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Abstract

The vitamin A metabolite all-trans retinoic acid (ATRA) induces a gut-homing phenotype in 

activated CD4+ conventional T cells (Tconv) by upregulating the integrin α4β7 and the chemokine 

receptor CCR9. We report that, in contrast to mouse Tconv, only about 50% of regulatory T cells 

(Treg) upregulate CCR9 when stimulated by physiological levels of ATRA, even though Tconv 

and Treg express similar levels of the retinoic acid receptor (RAR). The resulting bimodal CCR9 

expression is not associated with differences in the extent of their proliferation, level of Foxp3 

expression, or affiliation with naturally-occurring Treg (nTreg) or induced Treg (iTreg) in the 

circulating Treg pool. Furthermore, we find that exposure of Treg to the mechanistic target of 

rapamycin (mTOR) inhibitor rapamycin suppresses upregulation of both CCR9 and α4β7, an 

effect that is not evident with Tconv. This suggests that in Treg, ATRA-induced upregulation of 

CCR9 and α4β7 is dependent on activation of an mTOR signaling pathway. The involvement of 

mTOR is independent of Akt activity, since specific inhibition of Akt, pyruvate dehydrogenase 

kinase-1, or its downstream target glycogen synthase kinase-3, did not prevent CCR9 expression. 

Additionally, Rictor (mTOR complex [C] 2)-deficient Treg showed unaltered ability to express 

CCR9, whereas Raptor (mTORC1)-deficient Treg were unable to upregulate CCR9, suggesting the 

selective participation of mTORC1. These findings reveal a novel difference between ATRA 

signaling and chemokine receptor induction in Treg versus Tconv and provide a framework via 

which the migratory behavior of Treg versus Tconv might be regulated differentially for 

therapeutic purposes.
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Introduction

CD4+CD25+ forkhead box p3+ (Foxp3+) regulatory T cells (Treg) are a well-studied subset 

of immunosuppressive T cells. They have shown considerable promise in the treatment of 

experimental autoimmune disease (1–3), prevention of skin or organ allograft rejection (4–6) 

and suppression of graft-versus-host disease following bone marrow transplantation (7–9). 

Challenges to the clinical development of Treg therapy include the generation of sufficient 

numbers of these cells ex vivo (10, 11), the functional stability and longevity of the Treg in 

an inflammatory milieu, and their homing to lymphoid tissue versus inflammatory sites (12). 

In addressing these issues, the mechanistic target of rapamycin (mTOR) antagonist 

rapamycin and the vitamin A metabolite all-trans retinoic acid (ATRA), have both been 

shown to improve the selective expansion of Treg and to enhance their stability and 

resistance to pro-inflammatory cytokines (13–16).

There is also evidence that rapamycin and ATRA can affect chemokine receptor expression 

by T cells and consequently, their migration. Thus, ATRA induces upregulation of the gut-

homing receptors CCR9 and α4β7 integrin (17, 18), whereas rapamycin increases the 

expression of CCR7 and consequently promotes more of a lymph node (LN)-homing Treg 

phenotype (19, 20). Given that the migratory ability of Treg directly impacts their 

therapeutic efficacy in vivo (21–24), a deeper understanding of how these agents may affect 

the migratory phenotype and behavior of Treg holds the potential to further improve their 

therapeutic application.

Previously, we reported (20) that rapamycin and ATRA synergize with TGF-β to generate 

induced Treg (iTreg) from conventional T cells (Tconv), but that they confer distinct 

migratory behavior on the resulting iTreg. We thus questioned how rapamycin and ATRA 

might affect the migration of naturally-occurring (n)Treg (a mixture of thymic and 

peripherally-induced Treg) when administered during their ex-vivo expansion. We show 

that, in contrast to our findings regarding the induction of Treg, those Treg that are already 

differentiated (representing the pool of cells accessible for ex vivo expansion and clinical 

use) respond differently to ATRA and rapamycin. Thus, nTreg show less sensitivity to 

ATRA-induced upregulation of CCR9. Moreover, this upregulation is dependent on the 

concomitant activity of mTOR complex 1 (mTORC1) in Treg, but not in Tconv, since 

rapamycin or the absence of Raptor, an essential component of this complex, blocks 

upregulation of CCR9 by the former, but not the latter population. Mechanistically, ATRA-

induced upregulation of CCR9 in nTreg, rather unexpectedly does not require activation of 

the conventional upstream mediators pyruvate dehydrogenase kinase (PDK)1 or Akt, 

suggesting an alternate mechanism of mTORC1 activation. Ultimately, this translates into an 

altered in vivo distribution of Treg that is a function of their specific conditioning during ex 

vivo expansion, Our findings reveal a novel role of mTORC1 in determining the migratory 

behavior of nTreg that is distinct from that of Tconv and that could be exploited for selective 

manipulation of the in vivo distribution of Treg and Tconv populations for therapeutic 

purposes.
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Materials and Methods

Animals

Eight- to 12-wk-old C57BL/6 (B6; H2Kb) mice and Foxp3-enhanced green fluorescent 

protein (eGFP) B6 reporter mice were obtained from The Jackson Laboratory and 

maintained in the specific pathogen-free central animal facility of University of Pittsburgh 

School of Medicine. Conditional Rictor gene disruption was accomplished by crossing (25) 

floxed Rictor mice with mice expressing tamoxifen-inducible Cre under the ROSA26 

promoter (ROSA26-Cre ERT2). Rictorfl/fl ROSA26-Cre ERT2 mice or ROSA26 wild-type 

mice bred in our facility were given tamoxifen (82 mg/kg i.p.; Sigma-Aldrich; T5648) 

before experimentation, as described (26). Mice with conditional Raptor gene disruption 

selectively in T cells were a gift from Dr. Jonathan Powell (Johns Hopkins University) and 

were obtained by crossing floxed Raptor mice (The Jackson Laboratory; Stock No: 013188) 

with CD4-Cre transgenic mice (The Jackson Laboratory; Stock No: 017336). Experiments 

were conducted under an institutional animal care and use committee-approved protocol and 

in accordance with National Institutes of Health-approved guidelines.

