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The fate of adoptively-transferred T cells is conditioned by the 

lymphopenia-inducing regimen 

 

 

 

 

 

 

Running title: Regulation of T cell transfer by host conditioning  
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Abstract 

Adoptive T cell immunotherapy has demonstrated promising potential but 

enhancing T cell persistence remains a challenge. One approach involves a 

pre-transfer lymphodepletion to improve the engraftment and reactivity of 

injected T lymphocytes. Indeed, different lymphopenia-inducing regimens are 

used in clinical trials but it is not known whether they are equivalent in their 

capacity to promote expansion and effector function. Here, we show that the 

fate of donor T cells is strikingly different in host mice rendered lymphopenic 

by sub-lethal irradiation versus a busulphan/cyclophosphamide (Bu/Cy) 

chemotherapy regimen. Donor CD8 T cells underwent homeostatic 

proliferation in irradiated but not Bu/Cy-conditioned mice due to low IL-7 

bioavailability. In contrast, Bu/Cy treatment induced a massive antigen-driven 

proliferation of donor CD4 T cells. This CD4 proliferation was associated with 

changes in lymphoid organ architecture and was dependent on CD11c+ 

dendritic cells (DCs). Notably, the Bu/Cy-modulated environment resulted in a 

2-3-fold increase in donor CD4+Foxp3+ regulatory T cells, due to their 

extensive proliferation. Thus, lymphopenia-inducing regimens differentially 

regulate the fate of adoptively-transferred T lymphocytes.  
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Introduction 

 

Despite many advances in cancer therapies, metastatic disease remain 

difficult to treat. As immune cells are theoretically capable of responding 

against tumor antigens, new immunotherapy approaches, aimed at modifying 

the balance between tumor-specific immune cells and cancer cells, are being 

developed. This type of therapy is based on the infusion of tumor-specific 

immune cells that have been manipulated and expanded ex vivo (Gill and 

Kalos, 2013; Hawkins et al., 2010; Kalos and June, 2013; Kershaw et al., 

2013b). Most of the clinical work in adoptive T cell therapy has been applied 

to metastatic melanoma because of the relatively frequent existence of tumor-

specific T cells (Dudley et al., 2002; Rosenberg and Dudley, 2004). However, 

recent promising results have also been reported in refractory B 

leukemias/lymphomas treated with T cells engineered to express a CD19-

expressing chimeric antigen receptor (Brentjens et al., 2013; Davila et al., 

2013; Davila et al., 2014; Kalos et al., 2011; Kochenderfer et al., 2013; 

Kochenderfer et al., 2012; Kochenderfer et al., 2010; Koehler et al., 2012). 

Nevertheless, finding optimal conditions that support long-term persistence 

and function of adoptively transferred T cells remains a significant challenge. 

 

One important aspect impacting on the proliferation and effector function of 

adoptively transferred T cells is the host environment. Under conditions of 

lymphopenia, there is an increased homeostatic proliferation of T lymphocytes 

which results in the expansion of conventional T cells, in the apparent 

absence of antigenic stimulation (reviewed in (Jameson, 2002; Prlic and 

Jameson, 2002; Takada and Jameson, 2009 )). Notably, this non-specific 

proliferation has been shown to enhance the functionality of T cells and this 

effect has been exploited to augment the responsiveness of T lymphocytes in 

cancer patients (Dudley et al., 2002 ; Kershaw et al., 2013a). However, many 
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conclusions on the mechanisms regulating the link between lymphopenia and 

T cell responsiveness have been drawn from mice that are rendered 

lymphopenic by either genetic mutations or by total body irradiation (Do and 

Min, 2009; Goldrath et al., 2002; Hamilton and Jameson, 2008; Tan et al., 

2001; Voehringer et al., 2008). While these experiments have provided 

significant information, they may not accurately reflect the situation in cancer 

patients who are often rendered lymphopenic by chemotherapy regimens 

(Kershaw et al., 2013a). Moreover, it is important to note that in ongoing T cell 

immunotherapy trials, patients are being pre-conditioned with a wide array of 

chemotherapies, including cyclophosphamide, fludarabine, bendamustine, 

pentostain/ cyclophosphamide, etoposide/ cyclophosphamide, and 

fludarabine/ cyclophosphamide as well as combined irradiation/chemotherapy 

protocols ((Maus et al., 2014).  While these conditioning protocols all induce 

severe lymphopenia, it is important to consider the possibility that they may 

alter lymphocyte behavior via differential effects on the microenvironment. 

 

Here, we assessed whether donor T cell fate is dependent upon the 

conditioning regimen used to achieve lymphopenia. We induced lymphopenia 

in C57Bl/6 mice by either sub-lethal irradiation or a chemotherapy regimen 

consisting of busulfan and cyclophosphamide (Bu/Cy) and analyzed the 

proliferation and fate of adoptively-transferred T lymphocytes. We found that 

lymphopenic conditions are not equivalent in their potential to foster the 

regeneration of the T cell pool. The extensive homeostatic proliferation of 

donor CD8 T cells was observed in irradiated, but not Bu/Cy-conditioned, 

hosts, due to the increased bioavailability of endogenous IL-7 in the former 

group. In the latter group, CD8 proliferation could be rescued by exogenous 

IL-7 administration. Furthermore, a rapid antigen-driven proliferation of CD4 T 

cells was observed in Bu/Cy-conditioned, but not irradiated hosts, associated 

with changes in lymphoid organ architecture and the presence of distinct 
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CD11c+ DC subsets. Indeed, we found CD11c+ DC to be required for this 

rapid antigen-driven proliferation. Moreover, this DC-mediated proliferation 

was particularly pronounced for CD4+Foxp3+ regulatory T cells, resulting in a 

significant increase in the Treg: conventional T cell ratio within the CD4+ 

compartment. Thus, the design of future immunotherapy trials should carefully 

consider the complex interplay between cytokines and dendritic cells in the 

lymphopenic conditions created by various conditioning regimens, as these 

factors differentially regulate the proliferation and function of adoptively-

transferred T cells.  
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Results and Discussion 

 

Lymphopenia-inducing conditioning regimens alter the proliferation 

potential and phenotype of adoptively transferred T cells 

It has previously been shown that in mice with either genetically-induced or 

radiation-induced lymphopenia, transferred T cells undergo a homeostatic 

lymphopenia-induced proliferation (LIP), filling the available “space” (Almeida 

et al., 2005; Goldrath et al., 2000; Rocha et al., 1989). To assess whether 

different lymphodepletion regimens modulate the fate of transferred T cells, 

C57Bl/6 mice were treated with either sub-lethal irradiation (600 rads), or a 

busulphan (16.5 mg/kg X4)/cyclophosphamide (200 mg/kg IP) chemotherapy 

regimen followed by T cell transfer.  It is important to note that while both 

regimens resulted in an initial massive depletion of endogenous immune cells 

(data not shown), the relative recovery of host CD4 and CD8 T cells differed 

with significantly fewer endogenous CD8 T cells recovered in irradiated mice 

as compared to Bu/Cy-treated mice (Supplemental Figure 1). Thus, even 

prior to assessing the effects of conditioning on the fate of adoptively-

transferred T cells, these data reveal the conditioning regimen to be an 

important factor in the relative recovery of endogenous CD4 and CD8 T cell 

subsets.  

 

The lymphopenia induced by both conditioning regimens significantly 

increased the percentage of donor T cells recovered after 7 days (<1% in 

normal hosts as compared to 8-30% after conditioning, Figure 1A and data 

not shown).  Moreover, with the doses of chemotherapy used here, the 

relative engraftment of donor T cells was comparable with that obtained 

following radiation.  Interestingly though, the relative proportion of donor CD4 

and CD8 cells was strongly modulated by the type of conditioning; In 

irradiated mice, there was a significantly higher percentage of donor CD8 T 
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cells whereas in Bu/Cy treated mice, the proportion of CD4 T cells was 

markedly higher. As previously shown in irradiated mice (Do and Min, 2009; 

Goldrath et al., 2002; Hamilton and Jameson, 2008; Schluns et al., 2000; Tan 

et al., 2001; Voehringer et al., 2008), CD8 T cells underwent a faster 

homeostatic than CD4 T cells, resulting in a CD4:CD8 ratio of <1. In contrast, 

in Bu/Cy-conditioned hosts, CD4 T cells underwent a massive proliferation of 

more than 6 divisions while CD8 T cells exhibited only a minimal proliferation 

(Figure 1A). This resulted in a significantly altered CD4:CD8 profile in these 

mice as compared to irradiated mice, with a ratio of >5:1 (Figure 1A). 

 

The homeostatic proliferation of adoptively-transferred naïve T cells into T 

cell-deficient mice as well as in mice rendered lymphopenic by irradiation 

requires low affinity interactions with self-peptide/MHC complexes (Ernst et 

al., 1999; Goldrath and Bevan, 1999; Kieper and Jameson, 1999; Viret et al., 

1999). In contrast, memory cells have significantly less stringent requirements 

for homeostatic proliferation (Surh and Sprent, 2008). As such, it was 

important to determine whether the massive increase in CD4 T cells detected 

in Bu/Cy-conditioned mice reflected the proliferation of a small percentage of 

memory cells or rather, a more global proliferation of naïve lymphocytes. We 

therefore compared the proliferation profiles of adoptively-transferred naïve T 

cells as compared to total T cells. Importantly, the distinct proliferation profiles 

of donor CD4 and CD8 T cells in irradiated vs. Bu/Cy-conditioned mice were 

also observed in mice receiving FACS-sorted naïve CD4 and CD8 T cells 

(CD62L+CD44-CD4+ and CD62L+CD44-CD8+, respectively; Figure 1B). These 

data strongly suggest that the massive division of donor CD4 T cells in Bu/Cy-

conditioned recipients reflects a strong proliferation of memory as well as 

naive CD4 T cells. 
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 Under lymphopenic conditions, the homeostatic proliferation of adoptively 

transferred naïve T lymphocytes results in their differentiation, with an 

acquisition of a memory-like phenotype (Cho et al., 2007; Goldrath et al., 

2000; Kieper and Jameson, 1999; Murali-Krishna and Ahmed, 2000; Takada 

and Jameson, 2009). This phenotype change has been detected in irradiated 

mice and genetic T cell-deficient models (Figure 1C) but has not been 

analyzed in Bu/Cy-conditioned hosts. Notably, donor CD4 T cells in Bu/Cy-

conditioned mice acquired either a memory or effector phenotype while the 

non-dividing CD8 T cells remained, in large majority, naïve (Figure 1C). 

