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Regulatory T cells (Tregs) are key modulators of immune tolerance,
capable of suppressing inflammatory immune responses and
promoting nonlymphoid tissue homeostasis. Helios, a transcrip-
tion factor (TF) that is selectively expressed by Tregs, has been
shown to be essential for the maintenance of Treg lineage stability
in the face of inflammatory conditions that include autoimmune
disease and cancer. Helios-deficient Tregs within tumors acquire
effector T cell function and contribute to immune responses
against cancer. However, the underlying genetic basis of this Treg
reprogramming is not well understood. Here, we report that
Helios-deficient Tregs within the chronic inflammatory tumor mi-
croenvironment (TME) derepress genetic programs associated
with T helper (Th) cell differentiation by up-regulating Th cell-
associated TFs and effector cytokines. These genetic changes of
Helios-deficient Tregs are most apparent in a Treg subpopulation
with high affinity for self-antigens, as detected by both increased
GITR/PD-1 expression and increased responsiveness to self-
antigens. Their combined effects may promote a phenotype
conversion of Tregs into effector T cells within the TME, where
TCR engagement and costimulatory receptor expression by Tregs
are increased. These data provide a genetic basis for the unstable
phenotype of Helios-deficient Tregs within the inflamma-
tory environment of tumors and suggest that immune milieu-
dependent alterations in gene expression are a central feature of
Treg conversion.
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Regulatory T cells (Tregs) are a specialized subset of CD4
T cells that play a key role in the maintenance of self-

tolerance and immune regulation during inflammation. The
majority of Tregs differentiate in the thymus as an alternative
pathway for CD4 single positive cells that express self-reactive
TCR. As a result, the TCR repertoire of FoxP3+ Tregs in pe-
ripheral tissues is highly shifted toward self-reactive TCR (1).
Due to the self-reactivity of their TCRs, stable expression of a
suppressive phenotype is critically important to prevent differ-
entiation into proinflammatory effector T cells that can provoke
the development of autoimmune disease. Emerging evidence
supports the notion that FoxP3 expression alone is not sufficient
to maintain the characteristic suppressive and homeostatic features
of Tregs; additional genetic elements are required for expression
of Treg function, lineage stability, and adaptation to the tissue
environment.
While Tregs are classically viewed as regulators of other im-

mune cells, it is increasingly acknowledged that specialized Tregs
in tissues are important for maintenance of organ homeostasis.
Recent studies revealed that tissue-resident Tregs acquire and
stabilize distinct genetic programs, which confers plasticity to
Tregs and allows them to adapt to particular tissues and to ex-
press tissue-appropriate cellular and molecular components (2–
5). Tumor tissues can also be viewed as a newly organized organ
that forms a micromilieu that promotes cancer cell survival. It is

therefore likely that intratumoral Tregs adopt a tumor tissue-
specific genetic program in response to distinct and separately
evolving tumor microenvironments (TMEs) (6).
Recent studies suggest that although the Helios transcription

factor (TF) is largely dispensable for Treg activity in the steady
state, control of the genetic program of FoxP3+ CD4 Tregs by
Helios in the context of inflammation is essential to maintain a
stable phenotype and potentiate suppressive function (7, 8). The
Helios (Ikzf2) gene, a member of the Ikaros family of TFs, differs
from other Ikaros family members according to its selective ex-
pression by thymocytes undergoing negative selection, as well as
by regulatory lineages of CD4 and CD8 T cells. These observa-
tions indicate the critical contribution of Helios to self-reactive
T cell selection, differentiation, and function. This view receives
direct support from recent findings that selective Helios de-
ficiency within CD4 Tregs leads to enhanced antitumor immu-
nity that reflects induction of an unstable phenotype and
conversion of Tregs into T effector cells within the TME (9). In
view of the increased self-reactivity of TCR in CD4 Tregs com-
pared with conventional T cells, conversion of Tregs might be
expected to generate highly potent effector CD4 T cells ac-
companied by release from Treg-mediated suppression within
the TME. While the antitumor activity of converted Tregs that
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lack Helios is clear, the basis for genetic reprogramming of these
Tregs and associated functional changes is poorly understood.
Here, we analyze the transcriptome of Tregs in the spleen and

tumor site with respect to Helios expression. These data de-
lineate Helios-dependent influences on the Treg transcriptome
within the TME and reveal that effector cell conversion of
Helios-deficient Tregs within the tumor-tissue microenviron-
ment is associated with increased expression of genes that con-
trol T effector cell phenotype and may be linked to the increased
self-reactivity of Tregs that undergo intratumoral conversion.

