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SUMMARY

IL-7 receptor signaling is essential for the generation andmaintenance of conven-
tional T cells. Immunosuppressive Foxp3+ Treg cells, however, express uniquely
low amounts of the IL-7-proprietary IL-7Ra so that they are impaired in IL-7
signaling. Because Treg cells depend on IL-2, the loss of IL-7Ra has been consid-
ered irrelevant for Treg cells. In contrast, here, we report that IL-7Ra downregu-
lation is necessary to maximize IL-2R signaling. Although IL-7Ra overexpression
promoted IL-7 signaling, unexpectedly, IL-2 signaling was suppressed in the
same cells. Mechanistically, we found that gc, which is a receptor subunit shared
by IL-7R and IL-2R, directly binds and pre-associates with IL-7Ra, thus limiting its
availability for IL-2R binding. Consequently, overexpression of signaling-defi-
cient, tailless IL-7Ra proteins inhibited IL-2R signaling, demonstrating that IL-
7Ra sequesters gc and suppresses IL-2R signaling by extracellular interactions.
Collectively, these results reveal a previously unappreciated regulatory mecha-
nism of IL-2 receptor signaling that is governed by IL-7Ra abundance.

INTRODUCTION

Interleukin-7 (IL-7) signaling is critical for T cell development and homeostasis, as demonstrated by

impaired thymopoiesis and survival defects in T cells of IL-7- or IL-7R-deficient mice (Von Freeden-Jeffry

et al., 1995, Peschon et al., 1994; Hong et al., 2014; Fry and Mackall, 2001). IL-7 signaling is transduced

through the heterodimeric IL-7 receptor, which is composed of a common g-chain (gc) that is shared

with IL-2 and other gc family cytokines (Waickman et al., 2015; Rochman et al., 2009) and the IL-7-proprie-

tary IL-7Ra-chain (IL-7Ra) (Park et al., 2000). Signaling by IL-7 is triggered by ligand-induced dimerization of

IL-7Ra and gc, which results in conformational changes of the receptor subunits and the transactivation of

the receptor-associated kinases JAK1 and JAK3 (Wang et al., 2009). This event is followed by tyrosine phos-

phorylation of the IL-7Ra intracellular domain and the recruitment and activation of downstream signaling

molecules, such as STAT5a/b and the PI-3 kinase (Waickman et al., 2015; Rochman et al., 2009). IL-7

signaling in T cells is important because it upregulates the expression of anti-apoptotic genes, such as

Bcl2 and Mcl1, and promotes the expression of trophic proteins such as glucose transporter-1 (Surh and

Sprent, 2008; Yu et al., 2003; Rathmell et al., 2001). Excessive or prolonged IL-7 signaling, on the other

hand, can result in cytotoxicity (Kimura et al., 2013) or lymphomas (Mertsching et al., 1995), so that the

timing andmagnitude of IL-7 signaling are tightly controlled during T cell development and differentiation.

A major mechanism by which IL-7 signaling is fine-tuned in T cells is based on the highly dynamic expres-

sion of IL-7Ra. During T cell development in the thymus, the earliest T cell precursors express large

amounts of IL-7Ra proteins, which is required for the cells to transition from the double-negative (DN) stage

into immature CD4, CD8 double-positive (DP) cells (Hong et al., 2012; Akashi et al., 1997, Von Freeden-Jef-

fry et al., 1997). In DP thymocytes, however, IL-7Ra expression ceases and is only re-induced upon TCR-

signaling-mediated positive selection (Yu et al., 2006). Moreover, assessments of IL-7Ra regulation in

mature T cells revealed that TCR activation and signaling by IL-7 and other gc family cytokines can down-

regulate IL-7Ra expression (Park et al., 2004; Xue et al., 2002), whereas, TGF-b, TNF-a, and glucocorticoids

can induce IL-7Ra gene expression (Ouyang et al., 2013; Johnson and Jameson, 2012; Park et al., 2004; Lee

et al., 2005). Mechanistically, several nuclear factors that control IL-7Ra expression in T cells have been

identified: the transcription factors GABP, Runx1, Foxo1, and glucocorticoid receptors upregulate IL-
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7Ra gene expression (Egawa et al., 2007; Xue et al., 2004; Lee et al., 2005; Kerdiles et al., 2009), whereas the

transcriptional repressors Foxp1 and Gfi1 suppress IL-7Ra expression (Feng et al., 2011; Ligons et al., 2012;

Park et al., 2004). Thus, IL-7Ra expression is determined by a complex regulatory network that adjusts the

amount of IL-7Ra protein in accordance with its IL-7 requirement in a cell- and stage-specific manner.

Although all conventional T cells express high levels of IL-7Ra, Foxp3+ CD25+ regulatory T cells (Tregs) are

distinct, as they express uniquely low levels of cell surface IL-7Ra (Seddiki et al., 2006; Liu et al., 2006; Cozzo

et al., 2003). In fact, the loss of IL-7Ra is such a distinguishing trait of Foxp3+ Treg cells that it is now routinely

used to identify Treg cells among human peripheral blood lymphocytes with high accuracy and reproduc-

ibility (Banham, 2006). However, the molecular mechanism that suppresses IL-7Ra expression on Treg cells

and the biological significance of IL-7Ra downregulation remain unclear. Initially, IL-7Ra expression was

thought to be suppressed on Foxp3+ Treg cells as a consequence of strong TCR/CD28 stimulation that

is necessary for thymic Treg cell generation (Tai et al., 2005; Cozzo et al., 2003). Alternatively, it was

proposed that Foxp3 proteins could directly inhibit Il7r promoter activity, as indicated by Foxp3-ChIP assay

results (Liu et al., 2006). However, whether IL-7Ra downregulation is an epiphenomenon of Foxp3+ Treg cell

differentiation or whether the suppression of IL-7Ra expression in Foxp3+ Treg cells has a functional role in

Treg cell biology has not been determined.

Here, we addressed this question by generating and analyzing Foxp3+ Treg cells that express high levels of

IL-7Ra. We came to the surprising conclusion that the downregulation of IL-7Ra expression is not only asso-

ciated with Foxp3+ Treg cell differentiation but also with maximizing IL-2 receptor signaling in Treg cells.

Because Foxp3+ Treg cells primarily utilize IL-2, and not IL-7, for their generation and survival (Fontenot

et al., 2005), some studies considered IL-7 signaling to be superfluous and not a factor that interfered

with Treg cell function (Peffault De Latour et al., 2006). In contrast to this supposition, our results showed

that forced IL-7Ra expression strongly interfered with IL-2 receptor signaling in Treg cells, and that it signif-

icantly blunted downstream STAT5 phosphorylation. Notably, the diminished IL-2 responsiveness induced

by increased abundance of IL-7Ra was not due to a decrease in IL-2 receptor expression. Instead, we pro-

pose that unliganded IL-7Ra and gc proteins pre-associate through their extracellular domains to

sequester gc from other cytokine proprietary receptors, such as IL-2Rb. In support of this hypothesis, we

found that recombinant IL-7Ra ectodomain proteins directly bind to surface gc even in the absence of

IL-7 and that a signaling-incompetent tailless IL-7Ra construct was able to impair IL-2 receptor signaling

in Treg cells. Collectively, these findings highlight a novel regulatory mechanism of cytokine receptor cross

talk that utilizes IL-7Ra expression as a means to control gc cytokine responsiveness.
RESULTS

gc Binds IL-7Ra Independently of IL-7

To assess whether gc availability limits the cytokine responsiveness of CD4 T cells, we quantified the num-

ber of cell surface gc, IL-7Ra, and IL-2Rb cytokine receptors using fluorescence-conjugated antibodies and

fluorescent beads (Figure 1A) (Gonnord et al., 2018). Saturating amounts of phycoerythrin (PE)-conjugated

anti-gc, anti-IL-7Ra, and anti-IL-2Rb monoclonal antibodies were used to stain freshly isolated LN CD4

T cells, and then the mean fluorescence intensity (MFI) of each stained sample was assessed to calculate

the number of receptors based on standard curves. Standard curves were generated by flow cytometric

data from the analysis of latex beads coated with a predetermined number of PE molecules and by plotting

the number of PE molecules versus the MFI of the individual beads (Figure S1) (Gonnord et al., 2018).