Indeed, in both conditioning environments, cell proliferation was linked to 

changes in phenotype; non-dividing donor CD4 T cells in irradiated mice also 

retained their naïve phenotype (Figure 1C). Thus, the phenotype of the 

adoptively transferred T cells correlates strongly with their proliferation profile. 

 

 

IL-7 is not required for the rapid proliferation of CD4 T cells in Bu/Cy-

conditioned mice 

The homeostatic proliferation occurring in lymphopenic hosts is mediated by 

environmental cues, amongst which the IL-7 cytokine plays a critical role 

((Bosco et al., 2005; Kimura et al., 2013; Schluns et al., 2000; Tan et al., 

2001) also reviewed in (Sprent and Surh, 2011; Surh and Sprent, 2008)). 

Moreover, under conditions of lymphopenia, there is an increased availability 

of IL-7, due, at least in part, to a reduced utilization by the few lymphocytes 

that remain (Fry et al., 2001; Fry and Mackall, 2001; Gattinoni et al., 2005). It 

was therefore important to determine whether the lack of CD8 T cell 

proliferation in Bu/Cy-conditioned mice was related to IL-7 availability.  

Indeed, rIL-7 administration dramatically increased donor CD8 proliferation in 

Bu/Cy-treated hosts (27% to 79%; Figure 2A). Furthermore, as in irradiated 

hosts, the IL-7-induced proliferation of CD8 T cells in Bu/Cy mice resulted in 
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their increased differentiation; more than 50% of CD8 cells exhibited a 

memory or effector phenotype (Supplemental Figure 2). These data strongly 

suggest that there is a significantly lower level of biologically-active 

endogenous IL-7 in Bu/Cy-conditioned mice than following irradiation. 

Furthermore, the finding that exogenous IL-7 promotes a homeostatic CD8 T 

cell expansion indicates that there is no intrinsic deficit preventing CD8 

proliferation in Bu/Cy-conditioned mice. 

 

We next assessed whether the fast proliferation of CD4 T cells was sensitive 

to IL-7 signaling. As indicated above, homeostatic proliferation is cytokine-

sensitive (Sprent and Surh, 2011; Surh and Sprent, 2008) whereas the rapid 

proliferation of adoptively transferred T cells is generally induced by antigens 

derived from self or microbial antigens (Kieper et al., 2005; Min et al., 2005; 

Paulos et al., 2007) or is fostered by the translocation of commensal bacteria 

(Viaud et al., 2013) . Indeed, blocking IL-7 signaling inhibited LIP in irradiated 

hosts as well as the minor level of homeostatic CD8 T cell proliferation 

detected in Bu/Cy-conditioned hosts (Figure 2B). Notably though, blocking IL-

7 signaling did not affect the striking CD4 T cell proliferation in Bu/Cy hosts, 

indicating that this division occurs in an IL-7-independent manner. 

 

To further investigate the rapid proliferation of CD4 T cells in Bu/Cy-

conditioned mice, we first focused on IL-2 as this pro-inflammatory cytokine 

has been shown to be required for the effector function of naïve CD4 T cells in 

lymphopenic hosts (Atreya et al., 2000; Noguchi et al., 2007; Tajima et al., 

2008). Furthermore, while IL-6-dependent proliferation is generally antigen-

specific (Feng et al., 2010), it can also augment CD4 T cell proliferation in a 

TCR-independent manner (Gagnon et al., 2008). To assess the specific role 

of IL-6 in Bu/Cy-conditioned hosts, the proliferation of adoptively-transferred T 

cells in WT and IL-6-/- mice were compared. As expected, the homeostatic 
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proliferation of donor CD8 T cells in irradiated mice was not altered in the 

absence of IL-6 (Figure 3). Interestingly though, the rapid CD4 proliferation in 

Bu/Cy-conditioned hosts was also not affected in the absence of IL-6 and the 

CD4:CD8 ratio of host T cells was not modified (data not shown). The 

ensemble of these data indicates that endogenous IL-6 production is not 

driving this rapid proliferation of adoptively-transferred CD4 T cells.  

 

These data raised the issue of whether the striking CD4 T cell proliferation 

detected in Bu/Cy-conditioned mice was antigen-dependent. To respond to 

this question, we assessed whether OTII CD4 T cells, expressing an MHCII-

restricted TCR specific for ovalbumin (OVA), would proliferate following their 

adoptive transfer. Importantly, OTII T cells did not proliferate in Bu/Cy-

conditioned mice in the absence of the OVA antigen (Figure 4)  These data 

strongly suggest that the rapid, or spontaneous, CD4 T cell proliferation 

occurring in Bu/Cy-conditioned mice is dependent on antigen signaling. As 

expected from the absence of polyclonal CD4 T cell proliferation in irradiated 

hosts, OTII transgenic CD4 T cell cells also did not proliferate in this setting. 

In contrast, OTI transgenic CD8 T cells, expressing an MHCI-restricted OVA-

specific TCR, underwent homeostatic proliferation in irradiated hosts. These 

data are consistent with an IL-7-dependent, antigen-independent, behavior 

(Sprent and Surh, 2011; Surh and Sprent, 2008). Furthermore, the lower level 

of homeostatic OTI T cell proliferation in Bu/Cy as compared to irradiated 

hosts (Figure 4) points to lower IL-7 bioavailability in the former environment. 

Altogether, these data, demonstrates that the behavior of polyclonal as well 

as monoclonal CD4 and CD8 T cells is significantly modulated by the 

conditioning environment.     

 

Conditioning regimens modulate the host microenvironment and 

dendritic cell populations 



Klysz
*
/Epardaud

*
 et al. 

11 

To elucidate why the rapid antigen-driven proliferation of adoptively 

transferred CD4 T cells occurs only in Bu/Cy-conditioned mice, we next 

focused on the host microenvironment. While several studies have assessed 

the effects of cylophosphamide conditioning on myeloid and APC subsets 

(Nakahara et al., 2010; Salem et al., 2009; Salem et al., 2007), there is a 

severe paucity of research on how such conditioning affects the structure of 

lymphoid organs. This is even more surprising given the importance of tissue 

anatomy and positioning of immune cells in immune responsiveness (Ansel et 

al., 1999; Garside et al., 1998; Reif et al., 2002).  In control LN and splenic  

histological sections, B follicles were clearly defined with other areas showing 

a wide distribution of CD11c+ dendritic cells (DCs). However, following 

irradiation, the architecture was highly perturbed. By 7 days post treatment, B 

cell follicles were non-distinct but a significantly higher frequency of CD11c+ 

DCs was detected throughout. Interestingly, lymphoid organs from Bu/Cy-

conditioned hosts revealed a more “intermediate” conformation; sections 

showed distinct B cell follicles, albeit smaller and fewer in number, and 

CD11c+ DCs were less frequent than in irradiated tissues (Figures 5A and 

5B).  Thus, conditioning regimens result in distinct changes to lymphoid organ 

architecture (Figures 5A and 5B). Furthermore, it is important to note that the 

restitution of the architecture in secondary lymphoid organs is not immediately 

re-established and remains perturbed for at least one week following adoptive 

transfer.  

 

Given the critical input of DC in antigen presentation and therefore in T cell 

proliferation (Do and Min, 2009; Gruber and Brocker, 2005; Sapoznikov et al., 

2007; Zaft et al., 2005), it was of interest to evaluate the kinetics of DC 

perturbation following conditioning. At two days post either irradiation or 

Bu/Cy treatment, the percentages of DCs in lymphoid organs was significantly 

decreased as were CD8+CD11c+ cross-presenting DCs (p<0.005; Figures 
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5B, and data not shown). However, by day 7 post treatment, the relative 

percentages of CD11c+DCs in Bu/Cy-treated mice reached levels equivalent 

to those in control mice. Moreover, CD11c+ DCs accounted for a significantly 

higher percentage of immune cells in the lymphoid organs of irradiated mice 

(p<0.005). Furthermore, the sub-populations of DCs also differed; 

CD8+CD11c+ DCs were present at more than 2-fold higher levels in irradiated 

mice than in Bu/Cy-conditioned mice (means of 30% vs 63%, p<0.005; 

Figure 5B). Thus, the host microenvironment, and specifically DCs, are 

markedly affected by the type of conditioning which is used to achieve a 

lymphopenic state in immune-competent recipients. 

