-2 for 3d in triplicate. The cells were then
pulsed for 6h with 3H thymidine. To assess suppressive capacity, Tconv cells were
stimulated with T depleted splenocytes and anti-CD3 in the presence or absence of sorted
Helios™ or Helios* Treg for 3d in triplicate. The cells were then pulsed for 6h with 3H
thymidine.

Adoptive transfer experiments

Spleen and LN from CD45.2 reporter mice were labeled with CD4 microbeads and enriched
for CD4* cells by autoMACS and were then FACS sorted to isolate CD4*RFP*GFP~ and
CD4*RFP*GFP™* cells. One million cells were transferred by r.o. injection into congenic
B6.SJL or B6.SJL RAG™~ mice. When transferred into WT mice, pooled spleen and LN
cells were harvested 3 to 4 weeks later and were enriched for CD4* cells by autoMACS
before flow cytometry analysis. When transferred into RAG™~ mice, cells from the
indicated lymphoid organs were harvested at 3 weeks and analyzed by flow cytometry.
Similar results were observed using either male or female mice.

Methylation analysis of Treg-specific demethylated region

Spleen and LN cells from male mice were sorted by flow cytometry to obtain CD4*RFP
~“GFP~ (Tconv), CD4*RFP*GFP~ (Helios™ Treg) and CD4*RFP*GFP* (Helios™ Treg) cells.
The cells were then analyzed for methylation status of the TSDR of the Foxp3 gene by
bisulfite sequencing as previously described [19].

Inflammatory bowel disease model

Spleen and LN from male reporter mice were labeled with CD4 microbeads and enriched by
autoMACS (Miltenyi Biotec, Inc, Auburn, CA) for CD4" cells and were then FACS sorted
to isolate CD45.2 CD4*RFP~CD45RB" and CD45.1 CD4*RFP*GFP~ and CD4*RFP*GFP*
Treg cells. CD45RBM cells (4 x 10%) and Tregs (2 x 10°) were transferred by retro-orbital
(r.0.) injection into B6 RAG™~ mice. In some experiments, CD4*RFP"CD45RB" cells were
sorted from CD45.1 reporter mice and Treg cells from CD45.2 reporter mice. Mice were
monitored for weight loss and analyzed at 10-11 wks.

Scurfy cell transfer model

Splenocytes (2 x 108) from 21-28d male CD45.2 scurfy mice were transferred r.0. to B6
RAG™~ mice alone or with 5 x 10° CD4*RFP*GFP~ or CD4*RFP*GFP™ Treg cells from
CD45.1 reporter mice that had been enriched by autoMACS for CD4" cells and then FACS
sorted. In some experiments, the congenic markers were switched. At 6 weeks, lung and
liver tissues were fixed, processed and stained with H&E (Histoserv, Germantown, MD) and
splenocytes were analyzed for CD4, CD8 and cytokine expression.

Gene expression profiling

CD4*RFP*GFP~ or CD4*RFP*GFP™* Treg cells were FACS sorted from pooled spleen and
LN of five individual 8wk old male double reporter littermates. Stringent sorting gates
resulted in approximately 2.2 x 105 CD4*RFP*GFP~ cells and 6.0 x 10° CD4*RFP*GFP*
cells per mouse. Cells were processed and RNA was sequenced by the Genomics Unit, RML
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Research Technologies Section, NIAID, NIH. Reads were mapped to the mouse genome
assembly mm10 using Hisat2 [51]. Reads mapping to genes were counted using htseg-count
[52]. Differential expression analysis was performed using the Bioconductor package
DESeq? [53]. Further analysis was performed using Partek Genomic Suite. Data were
deposited in the GenBank under accession number GSE117989 (https://www.nchi.nlm.gov/
genbank/).

Quantitative PCR

Tnaive (Ty)(CD4*RFP~CD447), Ty (CD4*RFP~CD44™), Helios™ Treg (CD4*RFP*GFP")
and Helios* Treg (CD4*RFP*GFP*) cells from pooled spleen and LN were obtained by cell
sort. RNA was isolated from the cells using the RNeasy Mini Kit (Qiagen, Germantown,
MD) followed by cDNA synthesis (Invitrogen SuperScript 111 First-Strand Synthesis
SuperMix for gRT-PCR) (Waltham MA). RT-PCR was performed in triplicate using Applied
Biosystems TagMan Universal PCR Master Mix and run on the Applied Biosystems
QuantStudio 7 Flex machine (Waltham, MA). dCt was calculated by subtracting the average
value for the 18s rRNA (Applied Biosystems) from the average value for each of the other
genes and changed from logarithmic to linear form using the formula 2”(-dCt). The
following TagMan Gene Expression Assays were obtained from Applied Biosystems: Tgfbr
(Mm00803538_m1) Satbl (Mm01268940_m1) Viprl (Mm00449214_m1) Dapll
(Mm01271524_m1) Pde3b (Mm00691635_m1) Amigo2 (MmO00662105_s1) Gbp2b
(Mm00657086) Rorc (Mm01261022_m1) Itgh8 (Mm00623991_m1) Ikzf4
(Mm01133256_m1) Penk (Mm01212875_m1) and 18s rRNA.