Results
Helios Expression Regulates the Transcriptome of Intratumoral but
Not Splenic Tregs. Several studies have linked the Helios TF
with maintenance of lineage stability of effector Tregs (eTregs)
and expression of suppressive activity under acute or chronic
inflammatory conditions (8–10). Earlier analyses showed that
mice with Helios-deficient Tregs have smaller tumors in models
of B16 melanoma, B16 melanoma with GVAX, and MC38 colon
adenocarcinoma (9). The impact of Helios-deficient Tregs on
antitumor immunity is cell-intrinsic (i.e., transfer of Helios-
deficient CD4 Tregs alone is sufficient to reduce tumor
growth). Lineage stability of Helios-deficient Tregs is also im-
paired and is accompanied by diminished FoxP3 expression;
acquisition of an effector phenotype; and production of proin-
flammatory cytokines, including IFN-γ. Acquisition of an un-
stable phenotype by Helios-deficient Tregs within the TME, but
not in peripheral lymphoid organs (9), suggested that an altered
Treg signature might be selectively induced within the chronic
inflammatory conditions of growing tumor. To identify dominant

genetic pathways involved in this process, we performed RNA-
sequencing (RNA-seq) using Tregs isolated from tumors and
spleens of FoxP3-Cre (Helios WT) and Heliosfl/fl.FoxP3-Cre
(Helios KO) mice that had been inoculated s.c. with B16/
F10 melanoma cells. Splenic Tregs from Helios WT and KO
mice displayed similar transcriptomes containing ∼43 differen-
tially expressed transcripts (at a ≥1.5 log2-fold change and P
value <0.01), while the transcriptomes of intratumoral Tregs
from Helios WT and KO mice showed 186 differentially ex-
pressed genes (≥1.5-fold change) (Fig. 1A and Table S1). These
data show that the magnitude and degree of differential gene
expression imposed by Helios deficiency within Tregs depend
greatly on the tissue microenvironment.
To understand molecular changes underlying the unstable

phenotype of Helios-deficient Tregs within the chronic inflam-
matory conditions of the TME, we investigated the relatedness
of Helios-deficient intratumoral Tregs to Helios-sufficient
intratumoral and splenic Tregs using principal component
analysis (Fig. 1B). Analysis of the relationship using the first
principal component representing 79% of variance revealed
segregation of populations based on tissue and genetic origin.
Intratumoral Tregs formed groups that were most distant from
splenic Tregs independent of Helios genotype. Moreover,
intratumoral Tregs from Helios WT and KO mice showed sharp
segregation in contrast to splenic Tregs, which did not clearly
segregate according to Helios expression along principal com-
ponent 1, which enriches in gene signatures for inflammation,
including TNF-α signaling and IFN-γ response (Fig. 1C). These
data suggest that the Helios-deficient Treg phenotype is highly
sensitive to the TME, while residence of Helios-deficient Tregs

Fig. 1. Transcriptome analysis of splenic and tumor Tregs reveals divergent gene expression by intratumoral Helios-deficient Tregs. (A) Helios WT and KO
mice were inoculated s.c. with B16/F10. Small numbers (∼400) of splenic and tumor Tregs were sorted for gene expression profiling. Volcano plots show the
meta-analysis of differential gene expression of splenic and tumor Tregs from Helios WT or KO mice (P < 0.01). Genes that display differential expression by a
log-fold change ≥1.5 are shown in red. (B) Principal component analysis of Treg populations isolated from spleen and tumor from Helios WT and KO mice,
showing the top two principal components (PC1 and PC2) and their contribution to intersample variation. (C) Gene set enrichment analysis showing en-
richment of signatures for TNF-α signaling via NF-κB and IFN-γ responses, which contribute to PC1 in the principal component analysis.
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within the relatively noninflammatory splenic environment does
not impose a significantly altered phenotype.