 

Interplay between CD11c+DC and IL-7 signals in the proliferation of 

adoptively-transferred T cells 

Based on the important differences in DC subsets in irradiated as compare to 

Bu/Cy-conditioned mice, we assessed whether the T cell proliferation in these 

mice was dependent on DCs. Previous research has shown that the rapid 

antigen-dependent proliferation of adoptively transferred T cells requires DCs 

(Do and Min, 2009; Gruber and Brocker, 2005; Sapoznikov et al., 2007; Zaft 

et al., 2005) but the role of DCs in distinct lymphopenia-induced environments 

is not known. To address this question, we made use of BAC transgenic 

CD11c.DOG mice in which expression of the human DTR is under the control 

of the CD11c promoter (Hochweller et al., 2008). Unlike CD11c-DTR mice 

with an integrated copy of the gene, the CD11c.DOG mice can be repeatedly 

injected with diphteria toxin in order to maintain DC depletion without causing 

lethality (Figure 6A and 6B).  Importantly, the massive CD4 proliferation 

detected in Bu/Cy-conditioned mice was markedly decreased in the absence 

of CD11c+ DCs and this effect was also observed for the proliferating CD8 T 

cell population (Figure 6C and 6D).  Together, these results demonstrate that 
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the rapid CD4 T cell proliferation in Bu/Cy-conditioned hosts is independent of 

the IL-6 and IL-7 cytokines but requires an interaction with CD11c+ DCs.   

 

It was somewhat surprising to find that the homeostatic proliferation of both 

CD4 and CD8 T cells in irradiated mice was dependent on the presence of 

CD11c+DC (p<0.00005; Figure 6C and 6D) because this division requires IL-

7 signaling (Bosco et al., 2005; Kimura et al., 2013; Schluns et al., 2000; Tan 

et al., 2001) and Figure 2). There has been some controversy on the link 

between DCs and IL-7 signaling in homeostatic T cell proliferation (Guimond 

et al., 2009; Martin et al., 2010) and here, we attempted to dissect the relative 

role(s) of DC and IL-7 signaling in different lymphopenic environments. T cell 

transfers were performed under conditions where rIL-7 was administered, in 

the presence or absence of host CD11c+DCs. In DC-depleted conditions, 

exogenous IL-7 markedly increased the slow homeostatic proliferation of CD8 

as well as CD4 T cells in Bu/Cy-conditioned hosts (p<0.00005 and p<0.005, 

respectively; Figure 7). However, in the absence of DCs, exogenous IL-7 was 

not sufficient to promote the rapid antigen-driven proliferation of adoptively-

transferred CD4 or CD8 T cell subsets (Figure 7). Thus, DCs promote 

homeostatic T cell proliferation, likely by increasing self-pMHC ligands, but 

their presence is required for the rapid proliferation of CD4 and CD8 T cell 

subsets.  

 

While CD8α+ DCs have been shown to play a critical role in antigen 

presentation and T cell proliferation (den Haan et al., 2000), it is interesting to 

note that in certain settings, CD4 T cell proliferation is preferentially induced 

by CD8α-CD11b+ DCs (Chung et al., 2007; Pooley et al., 2001). Furthermore, 

the LN environment itself is likely to modulate the ability of adoptively 

transferred T cells to come into contact with antigen presenting cells. Indeed, 

in the context of chronic inflammation where there is a reduction in the T cell 
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zone, there is an impaired T cell response to tumor antigens (Soudja et al., 

2011). Thus, it is interesting to speculate that the loss of T cell zones in 

irradiated mice reduces the ability of transferred CD4 T cells to encounter 

antigen and proliferate while in Bu/Cy-treated hosts, the presence of these 

zones together with high percentages of CD8α-CD11b+ DCs promotes their 

extensive proliferation.  

 

Regulatory T cells proliferate extensively in Bu/Cy-conditioned hosts. 

The CD4 T cell pool that was adoptively-transferred into conditioned hosts 

harbored a small percentage of CD4+CD25+ regulatory T cells (Tregs).  We 

therefore assessed whether the relative percentage of Tregs was altered 

following adoptive transfer.  While the percentage of Tregs was not 

significantly different in control and irradiated mice, the percentage in Bu/Cy-

conditioned mice was markedly increased (9% to 24%; Figure 8A). The 

augmentation of donor Foxp3+ T cells in Bu/Cy-conditioned hosts represents 

an expansion, rather than a de novo conversion, as only low levels of Foxp3+ 

T cells were recovered following adoptive transfer of Treg-depleted T cells 

(CD25-CD3+; Figure 8B). Nevertheless, it is important to note that even 

following Treg depletion, the vast majority of conventional CD4 T cells 

underwent a rapid proliferation following their transfer into Bu/Cy hosts (data 

not shown).  Thus, both conventional as well as Foxp3+ Tregs proliferate 

rapidly in these mice but under conditions where Tregs are present, it is their 

division that is favored. As expected, the accumulation of Tregs was also 

dependent on endogenous IL-2; blocking IL-2 signaling significant decreased 

the percentage of regulatory T cells (Figure 8C). Furthermore, as expected 

from our data showing that the rapid proliferation of CD4 T cells is dependent 

on the presence of CD11c+DC (Figure 7), the elimination of this subset also 

decreased the relative abundance of Foxp3+ T cells within the CD4 T cell 

population (mean of 22% to 9%; p<0.05; Figure 7D). Indeed, the absence of 
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DCs dramatically affected the rapid proliferation of both conventional CD4 T 

cells and Tregs (p<0.0005). High Treg proliferation was still detected because 

of the extremely high baseline levels of proliferation (90%; Figure 8D).   

 

The ensemble of these data reveal the conditioning regimen to be a critical 

factor in the proliferation of adoptively-transferred T cells as well as in the 

expansion of specific donor T cell subsets. Furthermore, the host 

microenvironment as well as the relative abundance of available cytokines 

such as IL-7, a master regulator of T cell homeostasis, are significantly 

affected by conditioning, thereby modulating the fate of donor as well as host 

T cells. It will be of utmost important to take these factors into consideration 

upon treatment of patients with adoptively-transferred T lymphocytes. In this 

regard, it is important to note that while the adoptive transfer of genetically 

modified T cells bearing a chimeric antigen receptor against the CD19 

receptor has resulted in spectacular outcomes in some patients with 

chemotherapy-resistant CD19+ leukemias, the conditioning regimens that the 

patients have undergone prior to T cell injection have differed (Brentjens et 

al., 2013; Brentjens et al., 2007; Davila et al., 2013; Davila et al., 2014; 

Kochenderfer et al., 2013; Kochenderfer et al., 2012; Kochenderfer et al., 

2010). Thus, it will be important to assess how these regimens impact on the 

fate of the adopted cells. The data presented here clearly indicate that host 

conditioning cannot just be treated as a simple lymphopenia-inducing 

regimen. Each regimen has specific effects on the lymphoid, APC and stromal 

environments, shaping the destiny of transferred CD4 and CD8 T 

lymphocytes.   
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Methods and Materials 

 

Mice. C57Bl/6-Thy1.2, C57Bl/6-Thy1.1 and C57Bl/6-CD45.1 mice were 

purchased from Charles River laboratories and CD11c-DOG as well as IL-6 

KO mice have been previously described (Hochweller et al., 2008; Kopf et al., 

1994). Mice were housed in conventional pathogen-free facilities at the Institut 

de Génétique Moléculaire de Montpellier and NCI-Frederick.  OTI and OTII 

TCR-transgenic mice, on a Rag-1 null background, were housed in a 

pathogen-free facility at the POSTECH Biotech Center. Animal care and 

experiments were performed in accordance with National Institutes of Health 

(NIH), French national guidelines and South Korean national guidelines. 

 

Cell isolations and proliferation assays. Donor cells were isolated from the 

lymph nodes of Thy1.1+C57BL/6 or CD45.1+C57BL/6 mice. CD3+ T cells were 

purified using Dynal isolation kits (Dynabeads Untouched Mouse T cells, 

#11413D, Invitrogen) according to the manufacturer’s instructions. For 

experiments with naïve or CD25-depleted CD3+ T cells, enriched CD3+ T cells 

were sorted on a FACSaria flow cytometer (BD Biosciences) on the basis of a 

CD3+CD62LhiCD44- and CD4+CD62LhiCD44-CD25- expression profile 

respectively. To monitor proliferation, cells were labeled with CFSE (Life 

Technologies; 2.5 uM) or CTV (Life Technologies; 5 µM) for 8-10 mins at 

37oC. Reactions were stopped with ice-cold PBS.  

 

Adoptive T cell transfer into irradiated and Bu/Cy-conditioned hosts.  

Thy1.2+C57Bl/6 mice were sublethally irradiated (6 Gy) or conditioned with 

busulphan (16.5 mg/kg bid for 2 days; Inresa Pharma, Bartenheim, FR) 

followed by cyclophosphamide (200 mg/kg for 1 day; Sigma). Twenty four to 

thirty six hours post conditioning, mice received IV injections of CFSE-labeled 
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Thy1.1+ lymph node T cells (5 x 106 cells/mouse). Followin g transfer, mice 

were either left untreated, treated with αIL7 (M25)/αIL7R (A7R34) antibodies 

(500 µg/mouse qd for 7 days), treated with rIL-7 (5 µg/mouse bid for 7 days) 

or IL-7 immunocomplexes (rIL-7 (3 µg) premixed with the M25 anti-IL-7 mAb 

(15 µg)) every other day for 7 days, or treated with an αIL2 (S4B6) mAb (800 

µg/mouse followed by 500 µg/mouse qod for 7 days). For dendritic cell 

depletion experiments, CD11c-DOG mice were injected IP with DT (32 

ng/gbw) from Corynebacterium diphtheriae (every other day, starting 2 days 

before conditioning). Animals were sacrificed at the indicated time points and 

lymph nodes and spleens were harvested for analysis. 

 

Immunophenotyping and flow cytometry analyses. Cells were 

immunophenotyped with the following fluorochrome-conjugated antibodies to 

the following markers: CD4 (RM4-5), CD8 (53-6.7), Thy1.1 (OX7), CD45.1 

(A20), CD62L (MEL-14), CD44 (IM7), CD11c (HL3), CD11b (M1/70) and 

Foxp3; all obtained from BD Biosciences and EBiosciences. Intracellular 

staining for Foxp3 protein was performed using the eBioscience 

Fixation/Permeabilization kit. Cells were analyzed on a FACScanto (BD 

Biosciences) or sorted on a BD FACSaria flow cytometer. Data analyses were 

performed using FlowJo Mac v.8.8.7 software (Tree Star) and FCAP Array 

Software (CBA analysis). 