Reagents and Abs

Complete medium (CM) comprised RPMI-1640 (Gibco, Invitrogen, Carlsbad, CA) 

supplemented with 10% v/v FCS (Atlanta Biologicals, Lawrenceville, GA), non-essential 

amino acids, L-glutamine, sodium pyruvate, penicillin-streptomycin and 2-ME (all from 

Invitrogen, Carlsbad, CA). The mouse CD4-negative isolation kit for T cell isolation and 

αCD3/αCD28-coated beads (artificial APC, Dynal) for ex-vivo T cell expansion were from 

Invitrogen. Anti-PE microbeads and magnetic separation columns were from Miltenyi 

Biotec (Auburn, CA). ATRA, 2-deoxyglucose (2-DG), bexarotene and lithium chloride 

(LiCl) were from Sigma Aldrich (St. Louis, MO). Mouse rIL-2 and human rTGF-β1 (CHO 

cell-derived) were from PeproTech (Rocky Hills, NJ), rapamycin was from LC labs 

(Woburn, MA), the PDK inhibitor BX-912 was from Selleck Chemicals (Houston, TX) and 

the Akt inhibitor Akt-VIII from Santa Cruz Biotechnology (Dallas, TX). Anti-mouse CD4 

(clone L3T4), -Foxp3 (FJK-16s), -CD25 (PC61.5), -CCR9 (eBioCW-1.2), -α4β7/LPAM-1 

(DATK32) and -Helios (22F6) Abs were obtained from eBioscience (San Diego, CA). Anti-

mouse CD44 (1M7) and -CD62L (MEL-14) were from BD Biosciences (San Diego, CA). 

Anti-mouse retinoic acid receptor alpha (RARα; EP1823Y) was from Abcam (Cambridge, 

MA).

Tconv and Treg purification

T cells were purified from mouse spleens and lymph nodes (LN) as described (5, 20). 

Briefly, single cell suspensions were incubated with purified anti-CD11b, -CD8, -B220, anti-

Gr-1, -CD16/32, -Ter119 (BD Bioscience, San Jose, CA) and -I-A/E (eBioscience) mAbs. 

The cells were then washed and incubated with anti-rat dynabeads (Dynal, Invitrogen) 

according to the manufacturer’s instructions. Bulk CD4+ T cells were then purified by 

magnetic negative selection of the unwanted cells. For Treg isolation, these bulk CD4+ T 

cells were incubated with anti-CD25-PE mAb and CD4+CD25+ T cells isolated by positive 

selection using anti-PE microbeads and MS separation columns (Miltenyi Biotec). Purity 
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was assessed by cytofluorometric analysis and was consistently 90–95%. The remaining 

cells were used as CD4+CD25− Tconv.

Cell culture and flow cytometry

Freshly-isolated Tconv and Treg were labeled with violet proliferation dye (VPD, 

CellTrace™ Violet Cell Proliferation Kit; Invitrogen) following the manufacturer’s protocol 

and cultured for 3–4 days in 96-well, round-bottom plates with αCD3/αCD28 beads (1.5 to 

2 beads per cell), 10 ng/ml IL-2, with or without ATRA, rapamycin and other reagents, as 

indicated for each experiment. Each well contained 105 cells and 1.5 to 2.0 × 105 αCD3/

αCD28 beads in a total of 200 μl final volume. For hypoxia experiments, 96-well plates 

were placed in a hypoxia chamber (1% O2). At the end of culture, the cells were stained with 

viability dye (Fixable Viability Dye; eBioscience), washed then stained with the mAbs 

indicated and analyzed by flow cytometry using a BD LSR II. Data were analyzed with 

FlowJo and events gated on viable, CD4+ Foxp3+ or CD4+ Foxp3− cells.

In vitro suppression assay

Freshly-isolated, naïve CD4+CD25+ cells were cultured for 3–4 days with IL-2 and αCD3/

αCD28 beads, in the presence of either ATRA or a combination of ATRA and rapamycin. 

The ATRA-cultured Treg were then flow-sorted into eGFP-Foxp3+CCR9+ and eGFP-

Foxp3+CCR9− populations and the ATRA/rapamycin-cultured Treg flow-sorted for eGFP-

Foxp3+ cells. The three separate populations were then each co-cultured with freshly-

isolated, naive CD4+CD25− VPD-stained Tconv and αCD3/αCD28 beads in 96-well plates. 

Each well contained 105 beads and 105 Tconv. Treg were added to achieve the Treg:Tconv 

ratios indicated. Co-cultures were maintained for 4 days, followed by staining and flow 

cytometry. T cell proliferation was quantified by analysis of the resulting VPD dilution 

profile using FlowJo.

In vivo migration

Freshly-isolated, naïve CD4+ CD25+ cells were cultured and flow-sorted, as described 

above, to generate ATRA-CCR9+ Treg, ATRA-CCR9− Treg and ATRA-rapamycin Treg. 

Each cell type was labeled with CFSE alone, VPD alone or a combination of CFSE and 

VPD, as indicated. After labeling, the cells were mixed and an aliquot analyzed by flow 

cytometry to determine the percentage breakdown of injected cells. One to 2 million total 

cells in 200 μl PBS were injected into congenic mice via the lateral tail vein. After 36 hours, 

spleens and LNs were harvested as described above and single cell suspensions analyzed by 

flow cytometry to determine the recovered percentages of ATRA-CCR9+, ATRA-CCR9− 

and ATRA-rapamycin Treg. The relative recovery was calculated as the percentage of 

recovered cells divided by the percentage of injected cells.