Genes Associated with Th Cell Differentiation Are Up-Regulated by
Intratumoral Helios-Deficient Tregs. We used transcriptional pro-
filing to identify major gene networks that might contribute to
the conversion of Helios-deficient Tregs within the TME but not
elsewhere in spleen. We identified genes that were differentially
expressed according to the location of Tregs [spleen vs. tumor
(e.g., Tet1, CTLA4)], according to Helios expression [Helios WT
vs. KO (e.g., Bicd1, CD5)], or according to both location and
Helios expression (e.g., IFN-γ, GATA3) (Fig. 2A). To identify
genes that are selectively up-regulated by Helios-deficient
intratumoral Tregs, we compared the profiles of Helios WT
and KO intratumoral Tregs. Genes up-regulated by Helios-
deficient intratumoral Tregs were then compared with genes
expressed by Helios-deficient intrasplenic Tregs (Fig. 2B). This
analysis revealed that Helios-deficient intratumoral Tregs dis-
played increased levels of Treg surface receptors, including
ICOS, Tnfrsf18, Tnfrsf9, Klrg1, and Il1r1, that are associated
with final Treg differentiation (Fig. 2B). TFs involved in Th
lineage determination, such as Ikzf3, Irf1, Gata3, Batf, and Stat4,
were also up-regulated. Of note, expression of Nr4a1, a TF induced
upon TCR engagement that reflects TCR signaling strength (11),
was up-regulated by intratumoral Tregs, suggesting that recogni-
tion of tumor-associated antigens by tumor-resident Tregs influ-
enced the phenotype of these cells. Expression of cytokines
involved in T cell effector functions were also increased by
Helios-deficient intratumoral Tregs. Gene network analysis
showed that these genes collectively formed a network that represents
the Th1 and Th2 differentiation programs and contains major gene
modules that regulate expression of canonical Th1/Th2 cytokines
and TFs, including IFN-γ, IL-10, GATA3, and TBX21 (Fig. 2C).
Recent analysis of Tregs has indicated that expression of

costimulatory molecules 4-1BB (Tnfrsf9) and OX-40 (Tnfrsf4)
may regulate the generation and activity of Tregs (12). Thus,
OX-40 and 4-1BB signals may promote proliferation and/or
survival of Tregs in vitro (13–15), while ligation of OX-40 or
4-1BB in vivo can alter suppressive activity in multiple disease
settings, including inflammatory bowel disease and allogeneic
bone marrow or skin transplantation (13, 16, 17). Although the
underlying mechanisms have not been delineated, we hypothe-
sized that increased expression and ligation of OX-40 and 4-1BB
may potentiate induction of an unstable Treg phenotype within
the TME. Fluorescence-activated cell sorting (FACS) analysis
of Tregs from B16 tumor-bearing mice showed that Helios-
deficient intratumoral Tregs expressed significantly higher levels
of OX-40 and 4-1BB than Tregs isolated from lymphoid tissues
(spleen and lymph node) (Fig. 3A). Engagement of these cos-
timulatory receptors within the TME may potentiate the induc-
tion of an unstable Treg phenotype and Treg conversion through
amplification of TCR-mediated signaling.
Interestingly, the set of genes up-regulated by Helios-deficient

intratumoral Tregs is reminiscent of the recently characterized
Treg population called “tissue Tregs” that typically express ST2
(Il1r1), KLRG1, GATA3, and BATF (5) and are involved in
maintenance of tissue integrity. ST2 expression was also selec-
tively increased by intratumoral Helios-deficient Tregs in contrast

Fig. 2. Identification of genes that are selectively up-regulated by Helios-
deficient intratumoral Tregs. (A) Example of genes that are differentially
expressed by Tregs based on tissue (Left, spleen vs. tumor) and genotype
(Center, Helios WT vs. KO). An example of genes that are up-regulated se-
lectively by intratumoral Helios-deficient Tregs is also shown (Right).
(B) Expression of genes for cell surface proteins, TFs, and cytokines that are

selectively up-regulated by Helios-deficient intratumoral Tregs is presented
as a heat map. (C) Pathway analysis of genes that are up-regulated by Helios-
deficient intratumoral Tregs. The four most prominent nodules are high-
lighted. Filled symbols indicate genes up-regulated by intratumoral Helios-
deficient Tregs, and white symbols indicate neighboring genes that are
functionally associated with, but not included in, these genes. **P ≤ 0.01;
****P ≤ 0.0001.
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to both Helios-deficient and Helios WT splenic and lymph node
Tregs (Fig. 3A).
These data suggest that Helios-deficient Tregs within the chronic

inflammatory TME derepress genetic programs associated with Th
differentiation and effector T cell activation.