 

Tissue digestion for DC phenotying. For DC phenotyping, lymph nodes and 

spleens were gently dissected into small pieces and incubated in RPMI 

medium 1640 medium containing 1mg/mL collagenase D (Roche) at 37°C for 

45 min. The digested tissues were then mashed and filtered through a cell 

strainer to obtain a single cell suspension. 
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Immunohistochemistry. Freshly collected organs were incubated overnight 

at 4°C in fixing solution (4% paraformaldehyde/10% sucrose in PBS) and 

further immersed in a sucrose solution for 3 hours (30% sucrose in PBS). 

After fixation, tissues were ‘snap-frozen’ in OCT (CellPath) with a slurry of 

isopentane and liquid nitrogen. Tissue sections (8 µm in thickness) were 

prepared, air-dried, and stored at -80°C. Cryosections were blocked for 30 

min with Fc-blocking antibody (2.4G2), washed in PBS with 2% FCS, and 

incubated for 1-12h at 4°C with anti-B220 (RA3-6B2) and anti-CD11c (HL3) 

antibodies (BD Biosciences). Sections were then washed with PBS/ 2% FCS 

and stained with DAPI. All slides were mounted with Prolong Antifade 

Reagent (Invitrogen) and images were captured with a Leica DC500 camera 

on a Confocal Leica TCS SP5 microscope and analyzed with Leica LAS AF 

Lite software. 

 

Statistical analyses. Statistical significance was determined using a paired 

Student’s t-test with a 2-tailed distribution unless otherwise indicated (Graph 

Pad Software, La Jolla, CA). Data were considered to be statistically different 

for P≤0.05 (*P<0.05, **P<0.005, ***P<0.0005, ****P<0.00005). All data are 

presented as means ± SD.  
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Figure Legends 

 

Figure 1. Lymphopenia-inducing regimens alter the proliferation and 

phenotype of adoptively transferred T cells. 

(A) C57Bl/6-Thy1.2 mice, preconditioned by irradiation (6 Gy) or busulphan 

(16.5 mg/kg x 4doses)/cyclophosphamide (200 mg/kg), were injected with 

CFSE-labelled Thy1.1+ CD4 and CD8 T cells (5x106). Mice were sacrificed 7 

days post adoptive transfer and the recovery of donor T cells was monitored 

by gating on Thy1.1+ positive cells (left plots). Dot plots showing the relative 

repartition of donor CD4 and CD8 T cells are presented and division of gated 

CD4 and CD8 donor T cells was monitored as a function of CFSE 

fluorescence (right histograms). (B) C57Bl/6 mice, conditioned as above, 

were injected with either total CFSE-labelled T cells or purified naïve CFSE-

labelled T cells (CD3+CD62L+CD44-). CFSE profiles of the adoptively 

transferred cells were assessed at day 7 and representative histograms are 

presented. (C) The phenotype of adoptively-transferred T cells was monitored 

as a function of CD62L and CD44 expression and the percentages of naïve 

(N), central memory (CM) and effector memory (EM) cells are shown. Results 

are representative of data obtained in at least 8 independent experiments. 

 

Figure 2. IL-7 signalling differentially regulates the proliferation of 

adoptively-transferred T cells in irradiated and Bu/Cy-conditioned mice. 

(A) Irradiated and Bu/Cy-conditioned C57Bl/6-Thy1.2 mice were injected with 

Thy1.1+ CFSE-labelled T cells in the absence or presence of recombinant IL-

7. Mice were sacrificed at day 7 and the percentages of Thy1.1+ donor cells 

were monitored. The percentages of donor CD4 and CD8 T cells are indicated 

for each group and CFSE fluorescence was monitored in gated subsets as 

indicated. (B) CFSE-labelled T cells were injected into conditioned mice in the 

absence or presence of αIL7/αIL7R antibodies (500 µg/mouse per day). The 
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relative engraftment, CD4/CD8 repartition and proliferation of donor CD4 and 

CD8 Thy1.1+ T cells were monitored and representative plots are presented. 

 

Figure 3. IL-6 is not required for the rapid proliferation of CD4 T cells in 

Bu/Cy-conditioned mice. 

The role of IL-6 in regulating donor T cell proliferation in irradiated- and 

Bu/Cy-induced lymphopenic environments was assessed by comparing the 

fate of T cells transferred into WT as compared to IL-6-deficient C57Bl/6 

hosts. Mice were sacrificed 6 days following adoptive transfer and 

representative plots showing the percentage recovery of donor T cells in each 

condition and the proliferation of gated CD4 and CD8 donor T cells (by CFSE 

dilution) are presented (left panels). Quantification of CD4 and CD8 T cell 

proliferation, as a function of the number of divisions, is shown as mean levels 

± SD (n= 4 per group; *P<0.05). 

 

Figure 4. Donor CD4 T cell proliferation in Bu/Cy conditioned hosts is 

antigen-dependent. 

C57Bl/6-Thy1.2 mice, preconditioned by irradiation (6 Gy) or busulphan (16.5 

mg/kg x 4doses)/cyclophosphamide (200 mg/kg), were injected with CFSE-

labelled Thy1.1+ OTII/CD4 or OTI/CD8 T cells from a Rag-1 null background. 

Mice were sacrificed 7 days post adoptive transfer and the recovery of donor 

OTII and OT1 T cells was monitored by gating on Thy1.1+CD4+ (left panels) or 

Thy1.1+CD8+ (right panels) cells, respectively (left plots). Representative 

histograms showing division of gated OTII and OTI donor T cells are 

presented as a function of CFSE or CTV fluorescence (right panels). 

 

Figure 5. Distinct effects of conditioning regimens on the host 

microenvironment and recovery of dendritic cell subsets. 
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(A) The localization of B cells and dendritic cells was monitored on 8 mm thick 

cryosections of spleen sections from control mice as well as 7 days post 

irradiation or busulfan/cyclophosphamide treatment. Sections were stained 

with DAPI (nucleus), anti-B220 (B cells) and anti-CD11c (dendritic cells) 

antibodies and assessed by confocal microscopy. Representative sections 

are shown (40 x magnification) with white dashed lines delineating B cell 

follicles and white arrows indicating disrupted B cell follicles.  (B) The impact 

of conditioning on the fate of host dendritic cells (DC) was monitored in 

spleens of control, irradiated and busulfan/cyclophosphamide-conditioned 

mice at days 3 and 7 post treatment.  DCs were analysed as a function of 

CD11c expression and representative plots showing the percentages of 

CD11c+ are presented. The repartition of CD11c+ cells subsets was monitored 

as a function of CD8 and CD11b expression and percentages are indicated in 

each plot.  The percentages of total CD11c+ and CD11c+CD8+ cells at each 

time point were quantified and mean levels ± SD are indicated (n=2-6 mice 

per group; **P<0.005; ***P<0.0005).  

 

Figure 6. Depletion of dendritic cells decreases the proliferation of 

adoptively transferred T cells in both irradiated and Bu/Cy-conditioned 

mice. 

(A) The role of DCs in regulating donor T cell proliferation in irradiated- and 

Bu/Cy-induced lymphopenic environments was assessed by comparing the 

fate of T cells transferred into WT as compared to DC-depleted C57Bl/6 

hosts. DCs were eliminated in CD11c-DOG mice by injection of diphtheria 

toxin (DT; 32 ng/gbw every 2 days) and the level of depletion at day 7 was 

monitored as a function of CD11c expression. Representative dot plots of 

splenic CD11c+ DC are shown. (B) The percentages of splenic CD11c+ DC in 

untreated and DT-treated mice were quantified. Levels in untreated mice were 

fixed at 100% and percent depletion ± SD is presented (n=12 mice per group; 
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***P<0.0005, ****P<0.00005). (C) Untreated and DT-treated CD11c-DOG 

mice were injected with CFSE-labelled Thy1.1+ T cells and proliferation of 

gated CD4 and CD8 donor T cells was monitored by dilution of CFSE 

fluorescence. Representative histograms are shown and the percentages of 

non-dividing, homeostatically proliferating, and rapidly proliferating T cells are 

indicated.  (D) Quantification of CD4 and CD8 T cell proliferation, separated 

as 1-6 divisions or >6 divisions, are shown for each condition and are 

presented as mean levels ± SD (n=12 mice per group; **P<0.005, 

****P<0.00005).  

 

Figure 7. IL-7 increases the homeostatic but not rapid proliferation of 

adoptively transferred T cells in DC-depleted hosts following Bu/Cy 

conditioning.  

(A) To assess the respective roles of DCs and IL-7 in driving donor T cell 

proliferation in Bu/Cy-conditioned mice, CD11c+DC were depleted from 

CD11c-DOG mice by DT treatment in the absence or presence of IL-7 

immunocomplexes. The presence of Thy1.1+ donor T cells was analyzed 7 

days post adoptive transfer (left plots) and the proliferation of CD4 and CD8 

donor T cells was monitored by dilution of CFSE fluorescence (right 

histograms). The percentages of non-dividing, homeostatic dividing (1-6 

divisions), and rapidly dividing (>6 divisions) are indicated in each histogram. 

(B) Quantification of CD4 and CD8 T cell proliferation, separated as 1-6 

divisions or >6 divisions, are shown as mean levels ± SD for each condition 

(n=3 mice per group; *P<0.05, **P<0.005, ***P<0.0005, ****P<0.00005). 

 

Figure 8. Bu/Cy-generated lymphopenia results in the expansion of 

adoptively-transferred Foxp3+ regulatory T cells. 