Statistical analyses

Means ± 1SD are shown, unless otherwise indicated. One-way ANOVA, followed by Tukey-

Kramer multiple comparisons test was performed on datasets when comparing multiple 

groups simultaneously. One-way ANOVA, followed by Dunnett’s multiple comparison test 

was performed on datasets when comparing individual samples with a single control sample. 
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Normalized datasets were compared using the repeated measures ANOVA, followed by the 

Tukey-Kramer multiple comparisons test.

Results

Treg and Tconv respond differently to ATRA stimulation

To determine the influence of ATRA on chemokine receptor expression by nTreg during 

their ex-vivo expansion, we characterized the response of freshly-isolated nTreg stimulated 

with αCD3/αCD28 beads for 4 days in the presence of ATRA by measuring cell surface 

expression of α4β7 and CCR9. Whereas both Tconv and nTreg upregulated α4β7 in 

response to ATRA, with an overall higher mean fluorescence intensity (MFI) induced in 

nTreg, only ~ 50% of nTreg became CCR9+ by day 4, compared to Tconv that displayed 

homogenous upregulation of CCR9 by day 3 of culture (Fig. 1 A and B). This bimodal 

distribution of CCR9+ and CCR9− nTreg was observed both at physiological (1 nM) (27) 

and supra-physiological (1000 nM) concentrations of ATRA (Fig. 1C), with a dose-response 

increase in the proportion of CCR9+ cells evident for both Tconv and Treg populations, 

although to a different extent. Since this observation suggested that nTreg respond 

differently to ATRA than Tconv, we investigated whether this was due to a heterogeneous 

expression of the RA receptor (RAR) in the nTreg starting population that would then give 

rise to the two subpopulations of Treg observed. Intracellular staining revealed that 

expression of RARα, the principal receptor isoform involved in T cell RA signaling (28), 

was homogeneous and identical on freshly-isolated nTreg and Tconv (Fig. 1D). Notably, 

gene array data (29) have also indicated similar levels of mRNA expression for all Rar and 

Rxr isoforms other than Rarg, which is actually increased in Treg. We can therefore 

conclude that the bimodal expression of CCR9 in nTreg following stimulation with ATRA 

was not due to comparatively low RARα expression by a subset of cells.

Previous studies (28) have implicated nuclear factor of activated T cells (NFAT) signaling in 

the modulation of CCR9 expression after TCR stimulation in the presence of RA. Since 

nTreg are considered anergic in vitro, and to proliferate less readily than Tconv in response 

to TCR ligation (30), we tested whether lack of CCR9 upregulation in a subpopulation of 

ATRA-treated nTreg was the result of insufficient cell activation. Staining with the 

proliferation dye VPD showed that both CCR9− and CCR9+ populations of ATRA-treated 

Treg underwent similar extents of proliferation (Fig. 1E) and comparable to the proliferation 

observed in Tconv. Moreover, each Treg subset displayed a similar degree of activation 

based on CD44 upregulation and CD62L downregulation (Fig. 1F) though CCR9+ Treg 

comprised a significant population with intermediate expression of CD62L rather than low. 

Furthermore, proliferating CCR9− and CCR9+ cells showed very similar cell surface 

expression of α4β7, suggesting that RA signaling was functional and activated in both 

populations (Fig. 1G).

Earlier reports (28, 31) have suggested that retinoid X receptor (RXR) activation can 

potentiate CCR9 mRNA transcription in the presence of RAR signaling. Since our results 

indicated that RA signaling was intact, but only approx. 50% of Treg upregulated CCR9, we 

questioned whether adding an RXR agonist would increase the proportion of CCR9+ nTreg 

obtained with ATRA stimulation. As shown in Fig. 1H, addition of the RXR agonist 
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bexarotene at the start of cultures increased the proportion of CCR9+ Treg from 50% to 

about 80%. Thus, in addition to RAR, RXR signaling appears to be important in promoting 

CCR9 expression by Treg.

ATRA-stimulated CCR9+ and CCR9− nTreg exhibit similar Treg phenotypes and function

To obtain a better understanding of the bimodal expression of CCR9 by nTreg expanded in 

the presence of ATRA, we investigated whether the CCR9+ and CCR9− populations 

exhibited different phenotypes or function. As shown in Fig. 2A, the two populations 

expressed very similar levels of Foxp3 and CD25. Moreover, analysis of Helios expression, 

reported to distinguish naturally-occurring thymic-derived (tTreg) from peripherally-induced 

Treg (pTreg) (32), revealed that, in response to ATRA stimulation, both populations 

contributed to CCR9+ and CCR9− cells. Helios− pTreg made a greater relative contribution 

to CCR9+ cells than Helios+ tTreg (Fig. 2B), in agreement with our previous observations on 

the effect of ATRA during the induction of Treg (20). However, this limited contribution 

suggests that intrinsic properties of tTreg versus pTreg play only a limited role in regulating 

the differential expression of CCR9.

We then considered whether TGF-β, the principal cytokine responsible for generation of 

induced Treg, might play a role in CCR9 expression, since a previous study (33) had shown 

TGF-β could modulate expression of CCR9 in response to ATRA in Tconv. We asked if 

TGF-β secreted in culture, possibly by a subset of cells, might be responsible for the 

differences in CCR9 expression observed between Tconv and nTreg, as only Treg secrete 

TGF-β (34). Addition of recombinant TGF-β during their in vitro expansion decreased the 

overall intensity of CCR9 expression on both nTreg and Tconv. However, it did not alter the 

distribution between CCR9+ and CCR9− subsets in either nTreg or Tconv (Fig. 2C). 