Helios-Deficient Tregs Display Increased Self-Reactivity. Expression
levels of TNF receptor superfamily members, including GITR
(Tnfrsf18) and OX-40 (Tnfrsf4), have been positively correlated
with strength of TCR signaling during Treg development and in
mature Tregs (18). Earlier studies indicating that increased ex-
pression of GITR and OX-40 by self-reactive Tregs confers a
selective advantage that promotes Treg maturation (18) suggest
that GITR/OX-40 costimulation may shape Treg repertoire se-
lection. Our RNA-seq analysis showed that Helios-deficient
intratumoral Tregs express significantly higher levels of GITR
compared with Helios WT intratumoral Tregs (Fig. 3B). Recent
studies have demonstrated that Tregs are divisible into GITRhi

PD1hi and GITRloPD1lo cells that are independent of central

Treg and eTreg status, and reflect their TCR affinity for self-
antigens (19). Our analysis of Helios-deficient Tregs revealed
increased proportions of GITRhiPD1hi Tregs in both spleen and
tumor (Fig. 3C). This may indicate that the TCR repertoire
expressed by Helios-deficient Tregs is skewed toward increased
self-reactivity. To directly test whether Helios WT and KO Tregs
differ in their degree of self-reactivity, we first compared
CD5 protein levels, since expression of this receptor indicates
T cell activation and correlates with TCR affinity for its peptide-
MHC ligand (20). We observed higher CD5 expression by Helios-
deficient CD4 Tregs compared with Helios WT Tregs in both
spleen and tumor (Fig. 3D), suggesting that Helios-deficient Tregs
may be more self-reactive than Helios WT Tregs. Expression of
CD5 is more prominent in intratumoral Tregs, which may reflect
increased TCR signaling intensity (20, 21) upon encounter with
tumor-associated antigens that represent self-antigens. To further
test this hypothesis, we incubated Tregs isolated from Helios WT
and KO mice with syngeneic WT activated B cells that can effi-
ciently present MHC class II-associated self-antigens to Tregs.

Fig. 3. Helios-deficient Tregs display an activated phenotype that is associated with antigen recognition. (A) Flow cytometric analysis of expression of 4-1BB,
OX-40, and ST2, which were shown to be up-regulated by intratumoral Helios-deficient Tregs in RNA-seq analysis. Tregs (TCR+CD4+FoxP3+) in spleen, lymph
node (LN), and tumor from B16/F10 tumor-bearing mice were analyzed for the expression of indicated molecules at day 21 after tumor inoculation.
(B) Expression levels of GITR by Tregs in spleen, LN, and tumor from B16/F10 tumor-bearing Helios WT or KO mice. MFI, mean fluorescence intensity.
(C) Percentage of PD-1+GITR+ Tregs in spleen and tumor from B16/F10 tumor-bearing Helios WT or KO mice. (D) Levels of CD5 expression by Tregs from
spleen, LN, and tumor from B16/F10 tumor-bearing Helios WT or KO mice. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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We observed increased proliferation of Helios-deficient Tregs
compared with Helios WT Tregs in these cocultures (Fig. 4A).
Responsiveness of Tregs to self-antigens was associated with an
early response of Tregs that express high-affinity TCR, according
to highly increased GITR and PD1 levels on proliferating Tregs
(Fig. 4B). This differential responsiveness to self-antigen was
abolished when IL-2 was provided to cultures. Increased recogni-
tion of tumor-associated antigens by Helios-deficient Tregs har-
boring high-affinity TCR may also be associated with increased
levels of their activation and subsequent conversion associated with
production of IFN-γ, since only GITRhiPD-1hi Tregs from Helios-
deficient Tregs expressed IFN-γ upon stimulation with antigens
presented by syngeneic antigen-presenting cells (Fig. 4C). These
data suggest that Helios-deficient Tregs may display a TCR rep-
ertoire skewed toward high-affinity anti–self-MHC/peptides, which
can promote robust activation in appropriate microenvironments,
such as the TME.