(A) Following transfer of T cells into irradiated and Bu/Cy-conditioned hosts, 

the relative repartition of conventional (Foxp3-) and regulatory (Foxp3+) T cells 
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within gated donor Th1.1+CD4+ T cells was monitored. Representative plots 

showing the percentages of Foxp3+ T cells 7 days post transfer are shown.  

(B) To assess whether the significant donor regulatory T cell subset in Bu/Cy-

conditioned mice resulted from a conversion or an expansion, mice were 

injected with either total T cells or CD25hi-depleted T cells (CD62L+CD44-

CD25-CD3+). The repartition of CD4/CD8 donor T cells are shown (left plots). 

The presence of Foxp3+ cells within the gated CD4 donor T cell subset was 

monitored and percentages are indicated in each plot (right plots). (C) The 

role of IL-2 in the expansion of donor Foxp3+ cells in Bu/Cy-conditioned mice 

was evaluated by injection of an αIL-2 antibody (0.8 mg every other injection). 

The repartition of CD4/CD8 donor T cells and the presence of Foxp3+ cells 

within the gated CD4 donor T cell subset were monitored as above and 

representative plots at day 6 post adoptive transfer are shown. (D) Total T 

cells were adoptively transferred into Bu/Cy-conditioned CD11c-DOG mice.  

Injected mice were either maintained or further treated with DT to deplete 

CD11c+DC. The percentages of Foxp3+ T cells, within the CD4 donor gate, 

were monitored in the two conditions and representative dot plots (left upper 

plots) as well as a quantification (right histogram; n=6 mice per group) are 

presented.  Changes in the proliferation of donor CD4+Foxp3- and 

CD4+Foxp3+ T cells as a function of DT treatment were monitored and 

representative histograms (bottom left) and a quantification of the 

percentages of dividing cells (bottom right; means ± SD (*P<0.05, 

***P<0.0005) are presented.  

 

 

Supplemental Figure Legends 

 

Supplemental Figure 1. The phenotype of host T cells is modulated by 

irradiation and Bu/Cy conditioning. 
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C57Bl/6-Thy1.2 mice were irradiated (6 Gy) or conditioned with busulphan 

(16.5 mg/kg x 4 doses)/cyclophosphamide (200 mg/kg). Mice were sacrified 7 

days later and representative dot plots showing the relative repartitions of host 

CD4 and CD8 T cells within the CD3+ LN gate are presented (left plots). The 

percentages of naïve (N), central memory (CM) and effector memory (EM) 

CD4 and CD8 host T cells were monitored by CD44/CD62L staining as 

presented.  

 

Supplemental Figure 2. Changes in IL-7 availability alters the phenotype 

of donor T cells in irradiated and Bu/Cy-conditioned mice. 

Irrradiated and Bu/Cy-conditioned C57Bl/6-Thy1.2 mice were injected with 

Thy1.1+ donor T cells in the absence or presence of recombinant IL-7 or IL-7 

blocking antibodies (αIL-7/αIL-7R) as described in figure 2. The phenotype of 

host CD4 and CD8 T cells was monitored at the time of sacrifice, 7 days post 

adoptive transfer. Phenotypes are presented as a function of CD44/CD62L 

expression and the percentages of naïve (N), central memory (CM) and 

effector memory (EM) T cells are indicated. 
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Figure 1: Lymphopenia-inducing regimens alter the proliferation and 
phenotype of adoptively transferred T cells   

A 

C 

B 

CFSE 

Irradiation 

Bu/Cy 

CD4 CD8 

15 

87.1 

11 
87 

11 

13 

C
D

4
 

CD8 

54 

46 

F
S

C
 

Thy1.1 

Irradiation 

Bu/Cy 

Total Naïve 

CD4 

Total Naïve 

CD8 

CFSE 

10 27 

48 15 

7 8 

57 28 

53 38 

8 1 

14 33 

47 

Irradiation 

Bu/Cy 

CD4 CD8 

5 

C
D

4
4

 

CD62L 

N 

CM EM 

C
D

4
4

 

CD62L 



Figure 2: IL-7 signalling differentially regulates the proliferation of 
adoptively-transferred T cells in irradiated and Bu/Cy-conditioned mice    
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Figure 3: IL-6 is not required for the rapid proliferation of CD4 T cells in 
Bu/Cy-conditioned mice 
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Figure 4: Donor CD4 T cell proliferation in Bu/Cy-conditioned hosts is 
antigen-dependent 
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Figure 5: Distinct effects of conditioning regimens on the host 
microenvironment and recovery of dendritic cell subsets   
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Figure 6: Depletion of dendritic cells decreases the proliferation of 
adoptively transferred T cells in both irradiated and Bu/Cy-conditioned mice  

C 

D 

+ DT 

- DT 

DT 

+ 

0

50K

100K

150K

200K

250K

0

50K

100K

150K

200K

250K

Bu/Cy 

6 

1 

0

50K

100K

150K

200K

250K

0

50K

100K

150K

200K

250K

Irradiation 

9 

1 

- 

S
S

C
 

CD11c 

+ 

DT 

- 

0

200

400

600

0

200

400

600

0

20

40

60

80

100

0

20

40

60

80

100

CD4 CD8 

69 

26 

Bu/Cy 

7 

5 27 

2 72 

24 46 

16 77 

30 

CFSE 

0

100

200

300

400

0

100

200

300

400

0

50

100

150

200

0

30

60

90

120

37 

Irradiation 

CD4 CD8 

12 

11 

58 

7 82 

4 28 

3 60 

30 68 

CFSE 

1-6 >6 

Rounds of division 

0 

20 

40 

60 

80 

0 

20 

40 

60 

80 

%
 d

iv
id

in
g

 c
e

ll
s

 

1-6 >6 

Rounds of division 

Irradiation 

CD4 CD8 

**** 

**** 

%
 C

D
1
1

c
+
 c

e
ll
s
  

Irradiation Bu/Cy 

**** 

20 

100 

80 

60 

40 

0 

*** 

+ DT 

- DT 



Figure 7: IL-7 increases the homeostatic but not rapid proliferation 
of adoptively transferred T cells in DC-depleted hosts following Bu/

Cy conditioning 
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Figure 8: Bu/Cy-generated lymphopenia results in the expansion of 
adoptively-transferred Foxp3+ regulatory T cells  
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Supplementary figures 



Supplementary Figure 1: The phenotype of host T cells is modulated by 
irradiation and Bu/Cy conditioning 
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Supplementary Figure 2: Changes in IL-7 availability alters the 
phenotype of donor T cells in irradiated and Bu/Cy-conditioned mice 
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Abstract 

 

The mammalian target of rapamycin (mTOR) integrates environmental cues, 

regulating T cell activation and function. While genetic manipulations have 

provided insights into the effects of mTOR signaling on T cell functions, 

mTOR signaling is physiologically regulated by changes in amino acid 

transport and availability. Here we show that glutamine deprivation of TCR-

stimulated naïve CD4+ T cells delays mTORC1 activation, decreasing the 

early energetic resources of the cell and resulting in the conversion of naïve 

CD4+ T cells into Foxp3+ regulatory T cells (Tregs). This de novo Treg 

differentiation even occurs even under Th1-polarizing conditions and is strictly 

dependent on TGFβ. Foxp3+CD4+ lymphocytes generated by glutamine 

deprivation exhibit augmented in vivo proliferation, upregulated Helios 

expression and potent suppressor function. Thus, the differential utilization of 

nutrient resources, conditioned by fluctuating microenvironments, converts 

TCR-signaled CD4+ T cells into potent regulatory T cells. This may represent 

a mechanism via which an organism avoids mounting an energetically costly 

immune reaction under conditions of limiting fuel resources. 
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 Introduction 

 

The mammalian target of rapamycin (mTOR) integrates environmental cues, 

regulating T cell activation and function. Glutamine uptake, via cell surface 

amino acid transporters, has been shown to be a rate-limiting step in the 

activation of the mTOR pathway in transformed cell lines (Fuchs et al., 2007; 

Nicklin et al., 2009). The mTOR serine threonine kinase forms two functionally 

distinct complexes termed mTORC1 and mTORC2. In T cells, activation of 

mTORC1 regulates Th1 and Th17 differentiation and is critical for the cytolytic 

activity of CD8+ memory T cells while induction of mTORC2 promotes Th2 

differentiation (Delgoffe et al., 2011; Finlay et al.; Lee et al.; Li et al., 2011; 

Rao et al.). Moreover, inhibition of mTOR activity has been shown to block the 

generation of Th effector cells, promoting the generation and function of 

Foxp3-expressing Tregs (Delgoffe et al., 2009; Powell et al., 2012; Sauer et 

al., 2008) and enhancing memory T cell generation (Araki et al., 2009; He et 

al.; Rao et al.). The finding that recruitment of distinct mTOR signaling 

cascades promotes disparate fates for T lymphocytes suggests that different 

T cell subsets have distinct metabolic requirements (Wang and Green). 

 

Presently, it is not known whether metabolite-induced changes in mTOR 

activity alter T effector differentiation or function. Notably, amino acid levels 

themselves can regulate T cell differentiation, with low levels of cysteine and 

methionine abrogating Th17 development (Sundrud et al., 2009). It is 

interesting to note that multiple amino acid transporters are highly upregulated 

within the first hours of TCR stimulation and knock down of one of these 

transporters, SLC7A5, completely blocks the capacity of CD8 T cells to 

undergo clonal expansion and effector differentiation (Sinclair et al.). These 

results are in accord with several recent studies showing the critical role of 

metabolic reprogramming in T cell activation, from fatty acid oxidation to 



Klysz et al. 

4 

glycolytic and glutaminolytic pathways ((Wang et al.) and reviewed in (Wang 

and Green)).  