Additionally, culturing Treg together with Tconv during expansion did not enhance 

conversion of Treg into CCR9+ cells compared to culturing each sorted population alone 

(Fig. 2D). This suggests that the heterogeneity in CCR9 expression was not due to a 

paracrine or autocrine effect of TGF-β secreted by nTreg (or that no factor secreted by 

activating T cells could support CCR9 up-regulation).

Since a proportion of the Treg that we investigated were derived from mesenteric LN that 

drain the intestines, we considered whether these cells (that might have been pre-exposed to 

ATRA in situ) were the dominant source of the resulting CCR9+ fraction. We stimulated, 

separately, nTreg harvested from mesenteric LN, spleen, or peripheral (cervical/axillary) LN 

in the absence or presence of ATRA. Bimodal CCR9 expression was exhibited by all 3 

populations, ruling out the possibility that the CCR9+ population had originated solely from 

mesenteric LN (Fig. 2E), or that the ability to upregulate CCR9 was imprinted by the 

environment in which the nTreg resided before expansion.

We then assessed whether the differential expression of CCR9 was associated with altered 

Treg suppressive activity in vitro. Employing a conventional CFSE-based dye-dilution T cell 

proliferation assay (5), we determined whether the addition of CCR9− or CCR9+ Treg sorted 

following expansion in the presence of ATRA displayed differential inhibitory effects at 

various Treg to effector cell ratios. As shown in Fig. 2F, the two populations displayed 
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similar suppressive activity, excluding the possibility that the CCR9 expression correlated 

with a different regulatory function.

ATRA-induced CCR9/α4β7 expression by nTreg is regulated by mTORC1

Given the different responses of nTreg and Tconv to ATRA (compared to our previous 

findings regarding iTreg (20)), we investigated the influence of rapamycin on CCR9 and 

α4β7 expression by stimulated nTreg when added in conjunction with ATRA. While 

addition of rapamycin at the start of cultures had only a modest inhibitory effect on CCR9 

and α4β7 expression by Tconv, it strikingly blocked the upregulation of CCR9 and α4β7 by 

stimulated Treg (Fig. 3A–B). Concentrations of rapamycin as low as 0.1 ng/ml rapamcin 

(the approximate IC50 of rapamycin for the protein kinase mTORC1) (35) exerted an 

inhibitory effect on Treg (Fig. 3C), whereas 10 ng/ml exerted only a minimal effect on 

Tconv, suggesting that Treg but not Tconv require mTORC1 activity to upregulate α4β7 and 

CCR9.

The sensitivity of CCR9 upregulation on nTreg to mTORC1 inhibition was rather 

unexpected, since we are aware of no reports of a T cell subset-specific intersection of the 

ATRA and mTOR pathways. Moreover, compared to Tconv, nTreg exhibit constitutively 

higher levels of already-activated mTORC1 (36). Since rapamycin is known to block T cell 

cycle progression in response to IL-2 signaling (37), we questioned whether the absence of 

CCR9 upregulation on nTreg was due to a selective blockade of cell proliferation, as most of 

the CCR9+ ATRA only-exposed Treg had undergone at least one cell division. Although the 

addition of rapamycin did cause a minor reduction in cell proliferation, almost all of the 

nTreg were CCR9−, even after 5 divisions (Fig. 3D). In contrast, despite an even more 

profound impact on proliferation, the majority of rapamycin-treated Tconv were CCR9+. 

Furthermore, the non-proliferating Treg population was also predominantly CCR9−, 

suggesting that the blocking effect of rapamycin was not (strictly) related to its influence on 

cell division.

There is evidence that prolonged exposure to rapamycin can indirectly inhibit mTORC2 by 

blocking its assembly (38). Since our culture period in the presence of rapamycin was 3–5 

days, we investigated whether the block in CCR9 upregulation might be due to inhibition of 

mTORC1 or mTORC2. Treg from Rictor-deficient mice that lack functional mTORC2 were 

cultured with ATRA and showed a similar, biphasic profile of CCR9 expression as wild-type 

nTreg (Fig. 3E). This ATRA-dependent upregulation was also blocked in Rictor-deficient 

nTreg by the addition of rapamycin, suggesting that the blockade of CCR9 upregulation was 

not due to inhibition of mTORC2. To confirm that inhibition of mTORC1 was indeed 

responsible for blockade of CCR9 upregulation, nTreg and Tconv from Raptor-deficient 

mice (that lack functional mTORC1) were also examined (Fig. 3F). While Raptor-deficient 

Tconv upregulated CCR9 in the presence of ATRA, Raptor-deficient Treg did not do so. 

This finding confirms that ATRA-induced upregulation of CCR9 in Treg requires mTORC1, 

whereas this complex is dispensable for the same response in Tconv, highlighting an 

important difference between effector and regulatory T cell subsets.
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CCR9+ and CCR9− Treg and ATRA-rapamycin Treg display similar suppressive function in 
vitro, but different lymphoid tissue-homing patterns in vivo

Previous studies (16) suggest that expanding Treg ex vivo in the presence of ATRA and 

rapamycin enhances their suppressive capacity and confers an epigenetic status more 

conducive to Treg stability in vivo. However, their migratory capacity impacts significantly 

on their therapeutic efficacy in vivo (21–23). Based on our finding that mTORC1 is required 

for upregulation of CCR9 by nTreg, we investigated whether ex vivo-expanded nTreg 

generated with ATRA + rapamycin would have different suppressive activity and, more 

importantly, impaired ability to migrate to the gut (due to the different CCR9 expression 

profile). We used an adoptive transfer model to compare the migration of Treg expanded 

either with ATRA alone or with the combination of ATRA + rapamycin. Further, since the 

ATRA-expanded Treg consist of a bimodal population, the CCR9− and CCR9+ fractions 

were separated via fluorescence-activated cell sorting. This yielded a total of 3 distinct Treg 

populations being analyzed. First, suppressive activity was assessed in vitro via CFSE-

proliferation assay measuring the proportion of Tconv remaining undivided following 

stimulation with αCD3/αCD28 when co-cultured with titrations of each Treg subset. The 

degrees of suppression were similar between the 3 distinct Treg groups, with a trend towards 

the ATRA + rapamycin-expanded cells being slightly more suppressive at some ratios (Fig. 