Using this assay, we found that the number of cytokine receptor molecules substantially differed among each

sample and that IL-7Ra was abundant (~4,300 molecules/cell), but IL-2Rb was only minimally expressed (~75

molecules/cell) on naive CD4 T cells (Figure 1A). The gc receptor itself, on the other hand, was present at

~2,300 molecules per cell, a quantity significantly less than that of IL-7-proprietary IL-7Ra but vastly more than

that of IL-2Rb (Figure 1A). A corollary of this observation is thatgc availability woulddiffer depending on the cyto-

kine; therefore, gc is not a limiting factor for IL-2Rb signaling but is insufficient for maximal ligand binding and

signaling of IL-7Ra. Altogether, these results demonstrate a molecular stoichiometry among gc family cytokine

receptors in which gc availability is not static but varies depending on the cytokine of interest.

An underlying assumption in determining gc availability is based on gc being freely available and not pre-

associated with other molecules that could impede gc recruitment to proprietary receptors. However,

there is an increasing body of evidence indicating that this is not the case. Structural studies together
2 iScience 23, 101421, August 21, 2020



Figure 1. Pre-assembly of gc Cytokine Receptor Complexes on Mature T Cells

(A) Surface IL-7Ra proteins outnumber gc proteins on naive CD4+ T cells. Surface gc, IL-7Ra, and IL-2Rb proteins were

quantified on naive (CD44lo) Foxp3– CD4+ T cells from Foxp3-EGFP reporter mice. Saturating concentrations of PE-

conjugated antibodies and a standard curve generated using Quantum R-PE MESF beads were used to determine the

number of receptor number per cell. Bar graphs show summary of three independent experiments with three mice and

mean and SEM are shown.

(B) SPR analysis of IL-7Ra binding to gc. Binding sensorgrams (black lines) of IL-7Ra over immobilized gc are displayed and

globally fit to a single step kinetic model (red lines) to determine the kon and koff rate constants.

(C) Binding sensorgrams of IL-2Rb over an immobilized gc sensor chip. The inset shows a dose-response curve plotting

the maximal responses (Rmax, depicted by the dashed boxes) for each IL-2Rb concentration. The plot of Rmax values versus

IL-2Rb concentrations was non-linearly fit to a single-site binding affinity model to determine a Kd value.

See also Figure S1.
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with protein binding assays have demonstrated cytokine-free binding of gc to proprietary cytokine recep-

tors (Gonnord et al., 2018, Mcelroy et al., 2012). In fact, we previously demonstrated that IL-7Ra can directly

bind and sequester gc proteins, making them unavailable to other proprietary receptors (Hong et al., 2014;

Park et al., 2016). The pre-association of gc with its proprietary receptors raises an interesting quandary:

low-abundance receptors, such as IL-2Rb, should be disadvantaged compared with abundantly expressed

receptors, such as IL-7Ra, when competing for gc. Therefore, we thought it important to understand gc

availability in the context of cytokine receptor pre-association, which alters the accessibility of gc to cyto-

kine proprietary receptors.

To directly visualize the propensity of gc to associate with IL-2Rb and IL-7Ra, we measured the binding af-

finities of the extracellular domains (ECDs) of these receptors using surface plasmon resonance (SPR). The

IL-7Ra ECD binds the immobilized gc ECD with a kon (on-rate) of 5.93 G 0.28 x 103 M�1 s�1 and a koff (off-

rate) of 2.21 G 0.18 x 10�4 s�1, yielding a Kd of 37.3 G 0.4 nM (Figure 1B). The recombinant IL-2Rb ECD

binds immobilized gc ECD with dramatically weaker binding affinity of 577 G 40 mM (Figure 1C). Alto-

gether, IL-7Ra ECD binds gc more than 15,000-fold stronger than the IL-2Rb ECD. Thus, the vastly higher

affinity of IL-7Ra for gc, combined with its dramatically greater abundance than IL-2Rb on CD4 T cells, sug-

gests that IL-7Ra outcompetes IL-2Rb in accessing gc. In support of this idea, IL-2 receptor signaling in

naive CD4 T cells was highly inefficient, and these cells did not respond to IL-2 or to IL-15 (Cho et al., 2010).
Foxp3 Suppresses IL-7Ra Transcription and Expression in Foxp3+ Treg Cells

Because the survival of conventional CD4 T cells depends on IL-7 and not on IL-2 (Fry and Mackall, 2001;

Surh and Sprent, 2008), a lack of IL-2 signaling can be expected to minimally affect the homeostasis of pe-

ripheral CD4 T cells. In contrast to conventional CD4 T cells, however, Foxp3+ T regulatory CD4 T cells

(Tregs) require IL-2 for their development and survival (Fontenot et al., 2005). This selective IL-2 require-

ment raises the question of how Foxp3+ Treg cells deal with gc sequestration by IL-7Ra, which impedes

IL-2 signaling. Here, we considered that Foxp3+ Treg cells are uniquely low in IL-7Ra expression compared

with conventional CD4 T cells (Figure 2A) (Seddiki et al., 2006; Liu et al., 2006; Cozzo et al., 2003). We further

hypothesized that this loss in IL-7Ra numbers would lead to the release of pre-associated gc and increase

its availability for IL-2 receptor signaling. Indeed, results from cytokine receptor quantification supported

this idea, as we found that the number of IL-7Ramolecules on Foxp3+ Treg cells was reduced to such a low

level that they were outnumbered by gc proteins (Figure 2B). On the other hand, IL-2Rb expression was

increased to such level that it was greater than that of IL-7Ra (Figure 2B). As a corollary, a substantial frac-

tion of gc molecules would be freely available to IL-2Rb for IL-2 binding and signaling. We propose that the
iScience 23, 101421, August 21, 2020 3



Figure 2. Foxp3 Suppresses IL-7Ra Transcription and Cell Surface Expression

(A) Relative expression of surface IL-7Ra on naive CD4+ LN T cells and Foxp3+ CD4+ Treg cells in Foxp3-EGFP reporter

mice. Bar graphs show summary of three independent experiments with three mice with mean and SEM shown. Unpaired

two-tailed Student’s t test, where ****p < 0.0001.

(B) gc, IL-7Ra, and IL-2Rb protein expression was quantified on Foxp3+ CD4+ Treg cells as identified as EGFP+ CD4+ LN

T cells from Foxp3-EGFP reporter mice. Saturating concentration of PE-conjugated antibodies to each cytokine receptor

and a standard curve generated by Quantum R-PEMESF beads were used to determine the receptor number per cell. Bar

graphs show summary of three independent experiments with three mice and mean with SEM shown.

(C) Reduced IL-7Ra-reporter activity in Foxp3+ Treg cells. IL-7Ra-transcription was assessed in Foxp3+CD25+ Treg cells

from IL-7Ra-GFP mice (Ligons et al., 2012) (left). GFP levels were assessed in CD4+ T cells surface stained for CD25 and

stained for intranuclear Foxp3 (right). Results are representative of two independent experiments utilizing four mice with

mean and SEM shown. Unpaired two-tailed Student’s t test, where **p < 0.01.

(D) Enforced Foxp3 expression downregulates IL-7Ra expression. Surface IL-7Ra expression was assessed on naive

(CD44loCD25–) CD4+ LN T cells from the WT and Foxp3 transgenic mice (Tai et al., 2013) (left). IL-7Ra levels (MFI, meanG

SEM) were determined from two independent experiments with a total of four mice (right). Unpaired two-tailed Student’s

t test, where * **p < 0.01.

See also Figures S2 and S3.
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downregulation of IL-7Ra is a newly identified mechanism by which pre-associated gc is freed up for use in

IL-2 signaling of Foxp3+ Treg cells.