 

We now report that glutamine deprivation delays the activation of the mTOR 

pathway in T cells, with a corresponding lower energetic state of the cell that 

is associated with an enhanced conversion of naïve CD4+ T cells to a Foxp3+ 

Treg cell fate. This phenomenon also occurred under Th1-polarizing 

conditions and abrogated Th1 but not Th2 differentiation. We found that 

TGFβ-signaling controlled this Treg conversion. Importantly, Foxp3+ T cells 

induced by glutamine deprivation showed enhanced in vivo persistence and 

were highly suppressive, completely protecting Rag-deficient mice from the 

development of autoimmune colitis. Thus, energetic resources metabolically 

modulate peripheral T lymphocyte differentiation to distinct cell fates. 
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Results 

 

The kinetics and magnitude of TCR-induced mTOR activity and energy 

production are altered by glutamine availability and catabolism 

mTOR promotes cellular growth and proliferation by activating the ribosomal 

protein S6 kinase (S6K) which in turn phosphorylates the S6 ribosomal 

protein, enhancing translation of multiple mRNA transcripts (Meyuhas and 

Dreazen, 2009). TCR engagement of CD4+ T cells, under optimal nutrient 

conditions, resulted in a rapid upregulation of S6 phosphorylation (pS6) that 

peaked at 48h of activation and then declined (Fig. 1). Notably, under 

conditions of glutamine depletion (Nutr-GLN), pS6 upregulation was 

significantly delayed and reduced, with 4-fold lower levels of pS6 at 48h post 

activation. To assure that this alteration in pS6 induction was due to changes 

in glutamine catabolism per se, we also blocked glutamine utilization with 6-

diazo-5-oxo-L-norleucine (DON), a mitochondrial glutaminase inhibitor that 

functions only when the enzyme is active. Importantly, S6 phosphorylation 

was equivalently delayed and reduced, confirming the critical role of glutamine 

in mTOR activation in TCR-signaled T cells (Fig. 1).  

 

The delayed activation of the mTOR pathway in response to glutamine 

deprivation was also detected at the level of mitochondrial function. mTOR 

promotes anabolic processes by increasing mitochondrial biogenesis and 

oxidative function (Powell et al., 2012; Xu et al., 2012), and in T cells, it has 

been specifically shown that fueling the generation of mitochondrial reactive 

oxygen species (ROS) creates a positive feedback for TCR signaling and 

antigen-specific T cell expansion (Devadas et al., 2002; Sena et al.). Indeed, 

similar to the phosphorylation of S6, TCR-induced increases in ROS and 

mitochondrial transmembrane potential (∆Ψm) were delayed in glutamine-

deprived conditions. Notably though, ROS and ∆Ψm reached equivalent 
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levels to those detected in nutrient replete conditions by 96h post activation 

(Fig. 1).  

 

ATP is required to meet the energetic needs of an activated T cell and ATP-

generating pathways are regulated by mTOR (D'Souza et al., 2007; Schieke 

et al., 2006). It was therefore important to determine whether glutamine 

deprivation affected mTOR activity alters the energetic resources of a TCR-

engaged lymphocyte. Importantly, intracellular ATP levels did not increase 

above baseline during the first 48h post TCR stimulation but were comparable 

to those detected in nutrient-replete T cells by 96h (Fig. 1). These data 

strongly suggest that the initial activation of mTOR in TCR-engaged CD4 T 

lymphocytes is strongly dependent on glutamine but that at later time points, 

other nutrient sources can meet the cells’ metabolic requirements.   

 

Reduced glutamine uptake results in a decreased TCR-induced 

proliferation  

As the activation of mTOR in transformed cells requires glutamine transport 

(Duran et al.; Fuchs et al., 2007; Nicklin et al., 2009), we assessed whether 

the potential of a TCR-engaged T cell to transport glutamine was affected by 

glutamine deprivation. Notably, while T cell stimulation in nutrient-replete 

conditions resulted in a 20-fold increase in glutamine uptake, the induction in 

glutamine-depleted conditions was significantly lower (p<0.05; 

Supplementary Fig. 1A). Concomitant with this decrease, glucose uptake 

was also attenuated. As a control, we monitored uptake in T cells activated in 

glucose-depleted conditions and unexpectedly, found that glucose uptake was 

induced to equivalent levels as that detected in nutrient-replete cells 

(Supplementary Fig. 1A).  
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Based on these data, it was of interest to assess how changes in metabolite 

entry affect T lymphocyte proliferation. Interestingly, the significant decrease 

in glucose and glutamine uptake associated with glutamine deprivation 

resulted in a lower level of proliferation for up to 72h post activation. 

Nevertheless, consistent with the delay in mTOR activation, proliferation 

increased at 96h (Supplementary Fig. 1B). In contrast, the positive feedback 

loop detected in glucose-deprived T cells, resulting in a higher glucose 

uptake, is likely responsible for the significantly higher proliferation detected in 

this condition (Supplementary Fig. 1B). Thus, decreases in the extracellular 

glutamine available to a TCR-engaged CD4+ T cells limits the potential of the 

cell to transport glutamine, affecting mTOR activation and resulting in a 

reduced proliferation.  

 

Glutamine availability modulates the TCR-mediated induction of 

effector-specific transcription factors  

The modification of genes encoding proteins directly involved in mTOR 

signaling has revealed a critical role for this pathway in naïve T cell 

differentiation to specific effector cell fates. Activation of mTORC1 promotes 

Th1 and Th17 differentiation (Delgoffe et al., 2011; Finlay et al.; Lee et al.; 

Park et al.; Rao et al.) while inhibition of mTOR activity blocks the production 

of Th effector cells and promote the generation of Foxp3+ Tregs (Delgoffe and 

Powell, 2009; Powell et al., 2012; Sauer et al., 2008).  Consequently, we 

wondered whether glutamine deprivation, resulting in delayed mTORC1 

activation, would alter the effector fate of activated CD4 T cells.   

 

While the TCR-induced upregulation of IFNγ expression in total naïve CD4+ T 

cells was not altered by glutamine availability, a non-polarizing TCR activation 

in glutamine-deprived conditions resulted in a massive upregulation of Foxp3-

expressing cells, from 5% to 39% (Fig. 2A). To assure that the augmented 
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Foxp3 expression was due to changes in glutamine catabolism, we also 

blocked glutamine utilization with DON.  In this context as well, the 

percentage of Foxp3-expressing cells was increased by approximately 10-

fold, from 5% to 46%  (Fig. 2A). Furthermore, the induction of Foxp3 was also 

detected at the mRNA level with a 50-100 fold increase in Foxp3 transcripts in 

glutamine-deprived or DON-supplemented conditions (Fig. 2B). Early 

decreases in mTORC1 activity therefore appear to be associated with an 

altered differentiation potential of CD4 T cells. 

 

Given the striking increase in Foxp3+ T cells following TCR activation in 

conditions of glutamine deprivation, it was important to determine the kinetics 

of this augmentation. In control nutrient-replete conditions, the percentage of 

Foxp3+ T cells actually decreased during the 96h activation period (9% to 

2%). In marked contrast, in glutamine-deplete or DON-treated cultures, the 

percentages of Foxp3+ T cells increased significantly, but only at 96h post 

stimulation (Fig. 2C, middle panels). To determine whether the massive 

increase in Foxp3+ T cells was a response to nutrient-deprivation per se or 

alternatively was a specific consequence of glutamine starvation, we 

assessed the fate of CD4 T cells stimulated in the absence of glucose.  In the 

absence of glucose, neither the percentages of Foxp3+ cells nor the level of 

Foxp3 mRNA transcripts was increased (Fig. 2B and 2C). Furthermore, we 

found that the increased percentage of Foxp3+ cells detected in glutamine-

deprived conditions was not due to their preferential proliferation; the global 

proliferation of all CD4 T cells was decreased in the absence of glutamine or 

presence of DON but the relative proliferation profiles of Foxp3- and Foxp3+ 

lymphocytes were similar in all conditions (Fig. 2C, right panels). Moreover, 

this phenomenon was rapidly reversed by the addition of low amounts of 

ectopic glutamine; While the concentration of glutamine in the cell culture 

media is 2mM, the percentage of Foxp3+ cells dropped from 44% to 3% upon 



Klysz et al. 

9 

addition of 0.8 mM glutamine and Foxp3 transcripts decreased to negligible 

levels (Supplementary Fig. 2). Thus, Foxp3+ cells are preferentially 

generated under conditions of decreased glutamine, but not glucose 

utilization.  

 

These data suggested that either the survival of Foxp3+ cells relative to 

Foxp3- cells was modulated when glutamine catabolism was inhibited and/or 

that under these conditions, Foxp3- cells were converted to a Foxp3+ fate. As 

neuropilin-1 is expressed on in vivo-generated natural Treg (nTreg) but not on 

induced Treg (Yadav et al., 2012), the absence of detectable neuropilin-1 

under conditions of inhibited glutamine catabolism suggested that these Tregs 

resulted from conversion, supporting the second hypothesis (Fig. 2D). To 

further test the second hypothesis, FACS-purified CD4+CD62L+CD44-CD25- 

conventional T cells, wherein nTregs were depleted, were activated in 

glutamine-deprived conditions. Following depletion, Foxp3-expressing T cells 

represented 0.1% of the total CD4 naïve cell population. Notably though, by 

96h post TCR activation, the percentages of Foxp3+ T cells increased to 23% 

and 24% in glutamine-depleted or DON-treated cultures, respectively (Fig. 

2E). These data indicate that under neutral TCR stimulation conditions, 

glutamine deprivation favors the conversion of Foxp3- cells to a Foxp3+ fate. 