4A). To allow assessment of the migration of each population in the same animal (and to 

minimize differences due to biological variability between mice), each sorted Treg 

population was labeled distinctly with combinations of CFSE and VPD and a mixture 

(1:1:1) of the 3 Treg transferred into syngeneic B6 hosts (Fig. 4B). As predicted by their 

phenotype, 36 h after their adoptive transfer CCR9+ ATRA-expanded Treg accumulated in 

mesenteric LN at higher frequency compared to the spleen, whereas both CCR9− ATRA-

expanded Treg and ATRA + rapamycin Treg accumulated in the mesenteric LN and the 

spleen to a similar extent (Fig. 4B).

Treg CCR9 upregulation is independent of PI3K/Akt, PDK-1, and GSK-3β pathways

Having confirmed that inhibition of CCR9 expression by Treg following exposure to 

rapamycin translated into altered in vivo cell distribution, we undertook preliminary 

characterization of the mechanism of rapamycin-mediated suppression of CCR9 

upregulation. We explored several signaling pathway components upstream of mTORC1. 

mTORC1 is recognized mainly as a downstream target of PI3K and the serine-threonine 

kinase Akt and differences in Akt signaling have been reported between nTreg and Tconv 

(39). We thus investigated whether the PI3K/Akt pathway was responsible for the observed 

difference in CCR9 upregulation between nTreg and Tconv. nTreg and Tconv were cultured 

with Akt-VIII, an Akt inhibitor that preferentially inhibits the Akt isoforms Akt-1 and Akt-2, 

and then stimulated in the presence of ATRA. Unexpectedly, no inhibition of CCR9 

upregulation was observed across a concentration range of 16 to 2000 nM, the upper limit 

being ~40 × the IC50 for Akt-1 and 10 × the IC50 for Akt-2 (Fig. 5A). This finding suggests 

that the PI3K/Akt axis is dispensable for the activation of mTORC1 necessary for CCR9 

upregulation on nTreg.

Apart from Akt, PDK-1 is an intermediary in mTOR signaling. A previous report (40) has 

related chemokine receptor expression and migration of CD8+ T cells to PDK-1 activity. We 
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thus tested whether PDK-1 might play a similar role in nTreg in relation to ATRA signaling 

and CCR9 upregulation. However, addition of a PDK-1 inhibitor (BX-192) at the start of 

nTreg cultures did not affect their level of CCR9 expression when stimulated in the presence 

of ATRA (Fig. 5B), excluding its involvement in mTORC1 activation.

There is evidence that Treg have enhanced activity of glycogen synthase kinase-3β 

(GSK-3β) that inhibits mTOR by phosphorylating tuberous sclerosis complex 2 (TSC2) in 

the Wnt signaling pathway (41). With our new understanding of an important role of mTOR 

in the ability of Treg to respond to ATRA, we tested whether the decreased upregulation of 

CCR9 observed in Treg (Fig 1) was due to increased GSK-3β activity and whether 

augmenting mTOR activity by inhibiting GSK-3β would enhance upregulation of CCR9 by 

Treg. Addition of the GSK-3β inhibitor lithium chloride (LiCl) did not increase CCR9 

expression by Treg (Fig. 5C). This excluded another possible explanation of the limited 

response of Treg to ATRA in comparison to Tconv.

mTORC1-dependency of Treg CCR9 upregulation is not explained by glycolysis and HIF-1α 
activity

Tconv and Treg exhibit different metabolic phenotypes, with the former displaying 

anaerobic glycolysis and Treg exhibiting oxidative phosphorylation (42). Since mTOR is a 

master regulator of metabolism (43, 44), we considered whether the mTORC1-dependency 

of CCR9 upregulation by Treg but not Tconv, was due to differences in their metabolism. 

Moreover, mTOR can modulate the migration of CD8+ T cells to lymphoid tissues by 

activating hypoxia-induced factor-1α (HIF-1α) that promotes glycolytic activity (40). We 

therefore questioned whether this effect was paralleled in CD4+ T cells, in that the selective 

requirement of mTORC1 in Treg CCR9 upregulation might be due to an inherently lower 

level of glycolytic activity in Treg, which would be more easily blocked by rapamycin. 

When Tconv or Treg were cultured under hypoxic (1% O2) versus normoxic conditions (Fig. 

5D), or in the presence of the HIF-1α-inducer cobalt chloride (CoCl2) (Supplemental Fig. 

1), neither condition increased levels of CCR9 expression by Treg, but slightly decreased 

CCR9 expression by Tconv (Fig. 5D). Moreover, the addition of rapamycin during 

stimulation under hypoxia or in the presence of CoCl2 resulted in complete inhibition of 

CCR9 up-regulation. This suggested that the mTORC1-dependency of Treg CCR9 

upregulation was not mediated via mTORC1-induced activation of HIF-1α.