Next, we wished to ascertain whether the downregulation of IL-7Ra is indeed an active mechanism oper-

ating in Foxp3+ Treg cells and not simply a bystander effect caused by high-affinity TCR signaling that is

typically associated with Treg cell differentiation (Jordan et al., 2001; Lee et al., 2012). Multiple

mechanisms regulate the expression of IL-7Ra on T cells. They include internalization/degradation of

the receptor, inhibition of protein translation, and the regulation of gene transcription. To determine

whether IL-7Ra expression is transcriptionally suppressed in Foxp3+CD25+ Tregs, we utilized IL-7Ra-GFP

gene reporter mice to address this question (Ligons et al., 2012). Because the GFP abundance was signif-

icantly lower in Foxp3+CD25+ Treg cells than it was in Foxp3�CD25- naive CD4+ T cells (Figure 2C), the
4 iScience 23, 101421, August 21, 2020



Figure 3. Forced IL-7Ra Expression on Foxp3+ Treg Cells

(A) Foxp3+ CD4+ Tregs from WT and IL-7RaTg mice. Percentage of Foxp3+CD25+ Treg cells was assessed among the

CD4+ LN T cells from the indicatedmice (left). Bar graph shows a summary of two independent experiments each with four

mice (right) and mean with SEM shown. Unpaired two-tailed Student’s t test, where NS, not significant.

(B) Surface IL-7Ra expression was assessed on the Foxp3+CD25+ cells from WT and IL-7RaTg LN CD4+ T cells (left).

Numbers of IL-7Ra molecules per cell on Foxp3+CD25+ Treg cells was assessed among the CD4+ LN T cells from the

indicatedmice (right). Bar graph shows summary of three independent experiments each with threemice (right) andmean

with SEM shown.

Unpaired two-tailed Student’s t test, where **p < 0.01. See also Figures S4 and S5.
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results suggested that IL-7Ra expression was downregulated by transcriptional mechanisms in Foxp3+-

CD25+ Treg cells.

Foxp3 is a potent transcriptional repressor (Fontenot et al., 2003; Hori et al., 2003; Arvey et al., 2014), and we

also aimed to demonstrate that Foxp3 can directly suppress IL-7Ra transcription. To this end, we employed

a Foxp3 transgenic mouse model (Foxp3Tg), in which Foxp3 is driven by the human CD2 promoter to be

overexpressed in all T-lineage cells (Tai et al., 2013). In these mice, Foxp3 proteins are forced to be

expressed even in naive CD44loCD25- CD4 T cells, whereas no Foxp3 protein was expressed in the corre-

sponding WT naive CD4 T population (Figure 2D, left). Notably, forced expression of Foxp3 was sufficient

to reduce surface IL-7Ra expression on naive CD44loCD25- CD4 T cells (Figure 2D, right) but did not affect

IL-2Rb expression (Figure S2), indicating that the Foxp3 protein is directly responsible for the loss of IL-7Ra

expression on Treg cells. In agreement with these findings, results from computational analyses of the Il7r

enhancer region revealed a highly evolutionarily conserved forkhead transcription factor-binding domain,

further bolstering a direct suppressive role for Foxp3 in Il7r gene transcription (Figure S3). Collectively,

these results indicate that IL-7Ra expression is suppressed in Foxp3+ Treg cells as a direct consequence

of Foxp3 and that the loss of IL-7Ra is an intrinsic feature of Foxp3+ Treg cells that prevents gc from

pre-associating with IL-7Ra and promotes IL-2 receptor signaling.

Forced IL-7Ra Expression on Mature Foxp3+ CD25+ Treg Cells

To test whether such a decrease in IL-7Ra abundance is necessary for efficient IL-2R signaling in Foxp3+

Treg cells, we next sought to determine whether the failure to downregulate IL-7Ra on Foxp3+ Treg cells

impairs IL-2R signaling and its downstream effects. To this end, we utilized IL-7RaTgmice where amurine IL-

7Ra cDNA is expressed under the control of the human CD2 promoter/enhancer such that all T lineage

cells, including Foxp3+ Treg cells, overexpress IL-7Ra (Yu et al., 2004). The transgenic expression of IL-

7Ra did not show any detrimental effects on Foxp3+CD25+ Treg cell differentiation or homeostasis

because the frequency of Treg cells among CD4 LN T cells remained unaltered (Figure 3A) and it did

not affect their survival (Figure S4A). However, IL-7RaTg Foxp3+ Treg cells were indeed distinct from WT

Foxp3+ Treg cells owing to the dramatically increased abundance of IL-7Ra on IL-7RaTg Foxp3+CD25+

mature Treg cells (Figure 3B). In fact, it is likely that the increased amount of IL-7Ra and IL-7 signaling com-

pensates for any potential loss in IL-2R signaling. Notably, we did not find any discernable changes among

other gc family cytokine receptors on IL-7RaTg T cells, including the expression of IL-2Ra and IL-2Rb
iScience 23, 101421, August 21, 2020 5
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(Figure S4B). The results from an RT-PCR array analysis of purified WT and IL-7RaTg Treg cells also failed to

show any significant changes in the mRNA expression of IL-2R-associated signaling molecules, such as

JAK1, JAK3, STAT5a, and STAT5b (Figure S5). Thus, any potential changes in IL-2R signaling in IL-7RaTg

Treg cells can be directly and specifically attributed to the increased expression of IL-7Ra.

Increased IL-7Ra Expression Impedes IL-2 Receptor Signaling in Foxp3+ Treg Cells

To directly assess cytokine receptor signaling in Foxp3+ Treg cells, we developed an intracellular staining pro-

tocol that permitted the simultaneous detection of both nuclear Foxp3 proteins and the phosphorylated form of

STAT5 (pSTAT5)—the canonical downstream target of both IL-2 and IL-7 signaling (TransparentMethods). Here,

we found that Foxp3+ Treg cells robustly induced STAT5 phosphorylation upon IL-2 stimulation but minimally

induced pSTAT5 expression upon IL-7 signaling in vitro (Figure 4A). These results were expected, and they

agreed with results showing diminished IL-7Ra expression but abundant IL-2Rb expression in Treg cells (Fig-

ure 2B) (Seddiki et al., 2006; Liu et al., 2006; Cozzo et al., 2003). In contrast, naive CD4 T cells failed to respond

to IL-2 stimulation, but these cells were highly sensitive to IL-7 stimulation (Figure 4A).

In the IL-7RaTg Foxp3+ Treg cells, we found that cytokine receptor signaling was substantially altered

compared with that of the WT Foxp3+ Treg cells. Forced IL-7Ra expression dramatically increased IL-7

signaling (Figure 4B), but simultaneously, IL-2 receptor signaling was significantly impaired (Figure 4C).

Indeed, IL-7RaTg Foxp3+ Treg cells displayed consistently decreased levels of pSTAT5 compared with

those in the WT Treg cells upon IL-2 signaling. Additionally, IL-2-induced in vitro differentiation of naive

CD4+ T cells into Foxp3+ Treg cells was dramatically impaired when IL-7Ra was overexpressed (Figure 4D),

and the increased abundance of IL-7Ra also interfered with IL-2-mediated induction of CD25 (Figure 4E).

Collectively, these results suggest a negative regulatory effect of IL-7Ra on IL-2 signaling in Foxp3+ Treg

cells.