Discussion
We report that Helios deficiency in Tregs under chronic in-
flammatory conditions of the TME activates genetic modules
that lead to their differentiation into effector Th cells as judged

from comparative transcriptome analysis. Divergent expression
of core gene sets associated with T cell activation were observed
by intratumoral Helios-deficient Tregs compared with Helios-
sufficient Tregs, and this genetic difference was not observed in
intrasplenic Tregs.
Selective acquisition of effector T cell program(s) by intra-

tumoral Helios-deficient Tregs suggests that recognition of self-
antigen under chronic inflammatory conditions may trigger sig-
naling cascades that collectively lead to breakdown of core Treg
genetic programs. The TCR repertoire of Tregs is skewed to a
large extent to recognizing self-antigens and potentially quasi–
self-tumor antigens. The self-reactive nature of Tregs may equip
this population of cells to mediate potent antitumor immunity
when they acquire the phenotype of effector T cells. Indeed,
earlier studies have indicated that isolated Helios-deficient Tregs
alone can exert antitumor immune responses in the absence of
CD8 T cells (9).
While the core function of Tregs as key regulators of immune

tolerance, capable of suppressing multiple immune cell types and
dampening excessive inflammatory responses, is well recognized,
it is becoming increasingly clear that Tregs also play an impor-
tant role in promoting nonlymphoid tissue homeostasis (22).
This additional role of tissue Tregs, apparent from their regu-
lation of adipose tissue metabolism, facilitation of muscle repair,
and enforcement of colonic homeostasis, has recently been ex-
tended to maintenance of hematopoietic stem cells in bone
marrow and hair follicle stem cells in the skin (4, 23). These
tissue Tregs not only express genetic programs that coopt their
respective tissue microenvironments but also display clonal ex-
pansion of distinctive TCR (2, 24), suggesting a history of
migration and expansion of Tregs reactive to tissue specific
self-antigens.
Solid tumors develop through complex interactions between

different cellular and molecular components that favor tumor
cell survival and expansion that may be analogous to developing
organs. Tumor tissue may also recruit Tregs reactive to tumor-
associated antigens to the TME, which generally represents a site
of chronic inflammation. Analysis of epigenetic modifications
defining molecular characteristics of tissue Tregs has revealed
that all tissue Tregs are demethylated at the Ikzf2 locus (5),
which may suggest both the thymic Treg (tTreg) origin of tissue
Tregs as well as a universal contribution of Helios expression to
tissue Tregs. In addition, tissue Tregs characterized by the expres-
sion of markers, including ST2, KLRG1, TIGIT, and GATA3, al-
most exclusively occupy the CD44hi effector-memory compartment,
suggesting that tissue Tregs have previously been activated via TCR
signaling. Our comparative transcriptome analysis showed that
tumor Tregs (Helios WT) up-regulated ST2, GATA3, KLRG1,
and BATF, reminiscent of extensively characterized fat and skin
tissue Tregs (5, 25). Helios-deficient Tregs within the TME
displayed increased expression of these tissue Treg markers
compared with Helios WT intratumoral Tregs, as well as expres-
sion of markers, including Nr4a1 and CD69, that reflect antigen
recognition by TCR and relatively strong signaling strength. Al-
though earlier studies did not detect the impact of Helios expression
on thymic Treg development (7, 8, 26), enhanced expression of
Nr4a1 and CD5 by Helios-deficient Tregs indicates their skewed
TCR repertoire toward high-affinity TCR. The reductionist
in vitro approach taken here showing that Helios-deficient Tregs
display enhanced responsiveness to self-antigens supports the
notion that the increased activation of Tregs within TME may
reflect their somewhat increased TCR affinity to self-antigens.
In view of the antigen-primed status of Tregs, it is likely that

Tregs recognizing particular self- or tumor antigens within this
tissue microenvironment are more easily activated than con-
ventional T cells. Helios expression may safeguard these tissue
Tregs and promote Treg lineage stability in the face of high
levels of activation within the chronic inflammatory conditions of

Fig. 4. Increased responsiveness of Helios-deficient Tregs to self-antigens.
(A and B) Analysis of the responsiveness of Tregs to self-antigens. Sorted
Tregs from Helios WT or KO mice were labeled with CTV and cocultured with
activated syngeneic B cells in the presence or absence of IL-2 (19). The per-
centage of cells that underwent division during the indicated culture time
periods and the percentage of Tregs with high-affinity TCR (PD1+GITR+) (19)
within dividing or nondividing cells are depicted. (C) Percentage of IFN-
γ–expressing cells in high-affinity (GITRhiPD-1hi) and low-affinity (GITRloPD-1lo)
FoxP3+ cells from Helios WT or KO mice that were cocultured with activated
syngeneic B cells for 3 d. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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the TME. It is therefore feasible that extensive inflammatory
signaling via costimulatory molecules in addition to TCR en-
gagement may lead to the induction of differentiation of con-
ventional T cells with antitumor activity in the absence of the
stabilizing influence of the Helios TF.