To test whether glycolytic activity independent of HIF-1α activation was necessary for 

CCR9 upregulation, we cultured Tconv or Treg in the absence or presence of the glycolytic 

inhibitor 2-deoxyglucose (2-DG). Although 2-DG modestly decreased the extent of CCR9 

upregulation by Treg (but not to the extent induced by rapamycin), the effect was 

unexpectedly more pronounced in Tconv (Fig. 5E; upper panels). Moreover, the blocking 

effect of 2-DG in Tconv was almost completely abrogated under hypoxic conditions that 

enhance HIF-1α activity (Fig. 5E; lower panels). These results suggest that, while glycolysis 

and HIF-1α activity may play an important role in upregulation of CCR9 by Tconv, 

glycolysis and HIF-1α activity are not unique mediators of mTORC1-dependent CCR9 

upregulation by Treg in response to ATRA.
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Discussion

In this study, we have uncovered differential and novel effects of retinoic acid (ATRA) and 

rapamycin on expression of the gut-homing receptors CCR9 and α4β7 by mouse Treg versus 

Tconv. Thus, Treg display bimodality of cell surface CCR9 expression in response to ex-

vivo αCD3/αCD28 stimulation in the presence of ATRA and are less sensitive than their 

Tconv counterparts to ATRA, despite similar levels of RAR isoform expression. 

Surprisingly, this behavior is restricted to regulation of CCR9, as upregulation of α4β7 in 

response to ATRA is more pronounced (and homogeneous) in Treg than Tconv. These 

findings suggest that, compared to Tconv, an intrinsic property of a substantial proportion of 

Treg attenuates their expression of an effective gut-homing phenotype. This observation 

cannot be explained simply by the presence of thymic- versus peripherally-derived Treg in 

the bulk population of Treg from secondary lymphoid tissue that we studied, since both 

Helios+ and Helios− cells were present in the expanded CCR9+ and CCR9− Treg 

populations.

Our studies exclude the involvement of multiple additional possible causes: a difference in 

proliferation from the starting cell population, a difference in the expression of Foxp3 that 

could compete with RAR for binding to the CCR9 promoter, a heterogeneity in Treg 

activation, or an impact of limiting amounts of TGFβ that counteract CCR9 upregulation. 

Overall, our results indicate that an intracellular molecular network regulates the ability of 

ATRA to induce CCR9 upregulation by Treg. In T cells, CCR9 expression requires 

cooperation between RAR and NFATc2 (28). Given that Treg have a significantly lower 

NFAT activity than Tconv in response to TCR engagement (45–47), we can speculate that 

reduced activation of NFATc2 in Treg may explain their reduced response to ATRA. 

Moreover, as activation of NFATc2 is digital after graded TCR signaling in Tconv (while 

NFκB activation is analog) (48), it is reasonable to suggest that such a property also pertains 

to Treg (and is further strengthened by competition with Foxp3 for binding to consensus 

sequences) that may explain the clear distinction between CCR9+ and CCR9− populations 

(with no intermediate expression). The lower activity of NFAT in Treg could also enhance 

the dependency of CCR9 gene expression on the activity of the heterodimer RAR/RXR (28, 

31). The increase in the proportion of CCR9+ Treg we observed with the addition of the 

RXR agonist bexarotene (Fig. 1H) suggests a strong dependency on the full activation of the 

RAR/RXR heterodimer for proper expression of CCR9 in Treg. All these possible molecular 

explanations are the subject of ongoing investigations.

We also report the novel observation that upregulation of both CCR9 and α4β7 on Treg, but 

not on Tconv, is inhibited by the mTOR inhibitor rapamycin and that mTOR function, in the 

form of mTORC1 activity in Treg, is required for expression of an effective gut-homing 

phenotype in response to ATRA. This difference between Treg and Tconv is very striking 

and a clearer molecular understanding could reveal strategies to regulate immune responses 

via selective modification of Tconv or Treg migration. In our studies, CCR9 upregulation by 

Treg was unaffected by selective blockade of either Akt, PDK-1 or GSK-3β signaling. This 

raises the question that, if inhibiting Akt or PDK-1 does not block CCR9 expression by 

Treg, what signaling transduction pathway initiates mTORC1 activity? There are multiple 

potential pathways. It has been reported that, in addition to being a ligand for RAR, ATRA 
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can bind peroxisome proliferator-activated receptor (PPAR) delta and promote expression of 

PDK-1 that then drives Akt and mTOR activation (49, 50). However, this pathway should 

have been affected by the inhibitors we investigated and thus we exclude this mechanism. 

Another possible explanation is the observation that, in cell lines sensitive to ATRA, 

addition of this molecule causes direct activation of mTOR and downstream induction of 

p70 S6 kinase activity (51). There is also the finding that Treg display greater constitutive 

mTOR activity than Tconv (36), in some circumstances induced by signaling of the leptin 

receptor (52), which could explain the absence of effect we observed with inhibitors of Akt 

or PDK-1. Finally, it is possible that mTOR activation is completely independent of ATRA 

and is induced by TCR engagement in a PI3K/AKT-independent fashion. Through activation 

of the signaling complex formed by caspase recruitment domain, CARD, membrane-

associated guanylate kinase, MAGUK, protein 1 (CARMA1), B-cell lymphoma 10 (BCL10) 

and mucosa-associated lymphoid tissue lymphoma translocation protein 1 (MALT1), Tconv 

activation stimulates glutamine uptake that, in turn, activates mTORC1 (53). Dissecting 

these possibilities would provide the necessary insight to design the aforementioned 

approaches to selectively modulate Tconv or Treg migration in vivo.