TCR repertoire analysis

CD4*RFP*GFP~ or CD4*RFP*GFP™* cells were FACS sorted from mLN of two individual
8wk old double reporter female littermates (experiment 1). Approximately 2.0 x 10°
CD4*RFP*GFP~ cells and 5.3 x 10° CD4*RFP*GFP* cells per mouse were recovered.
Genomic DNA was purified from the sorted cells using Cells and Tissue DNA lIsolation Kit
or Cells and Tissue DNA Isolation Micro Kit (Norgen Biotek Corp., Thorold, Ontario).
TCRB CDR3 regions were amplified and sequenced at the deep level (200,000 cells).
Amplification and sequencing were carried out by Adaptive Biotechnologies, Inc. (Seattle,
WA).

For a second experiment, CD4*RFP~CD44~GFP~(Ty), CD4*RFP*GFP~ (Helios™ Treg) or
CD4*RFP*GFP* (Helios* Treg) cells from mLN of four individual female littermates were
FACS sorted on a BD Influx. Isolated cells were analyzed at the deep (200,000 cells) level
(CD4*RFP*GFP™), the ultra deep (800,000 cells) level (CD4*RFP*GFP*) or the max depth
(4 x 10%) level (CD4*RFP~CD44~GFP"-). The repertoire analyses were performed using
ImmunoSEQ software from Adaptive Biotechnologies (http://adaptivebiotech.com/
immunoseq). The sample overlap is the sum of the counts for all shared sequences observed
in two samples divided by the total number of counts for all sequences (shared and
unshared) in the two samples. Counts are defined by V gene, J gene and CDR3 residues.
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All data are presented as the mean values £ SD. Most comparisons between groups were
analyzed using unpaired Student’s t tests (Prism GraphPad). Paired Student’s t tests were
used where specifically indicted. Statistical significance was established at the levels of *p <
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Helios™ Treg have an activated effector phenotype. Splenocytes were analyzed by flow
cytometry and were gated on (A) CD4*Foxp3™ cells or (B) CD4*Foxp3*Helios™ (left),
CD4*Foxp3*Helios* (right) cells. Data shown are representative of three independent

experiments with n = 1 or 2 mice per experiment. (C) Summary data of (A) and (B) (paired

Student’s #test).
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Figure2.

In vitro properties of Helios™ and Helios*™ Treg. (A) The indicated lymphoid organs from
double reporter mice were analyzed by flow cytometry and were gated on CD4* cells or (B)
were gated on CD4™ cells and Helios and Foxp3 expression were analyzed by intracellular
staining. Data shown are representative of two independent experiments with n=2 mice per
experiment. (C) Sorted Tconv cells (CD4*RFP™), Helios™ Treg (CD4*RFP*GFP™) or Helios
* Treg (CD4*RFP*GFP*) from four pooled reporter mice were stimulated with T depleted
splenocytes and anti-CD3 in the presence or absence of 1L-2 for 3d. Cells were plated in
triplicate. Data shown are representative of three independent experiments. (D) Sorted
CD4*RFP~ cells from reporter mice were stimulated with T depleted splenocytes and anti-
CD3 in the presence or absence of sorted Helios™ or Helios* Treg for 3d. Cells were plated
in triplicate. Data shown as the mean + SD of three independent experiments expressed as
percent proliferation compared to Tconv alone.
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Figure 3.
Helios™ Treg are unstable under lymphopenic conditions. Sorted Helios™ or Helios* Treg (1

x 108 cells) were injected r.o. into B6.SJL congenic recipients. At 4 weeks, spleen and LN
from each mouse were pooled and enriched by autoMACS for CD4* T cells. (A) Cells were
gated on CD45.2 and CD4 and analyzed for GFP and RFP expression. Representative plots
shown. (B) Summary data of (A) showing the percentage of the transferred cells that remain
Foxp3* (left). Data shown as mean + SD, from three independent experiments with n=2-3
mice per experiment. Representative histogram for Helios expression gated on Foxp3™ Treg
(right). (C) Sorted Foxp3~Helios™ Tconv (CD4*RFP~GFP~) and Helios™ or Helios* Treg
(7.5 x 10° cells) were injected r.o. into B6.SJL RAG™~ congenic recipients. The indicated
lymphoid organs from each mouse were analyzed at 3 wk. Cells were gated on CD45.2 and
CD4 and analyzed for GFP and RFP expression. Representative plots shown. Representative
histogram for Helios expression gated on Foxp3* Treg (right). (D) Summary data of (C)

Eur J Immunol. Author manuscript; available in PMC 2020 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Thornton et al.