To further demonstrate the biological significance of IL-7Ra downregulation in maximizing IL-2 signaling,

we aimed to assess whether the failure to suppress IL-7Ra expression would impair the IL-2-dependent sur-

vival of Foxp3+ Treg cells. To this end, we mixedWT Foxp3+ Treg cells with IL-7RaTg Foxp3+ Treg cells and

adoptively transferred them into IL-7-deficient lymphopenic hosts (Rag2KOIL-7KO mice) to make them

entirely dependent on IL-2 for their survival (Schmaler et al., 2015; Simonetta et al., 2014; Kim et al.,

2012). If IL-7Ra interferes with IL-2 signaling, we expected to observe a preferential loss of IL-7RaTg

Foxp3+ Treg cells because of insufficient IL-2 signaling in these cells. We found this was precisely the

case (Figure 4F). In this experiment, we isolated CD4 LN T cells from CD45.2+ IL-7RaTg Foxp3-GFP reporter

mice and mixed them at a 1:1 ratio with CD4 LN T cells that were purified from congenic CD45.1+ WT

Foxp3-GFP reporter mice. In the donor T cell inoculum, we confirmed that CD45.2+ and CD45.1+ Treg cells

were represented at a 1:1 ratio when gated on Foxp3-GFP reporter expressing CD4 T cells (Figure 4F). Two

weeks after transfer into Rag2KOIL-7KO host mice, donor T cells were recovered from host LNs and assessed

for the frequency of CD45.2 Treg cells as compared with the frequency of CD45.1-origin Treg cells. Strik-

ingly, we observed a substantial decrease in Foxp3+ Treg cells that were forced to express IL-7Ra (CD45.2+

IL-7RaTg Foxp3-GFP) when placed under strict IL-2-dependent survival conditions. Collectively, these re-

sults agree with and illustrate a detrimental role of IL-7Ra in IL-2 receptor signaling in vivo.

The IL-7Ra Extracellular Domain Is Sufficient to Desensitize IL-2 Receptors in Foxp3+ Tregs

As the molecular basis of IL-7Ra-mediated suppression of IL-2R signaling, we proposed that IL-7Ra would

sequester gc molecules whose availability for dimerization with proprietary cytokine receptors is limited. A

prediction of this gc sequestration model is that the extracellular domain of IL-7Ra would be sufficient to

desensitize IL-2R signaling. Alternatively, we also considered amodel in which IL-7Ra competes with IL-2Rb

for downstream intracellular signaling components, such as JAK1 or STAT5, and thus constrains IL-2R

signaling.

To differentiate between these two possible models, we generated mice expressing ‘‘tailless’’ IL-7Ra311Tg

proteins. The IL-7Ra311Tg construct encodes for the N-terminal 311 amino acids of IL-7Ra, which comprise

the entire ectodomain, the transmembrane domain, and 71 amino acids of the cytosolic tail. Specifically, it

lacks the C-terminal 128 amino acids, which contains all four tyrosine residues required for intracellular

signal transduction (Figure S6A). Expression of the IL-7Ra311 transgene was driven by the human CD2-pro-

moter/enhancer regulatory elements and thus was first expressed at the DN stage of thymocyte

development (Figure S6B). To confirm that the IL-7Ra311 construct indeed lacked any signaling ability,
6 iScience 23, 101421, August 21, 2020



Figure 4. IL-7Ra Expression Interferes with IL-2 Signaling in Foxp3+ Treg Cells

(A) Cytokine signaling in Foxp3+ Treg cells. IL-2- and IL-7-induced STAT5 phosphorylation was determined in

Foxp3+CD25+ and Foxp3�CD25�CD4+ T cells (left, middle). Phospho-STAT5 (pSTAT5) induction was determined as fold

increase over medium (mean G SEM) from four independent experiments (right). Unpaired two-tailed Student’s t test,

where ***p < 0.001.

(B) IL-7 signaling in IL-7RaTg Foxp3+ Treg cells. WT and IL-7RaTg LN cells were stimulated with IL-7 (0.1 ng/mL), and

pSTAT5 contents were assessed in Foxp3+CD25+CD4+ T cells. Results are representative of three independent

experiments.

(C) IL-7Ra expression dampens IL-2 signaling in Foxp3+ regulatory T cells. WT or IL-7RaTg LN cells were stimulated with

increasing amounts of IL-2, and pSTAT5 contents were assessed in Foxp3+CD25+ Treg cells. pSTAT5 induction was

determined as the fold increase over medium (meanG SEM). Graph shows the results based on twoWT and two IL-7RaTg

mice and is representative of two independent experiments with three WT and three IL-7RaTg mice in total. Significance

was determined by two-way ANOVA, where **p < 0.01.

(D) IL-7Ra expression inhibits Foxp3+ Treg cell differentiation in vitro. Naive CD4+ T cells from WT or IL-7RaTg mice were

stimulated with plate-bound anti-CD3/CD28 antibodies, TGF-b (5 ng/mL), and increasing amounts of recombinant IL-2.

The number of Foxp3+ CD4+ T cells was determined 4 days after cell differentiation. Graph shows the results based on two

WT and two IL-7RaTg mice and is representative of two independent experiments with four WT and four IL-7RaTg mice in

total, showing mean with SEM. Significance was determined by two-way ANOVA, where ***p < 0.001.

(E) IL-7Ra expression suppresses IL-2-induced CD25 expression on in vitro differentiated Foxp3+ Treg cells. Naive CD4+

T cells from WT or IL-7RaTg mice were stimulated with plate-bound anti-CD3/CD28 antibodies, TGF-b (5 ng/mL) and IL-2

(10 ng/mL). CD25 expression was determined on Foxp3+ CD4+ T cells after 4 days of differentiation. Results show

summary of two independent experiments with three WT and three IL-7RaTg mice, and mean with SEM. Unpaired two-

tailed Student’s t test, where ***p < 0.001.

(F) Adoptive cell transfer of WT and IL-7RaTg Foxp3+ Treg cells. Contour plots show the relative frequencies of CD45.2+ IL-

7RaTg Foxp3+ Treg cells and congenic CD45.1+ WT Foxp3+ Treg cells before (left) and after (right) adoptive transfer into

IL-7-deficient RagKO host mice. Graph shows the ratio of WT versus IL-7RaTg Foxp3+ Treg cells based on two independent

experiments with a total of four host mice, showing mean with SEM.

Unpaired two-tailed Student’s t test, where *p < 0.05
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we bred IL-7Ra311Tg mice with IL-7RaKO mice to generate IL-7Ra311Tg/KO mice. The number of LN T cells in

the IL-7Ra311Tg/KO mice was significantly diminished and was comparable with the number observed in IL-

7RaKOmice (Figure 5A). The few LN T cells that we recovered failed to induce STAT5 phosphorylation upon
iScience 23, 101421, August 21, 2020 7



Figure 5. The IL-7Ra Extracellular Domain Suffices to Dampen IL-2 Signaling in Foxp3+ Treg Cells

(A) Number of LN T cells in IL-7Ra311Tg/KO mice. Bar graph shows the total LN T cell numbers (mean G SEM) from 2 WT, 5

IL-7RaKO, and 8 IL-7Ra311Tg/KO mice. Unpaired two-tailed Student’s t test, where ***p < 0.001.

(B) Truncated IL-7Ra311 protein fails to transduce IL-7 signaling. IL-7Ra311Tg/KO mice express only a truncated form of IL-

7Ra protein, which lacks the 148 distal amino acids of the intracellular membrane domain (total 195 amino acids). WT or IL-

7Ra311Tg/KO LN cells were stimulated with IL-7 (0.1 ng/mL) and assessed for pSTAT5 contents. Results are representative

of three independent experiments.

(C) IL-7Ra311 overexpression does not affect the IL-7 signaling of Foxp3+CD25+ Treg cells. Surface IL-7Ra expression (left)

and IL-7-induced STAT5 phosphorylation (right) were assessed in Foxp3+CD25+ Treg cells fromWT and IL-7Ra311Tg mice.

Results are representative of three independent experiments.

(D) Truncated IL-7Ra311 suppresses IL-2 signaling in trans in Foxp3+ Treg cells. WT or IL-7Ra311Tg LN cells were stimulated

with increasing concentrations of IL-2. pSTAT5 induction was determined in Foxp3+CD25+ CD4+ T cells. Results are

shown as the fold increase over medium (meanG SEM), and they are based on three independent experiments each with

two mice.

Statistical significance was determined by two-way ANOVA, where ***p < 0.001. See also Figure S6.
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IL-7 stimulation (Figure 5B). These results demonstrate that IL-7Ra311Tg is truly signaling incompetent and

cannot restore IL-7 receptor signaling in IL-7RaKO T cells.