Our work does not address directly whether the influence of mTORC1 on CCR9 

upregulation is at the transcriptional or translational level. It is unlikely that the inhibitory 

effect of rapamycin on upregulation of CCR9 by Treg is the result of global inhibition of 

protein translation, as rapamycin prevents downregulation of proteins such as CD62L and 

CCR7 in T cells (54). However, the suppression of mTORC1 activity by rapamycin has a 

probable translational component, as we observed a modest downshift in CCR9 expression 

(MFI) by Tconv exposed to rapamycin in addition to ATRA. This suggests that Tconv can 

use mTOR in promoting the expression of CCR9 in response to ATRA, but the activity of an 

alternative pathway (absent in Treg) excludes total dependency (Fig. 6). RAR activity is 

modulated by its interaction with co-repressors and co-activators. The aforementioned 

interaction with NFATc2 and NFATc1 is a clear example, but many more interactions have 

been characterized (18). This suggests that in Treg, activation of mTORC1 is necessary to 

either enable the activation and nuclear translocation of a transcription factor that acts as co-

activator for RAR, or to inactivate a co-repressor. Further studies are needed to clarify 

whether mTORC1 plays a selective role in transcription or translation of gut-homing 

molecule expression by nTreg.

During the past decade, we have learned that mTOR activity is pivotal for the integration of 

immune signals and metabolic clues necessary to maintain homeostasis, as well as for 

appropriate shaping of T cell activation and differentiation (43, 55–57). This intersection 

between metabolism and immunity has been extended further to the relationship between T 

cell metabolism and migration and examined in recent studies aimed at characterizing the 

role of glycolysis in CD8+ T cells (40, 58) and CCL5-dependent chemotaxis of effector T 

cells (59). In our preliminary exploration of this relationship, we observed that, in agreement 

with the general theme of these previous reports, upregulated CCR9 expression by Tconv 

may be at least partially dependent on glycolysis and can be rescued, in part, by increased 

HIF-1α activity. However, upregulation of CCR9 on Treg appears much less dependent on 

HIF-1α-induced glycolysis, suggesting that glycolytic activity does not play a major role in 

the unique Treg requirement of mTOR function for CCR9 expression. We believe that 
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understanding this novel role of mTOR in controlling the migratory behavior of Treg will 

help clarify the controversy regarding the role of mTOR in Treg differentiation and function 

(43, 56) and better define similarities and differences between Treg and Tconv. For example, 

a recent study has shown that mTORC1-deficient Treg are less protective in a mouse model 

of inflammatory bowel disease based on adoptive transfer of T cells (36). In the light of our 

results, it is also possible that an unappreciated deficiency in gut migration may have 

contributed to the diminished in vivo therapeutic efficacy of mTORC1-deficient Treg. The 

extent to which the dependency on mTOR for CCR9 expression is restricted to Treg remains 

an open question. Our data show that, in Tconv, a redundant alternative pathway is present, 

suggesting that the main difference is the absence of this alternative pathway in Treg. 

Moreover, in line with investigations at the intersection between metabolism and immunity, 

it is noteworthy that Treg share many metabolic functions with memory T cells. 

Interestingly, it has been reported recently that, despite the ability of low doses of rapamycin 

to increase memory CD8 T cell numbers during the response to infection in secondary 

lymphoid tissues, the same treatment prevents accumulation of resident memory CD8+ T 

cells in intestinal and vaginal mucosa (60). Although the study did not investigate 

requirements for ATRA-induced upregulation of CCR9, it suggests that dependence on 

mTOR for CCR9 expression could extend to resident memory CD8 T cells.

Our findings bring to light the novel concept of targetable differences in migratory behavior 

between Treg and Tconv. As many studies have linked the migration and in vivo distribution 

of Treg to their in vivo function (21–24, 61–63), our finding that Treg, but not Tconv, are 

dependent on mTORC1 for their gut-homing tropism may have implications for the 

situational modulation of immunity by selectively targeting Treg (either in vivo or ex vivo). 

One such example would be to augment protective immunity in response to gastrointestinal 

pathogens and toxins by limiting Treg migration to effector sites. A recent report showed 

that subcutaneous immunization in the presence of exogenous RA improved homing of 

protective T cells to the gut in mice (64). It is reasonable to conceive that co-administration 

of RA and rapamycin would promote the migration of Tconv while inhibiting the migration 

of Treg to the gut, enhancing the immune response to infection and toxin. Based on the 

recent observation that intranasal administration of antigens promotes the generation of 

gastrointestinal tract-targeting effector T cells (via lung CD103+ DC producing ATRA) (65), 

it is possible that this vaccination strategy could be potentiated by co-administration of low 

doses of rapamycin. In a similar vein, a targetable, selective deficit in Treg migration may 

have beneficial applications in boosting anti-tumor immunity. Of course, these promising 

approaches could be affected by the immunosuppressive effect of rapamycin when used at 

too high a dose. This issue could then be obviated by a better understanding of the molecular 

synergy between mTOR and RAR and the identification of more selective pharmacological 

modifications. To our knowledge, our findings are the first to identify a selective 

requirement for mTORC1 activity in determining the gut-homing phenotype of Treg but not 

Tconv. Our future studies will determine the extent of differences in migratory behavior 

between Treg and Tconv and how these differences can be targeted for therapeutic 

application.
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Non-standard abbreviations used in this article

Akt protein kinase B

ATRA all-trans retinoic acid

eGFP enhanced green fluorescent protein

Foxp3 forkhead boxp3

HIF-1α hypoxia-induced factor-1α

iTreg induced regulatory T cell(s)

MFI mean fluorescence intensity

mTOR mechanistic target of rapamycin

nTreg naturally-occurring regulatory T cell(s)

PDK-1 pyruvate dehydrogenase kinase-1

RAR retinoic acid receptor

RXR retinoic X receptor

Treg regulatory T cell(s)

Tconv conventional T cell(s)

VPD violet proliferation dye
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FIGURE 1. Differential responses of Tconv and Treg to ex-vivo stimulation in the presence of 
ATRA
(A and B) Freshly-isolated B6 mouse Tconv or Treg were cultured for 3–4 days with IL-2/

αCD3/αCD28 in the absence or presence of ATRA, as described in the Materials and 

Methods, then analyzed by flow cytometry for (A) CCR9 and (B) α4β7 expression. Plots are 

gated on CD4+Foxp3− (Tconv) or CD4+Foxp3+ (Treg). Bar graphs on the right depict means 