Materials and Methods
Mice. C57BL/6J (B6) and FoxP3YFP-Cre mice were obtained from the Jackson
Laboratory. Heliosfl/fl mice were provided by Ethan Shevach, NIH, Bethesda,
MD, and Heliosfl/fl.FoxP3YFP-Cre mice were generated by crossing them to
FoxP3YFP-Cre mice. CD45.1+ C57BL/6 mice were obtained from Taconic
Farms. All mice were housed in specific pathogen-free conditions in the
animal facilities at the Dana–Farber Cancer Institute. All experiments were
performed in compliance with federal laws and institutional guidelines
as approved by the Dana–Farber Cancer Institute’s Animal Care and
Use Committee.

Antibodies and Flow Cytometry. Fluorescence dye-labeled Abs specific for CD4
(L3T4), CD8 (53-6.7), TCR (H57-597), CD25 (PC61), CD45.2 (104), ST2 (DIH9),
CD5 (53-7-3), GITR (DTA-1), OX-40 (OX-86), 4-1BB (17-B5), CD44 (IM7), CD62L
(MEL-14), PD-1 (J43), Helios (22F6), FoxP3 (NRRF-30), and IFN-γ (XMG1.2) were
purchased from Becton Dickinson, eBioscience, and Biolegend. Intracellular
staining for Helios, FoxP3, and IFN-γ was performed using a FoxP3 staining
buffer set (eBioscience).

Tumor Induction and Cell Preparation. B16/F10 melanoma cells were s.c. in-
oculated into Helios WT or KO mice, and the tumor growth was monitored.
Twenty days after tumor induction, cells were prepared from spleen and
tumor. Single-cell suspensions of total splenocytes and lymphocyte-enriched
tumor cells were stained with CD45, TCR, and CD4 for FACS analysis. FoxP3+

CD4 cells (CD4+YFP+) were sorted in pools of 100 cells into a microplate
containing 5 μL of RLT buffer (Qiagen) + 1% (vol/vol) β-mercaptoethanol in
each well. Immediately after sorting, plates were sealed, vortexed briefly,
spun down at 400 × g for 1 min, and flash-frozen on dry ice for storage
at −80 °C until library preparation.

RNA-Seq Analysis of Tregs. Three wells, each containing four pools from each
sample (equivalent to 400 cells), were combined to generate three technical
replicates from three biological replicates (a total of nine samples per group)
to generate next-generation sequencing libraries. Single-cell lysates were
converted to cDNA following capture with Agencourt RNA Clean beads using
the SmartSeq2 protocol as previously described (27). The cDNA was amplified
using 18 PCR enrichment cycles before quantification and dual-index bar-
coding with an Illumina Nextera XT kit. The libraries were enriched with
12 cycles of PCR and then combined in equal volumes before final bead
clean-up and sequencing on a NextSeq500 instrument by 37-bp paired-end
reads. After demultiplexing, low-quality base reads were trimmed with
Trimmomatic (28) using the following parameters: LEADING: 15, TRAILING:
15, SLIDINGWINDOW: 4:15, and MINLEN: 16. Trimmed reads were then
aligned to the mm10 mouse genome using Bowtie2. HTSeq was used to map
aligned reads to genes and to generate a gene count matrix. Normalized
counts and differential expression analysis were performed using the
DESeq2 R package. We performed gene set enrichment analysis as pre-
viously described (29). Gene network analysis was performed using Ingenuity
Pathway Analysis (Qiagen).

In Vitro Stimulation and Proliferation. B cells were isolated from B6 CD45.1 mice
and stimulated with LPS (50 ng/mL) overnight. FoxP3+ CD4 Tregs (YFP+CD4+)
were isolated fromHelioWT or KOmice by sorting for YFP+ cells with FACS after
labeling with CD45, TCR, CD4, and CD25 (purity > 97%). Purified CD4 Tregs were
labeled with CellTrace Violet (CTV; ThermoFisher Scientific) according to
the manufacturer’s instructions. CTV-labeled CD4 Tregs were cocultured
with activated B cells with or without IL-2 (20 ng/mL). Proliferation of CD4
Tregs was measured by FACS based on levels of CTV signal.

Statistical Analysis. Statistical analysis was performed according to unpaired,
two-tailed Student’s t tests using Prism software (GraphPad). A P value
of ≤0.05 was considered statistically significant (*P ≤ 0.05; **P ≤ 0.01;
***P ≤ 0.001).
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