To determine what effect this truncated IL-7Ra311 construct had on IL-2R responsiveness in Foxp3+ Treg

cells, we analyzed IL-7Ra311Tg mouse on WT background. In these mice, Treg cells express the truncated

IL-7Ra311 construct (Figure 5C), without affecting the expression of the IL-2 receptor subunits, including

the IL-2Ra and IL-2Rb (Figure S6C). However, when stimulated with IL-2, the IL-7Ra311Tg Foxp3+ Treg cells

still displayed a profound reduction in IL-2R responsiveness, which was comparable with that observed in

the Treg cells with full-length IL-7RaTg proteins (Figure 5D). These results demonstrate that the extracellular

domain of IL-7Ra is sufficient to inhibit IL-2 receptor responsiveness in Foxp3+ Treg cells, presumably

through competition for the limited amount of gc. Furthermore, these data strongly suggest that the tran-

scriptional inhibition of IL-7Ra expression by Foxp3 is necessary to reduce the competition for gc binding,

thereby maximizing IL-2 receptor responsiveness.

IL-7Ra Promotes Th17 Cell Differentiation in the Absence of IL-7

While IL-2R signaling promotes the generation and maintenance of Foxp3+ T regulatory cells, the differen-

tiation of pro-inflammatory Th17 CD4+ T cells can be antagonized by IL-2-induced STAT5 (Laurence et al.,

2007). Indeed, when naive CD4+ T cells are skewed under Th17 differentiating conditions, IL-17 production

can be significantly inhibited by IL-2 stimulation (Figure 6A) (Laurence et al., 2007). Because our in vitro as-

says demonstrated that IL-7Ra suppresses IL-2R signaling, we hypothesized that the absence of IL-7Ra

would increase IL-2 signaling and thus conversely suppress Th17 cell generation. To test this, we utilized
8 iScience 23, 101421, August 21, 2020



Figure 6. IL-7Ra Expression Promotes Th17 Cell Differentiation

(A) IL-2 signaling inhibits IL-17 production by CD4 T cells activated under Th17-skewing conditions. Naive CD4 T cells

enriched from WT mice were stimulated with 1 mg/mL plate-bound anti-CD3/CD28 for 5 days in the presence of 5 ng/mL

TGF-b, 30 ng/mL IL-6, 10 mg/mL anti-IL-4, and 10 mg/mL anti-IFN-g and the indicated concentration of IL-2. Levels of IL-

17A and IFN-g production were assessed by flow cytometry following re-stimulation with PMA/ionomycin in the presence

of brefeldin A. Results are the summary of three independent experiments, showing mean with SEM.

(B) Loss of IL-7Ra expression reduces IL-17 production in CD4SP thymocytes. TCRbhiCD4SP thymocytes from WT and IL-

7Ra-cKO mice were sorted and stimulated with 1 mg/mL plate-bound anti-CD3/CD28 for 5 days in the presence of 5 ng/

mL TGF-b, 30 ng/mL IL-6, 10 mg/mL anti-IL-4, and 10 mg/mL anti-IFN-g. IL-17A and IFN-g production was assessed by flow

cytometry following re-stimulation with PMA/ionomycin in the presence of brefeldin A. Results are based on three

independent experiments with a total of three WT and three IL-7Ra-cKO mice, showing mean with SEM. Unpaired two-

tailed Student’s t test, where **p < 0.01.

(C) IL-7Ra overexpression increases IL-17 production in CD4+ LN T cells. Naive CD4+ LN T cells were enriched by

magnetic selection and stimulated with 1 mg/mL plate-bound aCD3/CD28 for 5 days in the presence of 5 ng/mL TGF-b,

30 ng/mL IL-6, 10 mg/mL anti-IL-4, and 10 mg/mL anti-IFN-g. IL-17A and IFN-g production was assessed by flow cytometry

following re-stimulation with PMA/ionomycin in the presence of brefeldin A, showing mean with SEM.

Unpaired two-tailed Student’s t test, where *p < 0.05. See also Figure S7.
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a conditional IL-7Ra�cKO mouse in which IL-7Ra was deleted at the DP stage of thymic development

(Mccaughtry et al., 2012). In these mice, mature CD4SP thymocytes do not express IL-7Ra (Figure S7),

but the lack of IL-7Ra expression does not affect CD4SP T cell development (Mccaughtry et al., 2012).

Thus, we FACS-sorted naive CD4SP thymocytes fromWT and IL-7Ra-cKOmice and differentiated them un-

der Th17-skewing conditions for 5 days. In support of our hypothesis, we observed a significant reduction in

the efficiency of Th17 differentiation in CD4SP thymocytes lacking IL-7Ra expression compared with the

efficiency in their IL-7Ra-sufficient WT counterparts (Figure 6B).

Another prediction of our model suggested that the increased expression of IL-7Ra on CD4+ T cells would

enhance their differentiation into Th17 cells because IL-7Ra would antagonize the action of T cell-derived

IL-2. Thus, to confirm a role for IL-7Ra in promoting Th17 differentiation, we assessed IL-17 production in

WT and IL-7RaTg naive CD4+ T cells that were induced to differentiate into Th17 cells in vitro. Here, we
iScience 23, 101421, August 21, 2020 9
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found that increased expression of IL-7Ra significantly increased their ability to differentiate into IL-17-pro-

ducing Th17 cells (Figure 6C). Collectively, these results demonstrate a negative regulatory role for IL-7Ra

in IL-2R signaling.
DISCUSSION

Foxp3+ Treg cells express high levels of IL-2Rb but low levels of IL-7Ra (Seddiki et al., 2006; Liu et al., 2006;

Cozzo et al., 2003). Such receptor distribution contrasts with the high levels of IL-7Ra and low levels of IL-

2Rb expression observed on conventional CD4+ T cells. IL-2Rb upregulation is necessary to bestow Foxp3+

Treg cells with IL-2 responsiveness for their survival and suppressor function (Fontenot et al., 2005). How-

ever, it is not clear why Foxp3+ Treg cells downregulate IL-7Ra expression, and it remains unknown whether

IL-7Ra downregulation is necessary for Foxp3+ Treg function or differentiation. Here, we show that IL-7Ra

expression is suppressed as a direct consequence of Foxp3 protein expression, and that IL-7Ra downregu-

lation was required for optimal IL-2 signaling. The failure to do so resulted in significantly blunted in vitro IL-

2 responsiveness in Foxp3+ Treg cells. Collectively, the data from this study put forward a novel mechanism

of cytokine receptor cross talk that augments IL-2 receptor signaling by suppressing IL-7Ra expression.

As a corollary, these results also expand the role of IL-7Ra beyond controlling IL-7 signaling in conventional

T cells into affecting the effector functions of Foxp3+ Treg cells, of IL-17-producing Th17 cells, and poten-

tially also of memory CD8 T cells. In the latter case, human CCR7-negative memory CD8 T cells were pre-

viously found to comprise two distinct subpopulations that expressed either high or low amounts of IL-7Ra

(Kim et al., 2007). Notably, the IL-7Ralow population displayed increased abundance of IL-2Rb concomitant

to increased expression of T-bet and Eomes, which was attributed to the increased responsiveness to IL-15

(Kim et al., 2007). These results demonstrated an inverse correlation of IL-7Ra and IL-2Rb expression where

the downregulation of IL-7Ra presumably facilitated IL-15 signaling and promoted the acquisition of an

effector memory phenotype. Thus, in agreement with our model, the downregulation of IL-7Ra is associ-

ated and potentially also necessary to maximize IL-2Rb expression and signaling.