 

The preferential glutamine-deprived conversion of naïve CD4+ T cells to 

a Foxp3+ T cell fate occurs under neutral as well as Th1-polarizing 

conditions  

As the experiments described above were performed in neutral conditions, we 

wondered whether glutamine deprivation would also impact Foxp3 induction 

under iTreg, Th1 or Th2 polarizing conditions. In iTreg conditions, wherein 

ectopic TGFβ was present, the vast majority of naïve T cells upregulated 

Foxp3, irrespective of the presence of glutamine (75% and 79%, respectively, 
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Fig. 3A). Notably though, Foxp3 was also highly upregulated in CD4 T cells 

activated in Th1-polarizing conditions in the absence of glutamine. The level 

of Foxp3+ cells was equivalent to that detected following a neutral Th0 

activation (37-39%, Fig. 3A, right panels) and this change was also detected 

at the mRNA level (Fig. 3B). Interestingly, under Th1 conditions, this induction 

of Foxp3 was associated with an inability of these cells to upregulate Tbet, the 

master regulator of Th1 differentiation, and as expected from these data, the 

cells did not secrete IFNγ (3% as compared to 48%, Fig. 3B and 3C).  The 

situation in Th2 conditions was markedly different; Foxp3 expression was not 

augmented whereas the Th2 transcriptional regulator GATA3 as well as IL-4 

production were induced to levels comparable to that detected in control 

conditions (Fig. 3B and 3C). The ensemble of these experiments shows that 

in the absence of glutamine, TCR stimulation results in a delayed activation of 

the mTORC1 pathway, promoting a Foxp3+ T cell differentiation.  Intriguingly, 

this phenomenon occurs in neutral and Th1 conditions, but not in Th2-

skewing conditions. Therefore, the nutrient milieu regulates the differentiation 

potential of a naïve T cell, even when the cytokine environment would 

normally be expected to bias the lymphocyte to a distinct effector fate. 

 

Foxp3+ T cell conversion in glutamine-deprived conditions results from 

TGFβ-dependent signaling 

Given the central role of TGFβ in the conversion of naïve T cells to a Foxp3+ 

regulatory T cell fate, we evaluated its potential implication in the enhanced 

differentiation detected in glutamine-deprived conditions. In the experiments 

above, exogenous TGFβ had not been added to the cultures but it was 

possible that the cells themselves were producing sufficient levels of this 

cytokine to promote a conversion.  Interestingly, analysis of TGFβ transcript 

levels did not reveal any significant increases as compared to control 

conditions (data not shown).  We therefore assessed whether the low amount 
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of TGFβ present in the cultures was sufficient to drive differentiation to a 

Foxp3+ cell fate in glutamine-deprived conditions. CD4 T cells were TCR-

stimulated in glutamine-deplete or -replete conditions, in the presence or 

absence of an anti-TGFβ neutralizing antibody. While neutralizing anti-TGFβ 

treatment did not alter the low percentage of Foxp3+ T cells detected in 

glutamine-replete conditions (1%), there was a massive reduction in the 

generation of Foxp3+ T cells in glutamine-deprived conditions (33% to 6%; 

Fig. 4A). This was not due to a change in the relative proliferation of Foxp3- 

as compared to Foxp3+ cells; glutamine deprivation itself decreased 

proliferation but this was not further altered by anti-TGFβ treatment (Fig. 4A, 

right panels). We further assessed the specific role of TGFβ signaling by 

treating cells with the SB431542 kinase inhibitor, a molecule that specifically 

inhibits the TGFβR1 receptor transducing pathway (Inman et al., 2002). While 

this inhibitor did not alter Foxp3 expression in control cultures, it significantly 

decreased the appearance of Foxp3+ cells under conditions where glutamine 

was limiting (Fig. 4B). Together, these data indicate that endogenously-

produced TGFβ promotes Treg conversion under the stress conditions of 

glutamine deprivation.  

 

Based on these data, it was of interest to determine whether endogenous 

TGFβ was also responsible for the emergence of Foxp3+ T cells detected in 

Th1 polarizing conditions (Fig. 4C). Indeed, anti-TGFβ antibodies inhibited 

Foxp3 conversion under Th1 conditions (Fig. 4C). It is though important to 

note that while endogenous TGFβ was required for induction of Foxp3 

expression, neutralizing this activity was not sufficient to promote Th1 

polarization under glutamine-deprived conditions.  The cytokine-polarizing 

induction of Tbet, abrogated under conditions of glutamine depletion, was not 

restored by anti-TGFβ treatment (Fig. 4D). Consistent with these data, IFNγ 

was not produced (Fig. 4E) and as expected, the induction of GATA3 
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expression in Th2-polarizing conditions was not altered (Fig. 4D). Altogether, 

these results indicate that glutamine deprivation promotes a TGFβ-dependent 

conversion of Foxp3- cells to a Foxp3+ fate under Th0 as well as Th1 

polarizing conditions. Nevertheless, under conditions of glutamine deprivation, 

inhibiting TGFβ signals was not sufficient to allow Th1 differentiation, 

consistent with previous studies showing that this phenomenon is dependent 

on increased mTORC1 activity (Delgoffe et al., 2009; Delgoffe et al., 2011; Liu 

et al.). 

 

In vivo proliferation of Foxp3+ T cells generated in the absence of 

glutamine is markedly enhanced  

The experiments presented above demonstrate that glutamine depletion 

promotes the in vitro differentiation of Foxp3+ T cells but it was not clear 

whether this phenotype would be stable and maintained in vivo.  Importantly, 

it has recently been shown that the stability of a Treg cell fate is dependent 

not only on Foxp3 expression but on the epigenetic programming of the cell 

(Ohkura et al.). To assess whether glutamine deprivation during TCR 

activation promotes the in vivo persistence of Foxp3+ T cells, naive CD4+ T 

lymphocytes from C57Bl/6-Thy1.1 mice were activated for 5 days in nutrient-

replete or glutamine-deprived conditions or in the presence of DON (Nutr+, 

Nutr-GLN and Nutr+DON; Fig. 5A). These lymphocytes were then CFSE-

labeled and adoptively-transferred into sublethally irradiated C57BL/6-Thy1.2 

recipients. Notably, the ratio between donor Foxp3+ and Foxp3- T cells was 

significantly higher in both the glutamine-depleted and DON groups than in 

the control group (up to 48%, Fig. 5B).  This high percentage of Foxp3+ T 

cells was associated with a significantly higher in vivo proliferation of donor 

Foxp3+ as compared to donor Foxp3- T cells (Fig. 5B, lower histograms). 

Thus, the phenotype of the Foxp3+ cells was stable following a 7 day in vivo 

transfer, even under conditions of significant proliferation.  
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Helios, an Ikaros family transcription factor, has been found to be upregulated 

in Foxp3+ T cells.  While the origin of Helios+ regulatory T cells is not clear, 

some studies have suggested that expression of this transcription factor may 

be associated with Treg proliferation and suppressive function (Akimova et al., 

2011; Baine et al., 2013; Getnet et al., 2010). Indeed, the adoptive transfer of 

T cells pre-activated in glutamine-depleted or DON conditions resulted in the 

recovery of a significantly higher percentage of HelioshiFoxp3+ T cells, with 

means of 46 and 50% as compared to 14%, respectively (Fig. 5C, top 

panels).  Furthermore, irrespective of the pre-activation conditions, the vast 

majority of fast-proliferating Foxp3+ T cells expressed high levels of Helios 

(Fig. 5C, bottom histograms).  Thus, Foxp3+ T cells generated by glutamine 

deprivation upregulate Helios expression in vivo and this is associated with a 

significantly enhanced in vivo proliferation. 

 

Treg generated in glutamine-deficient conditions show in vivo 

suppressive activity protecting Rag-deficient mice from the 

development of autoimmune colitis  

Based on the high in vivo proliferation of Foxp3+ cells generated under 

conditions of limiting glutamine metabolism, it was important to assess their in 

vivo suppressive potential.  A well-adapted model in which this question can 

be addressed is based on the potential of Treg to prevent inflammatory bowel 

disease (IBD) induced by the transfer of naïve CD4 effector cells into Rag2-/- 

mice.  Briefly, CD4+ T cells isolated from Foxp3-GFP reporter mice were TCR-

stimulated in glutamine-deprived (TregNutr-GLN) conditions and after 5 days, 

they were sorted on the basis of GFP expression (Supplementary Fig. 3). As 

expected, mice injected with CD4+CD45RBhi effector T cells alone lost body 

weight because they developed IBD, a diagnosis confirmed by histopathology 

(Fig. 6A and 6B). Co-injection of in vivo-generated Foxp3+CD4+ lymphocytes 
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(nTreg) protected Rag2-/- from IBD during the entire 9 week follow up period, 

a result previously reported by numerous groups (Denning et al., 2005; Mottet 

et al., 2003; Murai et al., 2009; Pan et al., 2009; Uhlig et al., 2006). Notably, 

co-injection with glutamine-deprived in vitro-generated Foxp3+CD4+ 

lymphocytes (TregNutr-GLN) also fully protected mice from IBD during the entire 

follow up period (Fig. 6A and 6B).  

 

Disease evolution correlated with the expression of CD44, a marker 

upregulated in memory and effector T cells: Expression was significantly 

higher in the mice developing IBD as compared to the disease-free groups 

which received either in vivo-generated nTreg or glutamine-deprived in vitro-

generated Treg activated in glutamine-deficient conditions (TregNutr+; Fig. 6C). 

We also assessed the relative persistence of the Treg populations. In accord 

with the increased short term in vivo proliferation of iTreg activated in 

glutamine-deprived conditions (Fig. 5), the long-term persistence of injected 

CD45.2+ Tregs was significantly higher than that of nTregs, with means of 

53% and 30%, respectively (Fig. 6D). Thus, the deprivation of glutamine 

during TCR activation leads to the preferential persistence of this T cell subset 

and a strong in vivo suppressive activity.  
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Discussion 

 

In the present study, we demonstrate the critical impact of glutamine 

availability on the fate of naïve CD4+ T cells. Low glutamine levels promoted 

the generation of Foxp3+ lymphocytes and inhibited Th1 differentiation. 