Page 23

showing the percentage of the transferred cells that remain Foxp3* (left). Data shown as
mean + SD, from three independent experiments with n=2-5 mice per experiment. (E)
Tconv, Helios™ Treg or Helios* Treg were sorted from three pooled male reporter mice and
were analyzed for CpG methylation at the Foxp3 TSDR region. Each CpG was analyzed in
triplicate. Data shown as mean percent methylation of 11 combined CpG + SD,
representative of two independent experiments (left) or shown for each separate CpG (right).
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Figure 4.

Foxp3*Helios

‘ — Foxp3*Helios™

Helios™ and Helios* Treg protect mice from IBD. CD4*RFP~CD45RB" T cells from 8-12
week old CD45.1 mice were injected r.o. into 8-10 week old B6.SJL RAG ™ recipients.
Helios™ or Helios* Treg from congenically marked (CD45.2) reporter mice were co-injected
where indicated. (A) Mice were monitored weekly for weight loss. Data shown as mean
percent weight change from original weight, representative of four independent experiments
with n=5 mice per experiment. (B) Effector cells (CD4*TCRB*CD45.1%) from the
mesenteric lymph node were analyzed at 10-11 wks by intracellular staining for cytokine

production. Data shown as mean + SD, representative of four independent experiments with
n=5 mice per experiment. (C) Treg cells (CD4* TCRB*CD45.2") were quantified at 10-11
wks from the mesenteric node (left), were analyzed for RFP (Foxp3) expression (middle)
and total Foxp3* Treg calculated (right). Data shown as mean * SD, representative of four
independent experiments with n=5 mice per experiment. (D) Foxp3* Treg in (C) were
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analyzed for Helios expression. Data shown as the percent of CD4* TCRB*CD45.2* Foxp3™*
cells that express Helios. Data shown as mean + SD, representative of four independent
experiments with n=5 mice per experiment (left) or a representive histogram.
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Figureb.

Helios™ Treg mice fail to fully inhibit the expansion of effector scurfy cells. Splenocytes
from 21d scurfy mice were injected r.0. into 8 wk old B6.SJL RAG™" recipients. Helios™ or
Helios™ Treg cells were co-injected where indicated. After 6 weeks, splenocytes were (A)
quantified (left panel), gated on scurfy CD45.1*TCRB™ cells and CD8* cells (middle panel)
or CD4" cells quantified (right panel) (B) Scurfy CD4" cells, scurfy CD8* cells or Treg
(CD45.2*TCRp™) were analyzed by intracellular staining for IFNy expression. Data shown
as the percent of the gated cells that express IFNy. (C) Liver and lung tissue were taken at 6
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wks, stained for H&E and the degree of infiltration scored. (D) Helios™ or Helios* Treg
(CD45.2*TCRB*) were quantified (left) analyzed for RFP (Foxp3) expression (middle) and
the total Foxp3* Treg calculated (right). All data shown as mean + SD, from two of three
independent experiments with n=3 to 5 mice per experiment.
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Differential gene expression between Helios™ and Helios* Treg. Sorted Helios™ and Helios*
Treg from 5 individual double reporter mice were analyzed by RNA-seq. (A) Heat map of
all differentially expressed genes equal or greater than two-fold different and p< 0.05. (B)
Selected GO analysis of differentially expressed genes. (C) Scatter plot of all expressed
genes. (D) Validation of selected differentially expressed genes by gqPCR (Tn: CD4¥CD447)
and flow cytometry. Cells were gated on CD4*Foxp3™* cells. Data shown as the triplicate
mean, representative of three independent experiments.
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Figure7.

Helios™ and Helios* Treg do not have similar TCR repertoires. Helios™ and Helios* Treg
were sorted from the mLN from two individual mice and high-throughput sequencing for
TCRB CDR3 regions was performed. (A) Diversity index (scale=0-1). (B) Pearson
correlation and similarity. Ty cells (CD4*RFP~CD44"), Helios™ Treg or Helios* Treg were
sorted from the mLN of three individual reporter mice and high-throughput sequencing for
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TCRB CDR3 regions was performed. (C) Diversity index (scale=0-1). (D) Pearson
correlation and similarity. Data shown as mean + SD.

Eur J Immunol. Author manuscript; available in PMC 2020 March 01.

Page 30



	Abstract
	Graphical Abstract
	Introduction
	Results
	Helios+ Treg have an activated phenotype
	Functional properties of Helios− and Helios+ Treg
	Helios− and Helios+ Treg stability
	Suppressive properties of Helios− and Helios+ Treg in vivo
	Transcriptome analysis of Helios− and Helios+ Treg
	TCR repertoire analysis of Helios− and Helios+ Treg

	Discussion
	Materials and Methods
	Animals
	Media, antibodies and reagents
	Flow cytometry
	Proliferation and suppression assay
	Adoptive transfer experiments
	Methylation analysis of Treg-specific demethylated region
	Inflammatory bowel disease model
	Scurfy cell transfer model
	Gene expression profiling
	Quantitative PCR
	TCR repertoire analysis
	Statistics

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.