The molecular explanation for IL-7Ra-mediated suppression of IL-2R signaling was unexpected, as this in-

hibition did not require signaling-competent IL-7Ra proteins to interfere. Instead, our data showed that the

IL-7Ra extracellular domain was sufficient to suppress IL-2 signaling in vitro and that it did so by seques-

tering gc from associating with IL-2Rb. IL-2 signaling requires heterodimerization of IL-2Rb and gc, which

induces the juxtaposition and transactivation of the receptor-associated kinases JAK1 and JAK3 to trigger

downstream signaling (Miyazaki et al., 1994; Boussiotis et al., 1994). Heterodimerization of IL-2Rb/gc, on

the other hand, is proposed to be mediated by IL-2: first, by IL-2 binding to IL-2Rb and then by the recruit-

ment of gc to the IL-2/IL-2Rb complex (Wang et al., 2009). Consequently, the failure to recruit gc results in

impaired IL-2R signaling because the IL-2/IL-2Rb complex itself is not sufficient to activate JAK and STAT5

(Nakamura et al., 1994). Molecular studies with human cytokine receptors also showed that gc itself does

not bind IL-2 or any other cytokines (Rickert et al., 2004), so that the recruitment of gc to cytokine-propri-

etary receptors required pre-association of the ligand with its cognate receptor. Thus, it was not immedi-

ately apparent how ligand-free IL-7Ra proteins would sequester gc to prevent their association with IL-2

receptors and inhibit IL-2 signaling.

As a possible explanation, we considered that human IL-7Ra can associate with human gc independently of

IL-7 (Rose et al., 2010). In agreement, we had previously found that gc binds to unoccupied surface IL-7Ra

proteins even in the absence of ligand (Mcelroy et al., 2012; Hong et al., 2014). SPR binding studies also

demonstrated that recombinant mouse gc ECD binds to immobilized IL-7Ra ECD proteins with a Kd of

50.8 mM, but binds to immobilized IL-2Rb ECDwith only a Kd of 695 mM, representing a 14-fold weaker bind-

ing affinity than that of IL-7Ra (Hong et al., 2014). Thus, the preferential association of gc with IL-7Ra rather

than IL-2Rb explains why a signaling-incompetent, tailless IL-7Ra protein suffices to interfere with IL-2

signaling. Notably, the truncated IL-7Ra311Tg still retains some membrane proximal intracellular residues

that could be sufficient to bind JAK1. Therefore, we cannot definitively exclude the possibility that IL-

7Ra overexpression also sequesters JAK1, which might disarm IL-2Rb. JAK1 is a highly unstable protein

with a half-life of only 1.5 h; therefore, continuous JAK1 synthesis is required to maintain sufficient JAK1

amounts for cytokine signaling (Katz et al., 2014). However, it is not known whether JAK1 is preferentially

captured by IL-7Ra over IL-2Rb, and it is also unclear whether JAK1 availability is indeed limited enough

to fail furnishing IL-2Rb proteins in IL-7RaTg Foxp3+ Treg cells. The generation of JAK1 transgenic mice

would help resolve this issue, and we are currently in the process of producing such mice.
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The uniquely low level of IL-7Ra expression in Treg cells was first reported by Caton and colleagues in a

TCR-transgenic model (Cozzo et al., 2003) and then later described in further detail by the Fazekas de

St. Groth (Seddiki et al., 2006) and Bluestone (Liu et al., 2006) groups, in both humans and mice. Impor-

tantly, IL-7Ra downregulation turned out to be a superior marker for Foxp3+ Treg cells than was conven-

tional CD25 expression, permitting the identification of Foxp3+ regulatory cells in a more comprehensive

fashion among CD4+ T cells (Banham, 2006). Mechanistic insights into the Foxp3+ Treg cell-specific sup-

pression of IL-7Ra expression, however, have not been forthcoming. TCR stimulation downregulates IL-

7Ra expression (Schluns et al., 2000; Alves et al., 2008), and Treg cells are generated by strong TCR signals

such that their low IL-7Ra expression might be induced by strong, persistent TCR engagement (Jordan

et al., 2001; Lee et al., 2012). Additionally, IL-2 signaling is known to suppress IL-7Ra transcription (Xue

et al., 2002; Park et al., 2004). Thus, downregulation of IL-7Ra expression may be a direct consequence

of IL-2 signaling during Foxp3+ Treg cell generation. Our analysis of Foxp3 transgenic T cells, however,

indicated that Foxp3 protein expression alone sufficed to suppress IL-7Ra expression, even in resting naive

CD4 T cells. Therefore, these results effectively dissociate the signals for Foxp3+ Treg cell lineage specifi-

cation, i.e., strong TCR and/or IL-2 signaling, from the role of Foxp3 in IL-7Ra downregulation, and they

indicate that Foxp3 is a direct effector molecule that suppresses IL-7Ra expression. In further support of

this notion, exFoxp3 cells, which are CD4 effector T cells that are derived from Foxp3+ cells but have termi-

nated Foxp3 expression, do express high levels of IL-7Ra, indicating that the loss of Foxp3 lifts the suppres-

sion of IL-7Ra expression (Zhou et al., 2009).

Foxp3 is a transcriptional repressor of the forkhead-box (Fox) gene family (Fontenot et al., 2003; Hori et al.,

2003; Arvey et al., 2014). Fox-family proteins, such as Foxo1 and Foxp1, control IL-7Ra transcription, so that

Foxo1 deficiency impairs, whereas Foxp1 deficiency upregulates IL-7Ra expression on T cells (Ouyang

et al., 2009; Feng et al., 2011; Kerdiles et al., 2009). Foxo1 and Foxp1 regulate IL-7Ra expression through

a 3.6-kb upstream putative enhancer element in the Il7r gene that contains a conserved forkhead box-bind-

ing site known as conserved non-coding sequence 1 (CNS1) (Lee et al., 2005). Because Foxp3 shares the

same DNA-binding motif as Foxp1 (Feng et al., 2011), Foxp3-induced IL-7Ra downregulation could have

been controlled through CNS1. Surprisingly, CNS1-deficient mice revealed that this was not the case

(Abe et al., 2015). Although germline deletion of CNS1 resulted in significantly reduced IL-7Ra surface

expression on mature T cells (Abe et al., 2015), it did not revert the repression by Foxp3, and it failed to

restore IL-7Ra expression on Foxp3+ Treg cells. Instead, IL-7Ra on CNS1-deficient Foxp3+ Treg cells

were still expressed, albeit in smaller amounts than on the naive CD4 T cells in the same mice (Abe

et al., 2015). Altogether, these results indicate that Foxp3-induced IL-7Ra downregulation utilizes a mech-

anism that is distinct from that of other Fox family proteins. These data also suggest that CNS1 enhancer

activity is required to establish steady-state IL-7Ra expression on T cells but is not sufficient for IL-7Ra sup-

pression by Foxp3. Along this line, ChIP-qPCR assay results showed that anti-Foxp3 immunoprecipitates

were highly enriched in DNA amplicons of the Il7r promoter region (Liu et al., 2006), suggesting that

Foxp3 may directly suppress IL-7Ra promoter activity. However, we failed to identify a conserved forkhead

box-binding motif in the mouse Il7r promoter; therefore, it remains unclear how Foxp3 interacts with the

promoter region. Although Foxp3 might bind to the Il7r promoter by indirect association with transcription

factors bound to the promoter element, the precise mechanism remains to be uncovered.

Reduced IL-7Ra expression is considered a characteristic feature of Foxp3+ Treg cells (Banham, 2006).

However, it has not been made clear whether IL-7Ra downregulation has any physiological significance

in Treg cell biology and, if it does, what its role might be. Because TCR stimulation downregulates IL-

7Ra expression, IL-7Ra downregulation may simply reflect the fact that Foxp3+ Treg cells are constantly

exposed to high-affinity TCR and CD28 costimulatory signals (Josefowicz et al., 2012; Tai et al., 2005). Alter-

natively, because we found that Foxp3 directly suppresses IL-7Ra expression, the downregulation of IL-7Ra

may also represent a mere bystander event associated with Foxp3 protein expression in Treg cells. In the

latter scenario, IL-7Ra downregulation would be a biomarker for Foxp3+ Treg cells without biological con-

sequences. On the other hand, IL-7 receptor signaling can contribute to Foxp3+ Treg cell survival and func-

tion (Schmaler et al., 2015; Simonetta et al., 2014; Kim et al., 2012), such that diminished IL-7Ra expression

would be detrimental for IL-7 signaling in Treg cells. Thus, it is counterintuitive to suggest that Foxp3+ Treg

cells would suppress IL-7Ra expression when IL-7 could promote Treg cell survival and homeostasis.