±1SD across 5–9 individual experiments. The α4β7 MFIs are displayed above the bars. (C) 

Percentages of CCR9+ Tconv and Treg following culture with the indicated concentrations 

of ATRA. (D) Freshly-isolated Tconv and Treg were examined for intracellular levels of 

retinoic acid receptor alpha (RARα) by flow cytometry. Plots were gated on CD4+Foxp3− 
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(Tconv) or CD4+Foxp3+ (Treg). (E and F) Treg and Tconv were labeled with violet 

proliferation dye (VPD) and cultured for 3–4 days in the absence or presence of αCD3/

αCD28 beads ± ATRA, then analyzed by flow cytometry to assess (E) CCR9 expression and 

the extent of cell division, or (F) CD44 and CD62L expression in each Treg fraction. (G) 

CCR9+ and CCR9− cells were gated and analyzed for α4β7 expression. (H) Tconv and Treg 

were cultured as above, but with the addition of the RXR agonist bexarotene. CCR9 

expression was then analyzed by flow cytometry. *, p< 0.05; **, p< 0.01
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FIGURE 2. ATRA-expanded Treg display a suppressive phenotype that is unrelated to the 
differential expression of CCR9
(A) ATRA-expanded CCR9− and CCR9+ Treg (generated as indicated in Figure 1) were 

analyzed by flow cytometry for CD25 and Foxp3 expression. (B) Tconv or Treg were 

cultured for 3–5 days with IL-2/αCD3/αCD28 in the absence or presence of ATRA and 

analyzed for CCR9 and Helios expression (n=2). (C) Tconv or Treg were cultured as 

described above, with or without addition of TGF-β, then analyzed for CCR9 expression 

(n=3). (D), Bulk CD4+ T cells were cultured in the presence or absence of ATRA, then gated 

based on FoxP3 expression and analyzed for CCR9 expression (n=2). (E) Treg were isolated 

from spleens, mesenteric lymph nodes (LN) or axillary/cervical (peripheral) LN, cultured in 

IL-2/αCD3/αCD28, with or without ATRA for 3–4 days, then analyzed for CCR9 

expression by flow cytometry. (F) ATRA-expanded Treg were flow-sorted into CCR9+ and 

CCR9− populations and tested in a suppression assay, as described in the Materials and 

Methods, at the indicated Treg to Tconv ratios. Data in the lower panel are means ±1SD. 

Results were obtained from at least 2 experiments.
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FIGURE 3. ATRA-induced upregulation of CCR9 in Treg is dependent on mTORC1
(A, B) Freshly-isolated Tconv or Treg were cultured for 3–4 days in IL-2/αCD3/αCD28 in 

the absence or presence of ATRA or with ATRA and rapamycin, then analyzed by flow 

cytometry for (A) CCR9 and (B) α4β7 expression. Panels on the right show means +1SD 

across multiple experiments. (C) Treg were also cultured in various concentrations of 

rapamycin and analyzed for CCR9 expression. (D) Freshly-isolated Treg and Tconv were 

stained with VPD and cultured as above, then analyzed by flow cytometry for the extent of 

cell proliferation. A representative result is shown. (E, F) Freshly-isolated Treg from wild-

type (wt) or (E) Rictor-deficient or (F) Raptor-deficient mice were cultured in IL-2/αCD3/

αCD28 without or with ATRA or ATRA and rapamycin, then analyzed by flow cytometry. 

Data were obtained from n=3–9 experiments (A, B) or at least n=2 experiments (C–F). *, 

p<0.05; **, p<0.01.
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FIGURE 4. mTOR does not impact Treg function but controls effective gut tropism
(A) Freshly-isolated Treg were expanded in the presence of ATRA or ATRA and rapamycin. 

The ATRA-expanded Treg were then flow-sorted into CCR9+ and CCR9− populations. Each 

of the 3 types of Treg were then assessed for their suppressive function, at the Treg to Tconv 

ratios indicated, and for their in vivo migratory activity. (B) Schema illustrating how each of 

the 3 Treg populations was stained with either VPD or CFSE alone, or a combination of 

both. (C) A total of 2×106 cells was injected i.v. into each normal syngeneic host. Mice were 

euthanized 36 hours after Treg injection and single cell suspensions from the spleen and 

mesenteric LNs analyzed by flow cytometry to determine numbers of migrated Treg. The 

relative recovery ratios are displayed above the bars. Data were obtained from n=2–3 

experiments. *, p<0.05.
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FIGURE 5. mTORC1-dependent CCR9 upregulation in Treg is independent of Akt, PDK-1 or 
GSK-3β activity and cannot be bypassed by stimulation of HIFα-controlled glycolysis
(A–C) Freshly-isolated Treg were expanded in IL-2/αCD3/αCD28 for 4 days in the 

presence of ATRA, together with various concentrations of (A) the Akt inhibitor Akt-VIII, 

(B) the PDK-1 inhibitor BX-912, or (C) the GSK-3 inhibitor LiCl. (D–E) Freshly-isolated 

Tconv or Treg were expanded with ATRA under (D) normoxic versus hypoxic (1% O2) 

conditions or (E) in the absence or presence of the glycolytic inhibitor 2-deoxyglucose (2-

DG). Data were obtained from 3 separate experiments (A–C), or are representative of n=2 

experiments (D, E).
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FIGURE 6. Suggested model of differential regulation of CCR9 and α4β7 induction in Treg and 
Tconv
In Tconv, NFAT and RAR cooperate to upregulate CCR9 and α4β7 independently of mTOR 

activity. In Treg, mTROC1 activity is required for upregulation of CCR9 and α4β7.
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