Our findings resolve this conundrum by demonstrating that the downregulation of IL-7Ra expression has a

biological purpose and that it represents a novel mechanism to maximize IL-2 receptor signaling in Foxp3+
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Treg cells. In this regard, we would have expected that the in vivo survival or homeostasis of IL-7RaTg

Foxp3+ Treg cells whose IL-7Ra expression is not suppressed would be markedly impaired because gc re-

mains sequestered by IL-7Ra. However, we found the frequencies of Foxp3+ Treg cells unaffected in the LN

and spleen of IL-7RaTg mice, suggesting that IL-7Ra-mediated suppression of IL-2R signaling is less effec-

tive under in vivo circumstances where the IL-7 availability is not limited, and when IL-7 signaling can

compensate for the loss of IL-2 signaling. Moreover, the IL-7RaTg is expressed in all T lineage cells and

not only in Foxp3+ Treg cells, so that understanding the role of IL-7Ra specifically in Treg cells becomes

further complicated because of its compound effect on conventional T cells. We are currently in the process

of generating IL-7Ra-transgenic mice where the transgene is driven by Foxp3 gene regulatory elements,

and we aim to utilize these mice to further investigate the role of IL-7Ra in Treg cells.

Altogether, our current results reveal a previously unappreciated role of IL-7Ra as a negative regulator of IL-

2/IL-2Rb signaling and signify that modulating cytokine receptor expression has wide-ranging effects

beyond tuning the signal strength of its cognate cytokine.
Limitations of the Study

Here, we showed that forced expression of IL-7Ra impairs the IL-2-mediated in vitro generation of Foxp3+

Treg cells. Mechanistically, we found that IL-7Ra interferes with IL-2 signaling in vitro, but the frequency and

homeostasis of IL-7RaTg Foxp3+ Treg cells in vivo remain unaffected. Thus, the in vitro observation did not

directly translate into an in vivo effect. Although we propose that increased IL-7 signaling would compen-

sate for the loss of IL-2R signaling in vivo, further analyses are necessary to fully understand the role and

consequences of IL-7Ra regulation in T cells.
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Figure S1. Methodology for receptor number quantification. Related to Figure 1.
PE-conjugated calibration beads (BANG laboratories) were analyzed by flow cytometry at the same 
time as  live  cells  stained  with saturating concentrations of  PE-conjugated  antibodies against  
cytokine receptors of interest. Linear  regression  calculation was performed using the  corrected Mean 
Fluorescence Intensity (MFI) values from the PE calibration beads and known number of PE molecules 
per bead. The resulting equation was used to calculate the number of cytokine receptors present on live 
cells, using the corrected PE MFI values from each cytokine receptor analyzed.

Supplemental Figure S1



Figure S2. IL-2Rβ expression on Foxp3Tg CD4+ LN T cells. Related to Figure 2.
Surface IL-2Rβ expression was assessed on naive (CD44loCD25-) and activated/memory phenotype 
(CD44hiCD25+) CD4+ LN T cells from WT and Foxp3Tg mice. Results are representative of 2 independent 
experiments. 

Supplemental Figure S2



Figure S3. Putative Foxp3 binding site in the putative Il7r enhancer (CNS1). Related to Figure 2.
Evolutionally-conserved promoter and putative enhancer (CNS1) regions of the Il7r gene locus were identified 
using the rVISTA software. A conserved Foxp3-binding site was identified in the enhancer region.  However, the 
same analysis failed to identify a Foxp3-binding site in the promoter region.

Supplemental Figure S3



Figure S4. Phenotypic analysis of IL-7RαTg Foxp3+ Treg cells. Related to Figure 3. 
(A) Caspase-3 activity was assessed in Foxp3-EGFP reporter mice that were either WT or 
additionally transgenic for IL-7Rα (IL-7RαTg). Active caspase-3 was visualized using CaspGLOW
Red Caspase-3 substrates followed by flow cytometry. Histograms are representative and bar 
graphs are summary of two independent experiments, showing mean wth SEM.
(B) Expression of the high-affinity IL-2 receptor subunits, IL-2Rα, IL-2Rβ and γc, on Foxp3+ CD4+

LN T cells of WT and IL-7RαTg mice. Histograms are representative of 2 independent experiments. 
Unpaired two-tailed Student’s t-test, where *P<0.05, **P<0.01, *** P<0.001, **** P<0.0001.
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Supplemental Figure S4



Figure S5. JAK/STAT pathway analysis of WT and IL-7RαTg Treg cells. Related to Figure 3.
RNA was isolated from electronically sorted CD4+CD25+ T cells (Tregs) of WT and IL-7RαTg mice. 
Relative mRNA expression of molecules in the JAK/STAT signaling pathway was assessed using the 
QIAgen RT2 Profiler PCR array. Key genes involved in IL-2 and IL-7 receptor signaling are indicated.

Supplemental Figure S5



Figure S6. Cytokine receptor expression on IL-7Rα311Tg T cells. Related to Figure 5.
(A) The IL-7Rα consists of an extracellular (239 a.a.), transmembrane (25 a.a.), and intracellular 
(195 a.a.) protein domain. The IL-7Rα311 is a truncated form of the full-length IL-7Rα and lacks the 
membrane-distal 148 amino acids, thus eliminating all four tyrosine residues and disabling IL-7 
receptor signaling. 
(B) Surface IL-7Rα expression on thymocytes (top) and LN T cells (bottom) of WT and IL-7Rα311Tg

mice.  Histograms are representative of 2 independent experiments. 
(C) Expression of the high-affinity IL-2 receptor subunits, IL-2Rα, IL-2Rβ and γc, on Foxp3+ CD4+

LN T cells of WT and IL-7Rα311Tg mice.  Histograms are representative of 2 independent 
experiments. 
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Supplemental Figure S6



Figure S7. Cytokine receptor expression on IL-7Rα-cKO CD4SP thymocytes. Related to Figure 6.
Cell surface staining for IL-7Rα and γc on WT and IL-7Rα-cKO CD4SP thymocytes. Results are representative of 
three independent experiments.

Supplemental Figure S7
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Transparent Methods 

Mice 

C57BL/6 (B6) and Ly5.2 congenic mice of both sexes were purchased from Charles River Laboratories 

and used for analysis between 6 – 20 weeks of age. Foxp3Tg, IL-7RαTg, IL-7RαKO, IL-7Rα-cKO and 

Foxp3-EGFP reporter mice have been previously described (Tai et al., 2013, Peschon et al., 1994, Yu et 

al., 2006, Zhou et al., 2008). The IL-7Rα-conditional KO mice were previously reported and were kindly 

provided by A. Singer (National Cancer Institute, National Institutes of Health, Bethesda, MD) 

(McCaughtry et al., 2012). The IL-7Rα-GFP reporter mice express an IRES-GFP BAC transgene that is 

inserted into the 5’-UTR of the Il7r gene locus. GFP levels in cells isolated from this mouse faithfully 

indicate the level of IL-7Rα gene transcription (Ligons et al., 2012). IL-7Rα311Tg transgenic mice were 

produced by generating a truncated IL-7Rα cDNA construct lacking all C-terminal residues downwards of 

a.a. 312 of the mouse IL-7Rα cytosolic tail. This cDNA construct was cloned into a human CD2 enhancer-

promoter-based vector and injected into fertilized B6 oocytes to generate IL-7Rα311Tg mice (Figure S7). 

For all animal experiments, we routinely analyzed mice of both sexes that were aged between 6 -20 

weeks. Animal experiments were approved by the NCI Animal Care and Use Committee, and all mice 

were cared for in accordance with NIH guidelines. All experiments conform to the regulatory standards of 

the NIH. 

 

Surface plasmon resonance (SPR) analysis 

Purified murine IL-7Rα and IL-2Rβ ECDs expressed from human or yeast cells were purchased from Sino 

Biological, Inc. (Wayne, PA), and LifeSpan Biosciences, Inc. (Seattle, WA), respectively. Purified murine 

γc ECD with a C-terminal Fc fusion expressed from Sf21 insect cells was purchased from R&D Systems, 

Inc. (Minneapolis, MN). Finally, murine IL-7Rα ECD was also expressed and purified from S2 insect cells 

using similar procedures described previously by the Walsh laboratory (Wickham and Walsh, 2007). 

Protein concentrations were determined from amino acid composition of the number of Tyr and Trp 

residues (Pace et al., 1995). All proteins were exchanged into HBS-EP buffer (10 mM HEPES, pH 7.4; 

150 mM NaCl; 3 mM EDTA; and 0.005% Tween-20) using NAP-5 (GE) desalting columns. The γc ECD-
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Fc fusion was amine-coupled to a CM5 sensor chip using similar methods as those described previously 

(Hong et al., 2014). For the IL-2Rβ/γc interaction, a concentration series of IL-2Rβ was injected over 

immobilized γc at a flow rate of 25 µl/min in HBS-EP (pH 7.4) buffer. SPR sensorgrams were double 

referenced and trimmed using BIAevaluation 4.1 software (GE). Dose-response curves (Rmax vs [IL-2Rβ]) 

were generated and fit using Prism 5.0 (GraphPad) to determine the Kd values. For the IL-7Rα/γc 

interaction, a concentration series of IL-7Rα was injected over immobilized γc at a flow rate of 50 µl/min. 

These sensorgrams were double referenced, trimmed, and globally fit using Clamp XP to determine the 

binding constants (kon, koff. and Kd = koff/kon). SPR experiments were performed 3-4 times at 25 °C using a 

Biacore 3000 instrument (GE), the values were averaged, and propagated errors were estimated. 

 

Flow cytometry 

Cells were analyzed using FACSCalibur, FACSAria, or LSR II cell sorters (BD Biosciences; San Jose, 

CA) and software designed by the Division of Computer Research and Technology at the NIH. The cells 

were gated using the forward scatter exclusion of dead cells stained with propidium iodide. For nuclear 

staining, the cells were first surface stained, fixed, and then permeabilized using a Foxp3 intracellular 

staining kit, according to the manufacturer’s instructions (Thermo Fisher eBioscience; Waltham, MA). The 

cells were surface stained with antibodies against IL-7Rα (A7R34, eBioscience), IL-2Rβ (TMβ1, BD 

Biosciences), γc (4G3, BD Biosciences), IL-4Rα (mIL4R-M1, BD Biosciences), IL-21R (4A9, BioLegend; 

San Diego, CA), TCRβ (H57-597, BD Biosciences), CD4 (GK1.5, BioLegend), CD8α (C53-6.7, 

BioLegend), and CD45.1 (A20, BioLegend). 

 

Receptor abundance calculation 

T cell cytokine receptor abundance was calculated as previously described (Cotari et al., 2013, Gonnord 

et al., 2018). Briefly, LN T cells from WT or Foxp3-EGFP reporter mice were stained with a saturating 

concentration (as determined by titration) of PE-conjugated anti-γc, anti-IL-7Rα, anti-IL-2Rβ, or isotype 

control antibodies and analyzed by flow cytometry. The corrected mean fluorescent intensity (MFI) for PE 

was calculated by subtracting the MFI of the isotype control antibody from the MFI of the individual 
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antibodies. A standard curve correlating the PE MFI values to a known number of PE molecules was 

generated using Quantum R-PE MESF beads (Bangs Laboratories; Fishers, IN) analyzed by flow 

cytometry. The corrected MFI for the Quantum R-PE MESF beads was calculated by subtracting the MFI 

of the unlabeled beads from the MFI of the beads with a known number of PE molecules (Figure S1). 

This standard curve was used to calculate the number of receptors on the surface of the stained T cells 

using a ratio of one PE molecule per antibody, as specified by the manufacturer (eBioscience or BD 

Bioscience) 

 

Intracellular staining for pSTAT5 and Foxp3 

Following cytokine stimulation, LN T cells were fixed using a Foxp3 intracellular staining kit (eBioscience) 

at 4°C. Cells were washed with permeabilization buffer (eBioscience) and stained with Alexa Fluor-647-

conjugated anti-Foxp3 antibodies (FJK-16, eBioscience) for 30 min at room temperature. Cells were 

washed, re-fixed using 2% paraformaldehyde at 4°C, and permeabilized using 90% methanol. The cells 

were then stained with anti-pSTAT5 (47, BD Biosciences) at room temperature for 30 min, followed by 

staining with anti-CD4 (GK1.5, Tonbo Biosciences; San Diego, CA) and anti-CD25 (PC61.5, eBioscience). 

 

Active caspase-3 staining 

LN cells from Foxp3-GFP and IL-7RαTg Foxp3-GFP mice were incubated overnight at 37°C in medium, 

washed, and then incubated for 45 min with CaspGLOW Red caspase-3 substrate (BioVision; Milpitas, 

CA). Dead cells were excluded by staining with reagents from a LIVE/DEAD Fixable Aqua Dead Cell Stain 

kit (Thermo Fisher), and cells were analyzed by flow cytometry. 

 

RT-PCR array 

Total RNA was isolated from sorted cells using an RNAeasy micro kit (Qiagen; Germantown, MD). cDNA 

was generated using oligo(dT) primers and the QuantiTect reverse transcription kit (Qiagen). Quantitative 

RT-PCR was performed using an ABI PRISM 7900HT system and QuantiTect SYBR Green (Qiagen). 

 

In vitro Foxp3+ regulatory T cell differentiation 
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Naïve LN CD4+ T cells were enriched by negative magnetic selection (StemCell; Cambridge, MA), and 

their purity was confirmed by flow cytometry. Enriched cells were stimulated with 1 µg/ml plate bound 

anti-CD3/CD28 for 4 days in the presence of 5 ng/ml TGF-β and increasing amounts (0-10 ng/ml) of IL-2 

or IL-7 (PeproTech; Rocky Hill, NJ). After differentiation, the cells were counted, and the expression of 

intracellular Foxp3 proteins was determined by flow cytometry. 

 

In vitro Th17 T cell differentiation 

Naïve LN CD4+ T cells from WT, IL-7RαTg, or IL-7Rα-cKO mice were enriched by negative magnetic 

selection (StemCell), and purity was confirmed by flow cytometry. Mature CD4SP CD44lo thymocytes 

were electronically sorted. The cells were stimulated with 1 µg/ml plate bound anti-CD3/CD28 for 5 days 

in the presence of 5 ng/ml TGF-β, 10 ng/ml IL-6 (PeproTech), anti-IFN-γ (R4-6A4, BioLegend) and anti-IL-

4 (11B11, BioLegend). 

 

Survival assay of adoptively transferred Foxp3+ Treg cells 

CD4+ T cells were enriched by depleting CD8+ T cells and B cells from CD45.2+ IL-7RαTg Foxp3-GFP and 

congenic CD45.1+ Foxp3-GFP LN cells with BioMag beads (Qiagen). The purified CD4+ T cells from 

CD45.1+ and CD45.2+-origin mice were mixed at a 1:1 ratio before adoptive transfer into Rag2KOIL-

7KOhost mice. After 2 weeks of transfer, at day 14, the donor T cells were recovered from host LNs and 

assessed for the frequencies of CD45.1+ and CD45.2+ Foxp3-GFP+ CD4 T cells. IL-7RαTg Foxp3+ versus 

WT Foxp3+ CD4+ T cell ratios among donor T cells were then compared to those before injection, at day 

0. 

 

Statistical analysis 

Statistical differences of the mean with standard error of the mean (SEM) were analyzed by unpaired two-

tailed Student’s t-test or with 2-way ANOVA. P values of less than 0.05 were considered significant: 

*P<0.05, **P<0.01, *** P<0.001, **** P<0.0001. All statistical analyses were performed using GraphPad 

Prism 6.  
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