Notably, the striking increase in Foxp3+ T cells was due to a conversion of 

conventional CD4+ T cells to a Foxp3+ fate and this process was regulated by 

endogenous TGFβ signaling.  The skewing of naive CD4+ T cells to a Foxp3+ 

fate occurred even under Th1-polarizing conditions, blocking Tbet 

upregulation.  Furthermore, these converted Foxp3+ T cells had robust 

suppressor activity, controlling colitis in a T cell adoptive transfer model. Our 

data reveal the external metabolic environment to be a key regulator of a CD4 

T lymphocyte’s differentiation potential, modulating the immune 

responsiveness of the organism under conditions of amino acid starvation. 

 

Conversion of naive CD4+ T cells to a Foxp3+ T cell fate was associated with 

diminished mTORC1 activity and a decreased energetic state of the cell, as 

shown by lower mitochondrial function and intracellular ATP levels. mTOR is 

a critical factor in the metabolic reprogramming of TCR-stimulated T cells and 

serves to integrate environmental cues such as nutrients, growth factors and 

stress signals into an “optimal” cellular response (Laplante and Sabatini, 

2009; Sengupta et al.). Indeed, inhibition of mTOR activity has been found to 

foster the generation and function of Foxp3-expressing Treg (Delgoffe et al., 

2009; Powell et al., 2012; Sauer et al., 2008) while mTORC2-mediated 

activation of Foxo1 and Foxo3a abrogates Foxp3 expression (Harada et al.; 

Kerdiles et al.; Ouyang et al.). Similarly, activation of mTORC1, via deletion of 

the upstream TSC1 negative regulator, results in a loss of Foxp3 expression 

and a gain of effector function (Park et al.). Nevertheless, the relationship 

between the mTOR pathway and regulatory T cells is not yet completely 
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understood because disruption of mTORC1 was recently shown to reduce 

Treg activity (Zeng et al.). The results presented here show that conversion of 

TCR-stimulated CD4 T cells to a Foxp3+ T cell fate simply requires delayed 

induction of mTORC1 activity. 

 

iTreg can easily be generated ex vivo by TCR stimulation of naive CD4+ T 

cells in the presence of exogenous TGF-β. We found this conversion to be 

independent of glutamine levels; a high level differentiation of regulatory T 

cells was obtained irrespective of the glutamine concentration. Importantly, in 

glutamine-deficient conditions, endogenous TGF-β was sufficient to promote 

the extensive Treg differentiation that we detected following either Th0- or 

Th1-type stimulations. Indeed, this conversion was abrogated by either an 

anti-TGF-β neutralizing antibody or an inhibitor of TGF-β signaling.  These 

data are in accord with previous elegant work demonstrating that endogenous 

low level TGF-β is sufficient to generate inducible regulatory T cells in an 

mTOR-deficient background (Delgoffe et al., 2009). Interestingly though, and 

in marked contrast with the outcome of Th0- and Th1-type stimulations in the 

absence of glutamine, Th2 polarization was not dependent on extracellular 

glutamine concentrations. The Th2 transcription regulator GATA3 was highly 

upregulated and IL-4 levels were even higher than those detected under 

control conditions. Thus, we show that there are striking differences in the 

amino acid requirements of Th effector subsets; Th1, but not Th2, 

differentiation is strictly dependent on extracellular glutamine.  

 

There is a large debate concerning the stability of Foxp3+ Treg, especially in 

vivo.  Some groups have reported that Tregs are stable under inflammatory 

conditions (Rubtsov et al.) while others have shown that they can lose Foxp3 

expression and convert into pathogenic Th cells (Duarte et al., 2009; 

Yurchenko et al.; Zhou et al., 2009).  Interestingly, treatment with an mTOR 
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inhibitor was shown to attenuate the in vivo reprogramming of Foxp3+ Tregs 

to effector lymphocytes (Yurchenko et al.). We found that an early ex vivo 

inhibition of mTOR in Foxp3+ T cells, prior to their adoptive transfer into mice, 

was sufficient to promote in vivo maintenance. Moreover, the relative recovery 

of adoptively-transferred Tregs to T effectors was significantly higher for Tregs 

converted in glutamine-deplete conditions as compared to nTregs (50% vs 

30%, p<0.005; Fig. 6d). While the precise mechanisms accounting for this 

difference have not yet been fully elucidated, it is interesting to note that the 

Treg converted under our conditions of glutamine deprivation demonstrated 

an in vivo upregulation of the Helios transcription factor. The expression of 

this factor has been shown to be dependent on the establishment of a 

hypomethylation signature and it is noteworthy that a Treg-type 

hypomethylation is required for full suppressive activity (Ohkura et al.). 

Moreover, we found that Foxp3+Helios+ cells exhibited a significantly 

enhanced level of in vivo proliferation as compared to the Foxp+Helios- 

subset. Therefore, the initial ex vivo activation of naïve T cells in limiting 

glutamine conditions, resulting in delayed mTORC1 activation, strongly 

promotes the generation of Foxp3-expressing regulatory T cells with in vivo 

suppressive activity.     

 

In transformed cell lines, glutamine transport and utilization are thought to be 

a rate-limiting step in the activation of mTOR (Duran et al.; Fuchs et al., 2007; 

Nicklin et al., 2009; Sundrud et al., 2009). Prior to this study, it was not known 

whether glutamine availability regulates mTOR activity in primary T 

lymphocytes, but elegant research from several labs has shown that TCR 

stimulation results in shifts in oxidative phosphorylation, aerobic glycolysis, 

lipid metabolism, glycogen metabolism, nucleotide synthesis, fatty acid/ 

cholesterol synthesis, pH regulation, and glutaminolysis (reviews; (Powell et 

al., 2012; Wang and Green)). Our experiments reveal a critical sensitivity of T 
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lymphocytes to extracellular glutamine levels, with replenishment of even 20% 

of extracellular levels inhibiting the enhanced conversion of conventional T 

cells to a Foxp3+ fate (Supplementary Fig. 2). In this context, it is interesting 

to note that the deletion of a single amino acid transporter (SLC7A5) 

completely blocks the clonal expansion and effector differentiation of CD8 T 

cells (Sinclair et al.).  Furthermore, in accord with the data that we present 

here, knockout of the CD98 heavy chain (SLC3A2), regulating integrin 

signaling as well as amino acid transport, has been found to increase the 

generation of regulatory T cells (Bhuyan et al.; Liu et al.). Finally, depletion of 

two other amino acids, methionine and cysteine, abrogates Th17, but not 

Treg, differentiation (Sundrud et al., 2009). Together, these data unveil the 

importance of intracellular amino acid availability in T cell activation but also 

point to specificities of different amino acids in directing T cell differentiation 

and effector function. 

 

Cytokines play a central role in controlling T cell activation but the ensemble 

of these results demonstrate a critical position for the external nutrient 

environment in modulating effector function. Intriguingly, the activation and 

differentiation profiles of CD4 T lymphocytes was only mildly perturbed in 

glucose-deprived conditions but was significantly modulated in the absence of 

glutamine. This likely reflects the wide-ranging nature of the amino acid 

starvation response (AAR), resulting in the activation of a network of signaling 

pathways in response to changes in even a single essential amino acid 

(reviewed in (Kilberg et al.)). This has significant implications in tumor and 

inflammatory environments, wherein the milieu in which a T cell is localized 

can fluctuate. Our results highlight a previously unknown relationship between 

glutamine availability and the establishment of a tolerogenic environment. 

Specifically, a TCR-stimulated CD4 T cell responds to limiting glutamine 

availability with an early decrease in mTORC1 activity, the induction of Foxp3 
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expression and subsequent suppressor function.  Manipulating the metabolic 

state of the T lymphocyte can therefore modulate the balance between 

effector and suppressor functions, opening new avenues for the development 

of immunotherapies.  From an evolutionary perspective, it is tempting to 

speculate that it is not in the interest of the organism to mount an energetically 

costly immune response under conditions of amino acid starvation. 
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Materials and Methods 

 

Mice.  

C57BL/6 mice and C57BL/6-Thy1.1 were purchased from Charles River 

laboratories and Foxp3-GFP mice have been previously described (Bettelli et 

al., 2006). Mice were housed in conventional pathogen-free facilities at the 

Institut de Génétique Moléculaire de Montpellier and NCI-Frederick. Animal 

care and experiments were performed in accordance with National Institutes 

of Health (NIH) and French national guidelines. 

 

Cell isolations and activations.   

CD4+ T cells were purified using MACS CD4+ T cell isolation kits (Miltenyi 

Biotec) according to the manufacturer’s instructions. For experiments with 

CD25-depleted CD4+ T cells, enriched CD4+ T cells were sorted on the basis 

of a CD4+CD62LhiCD44-CD25- expression profile on a FACSaria flow 

cytometer (BD Biosciences). For Th1, Th2 and iTreg polarizing conditions, IL-

12 (10 ng/ml) + anti-IL-4 (5 µg/ml), IL-4 (10 ng/ml)  + anti-IFNγ (10 µg/ml), and 

hTGFβ (3 ng/ml), respectively, were added to the cultures. TGFβ  or  its  

signaling  pathway were neutralized by addition of the anti-TGFβ mAb (clone 

1D11, 10 µg/ml) or the inhibitor SB431542 (Sigma, 5µM), respectively. 

 

Cell activations were performed using plate-bound anti-CD3 (clone17A2 or 

clone 2C11; 1 µg/ml) and anti-CD28 (clone PV-1 or clone 37.5; 1 µg/ml) mAbs 

in RPMI 1640 media (Life Technologies) supplemented with 10% FCS in the 

presence or absence of glutamine (2 mM) or glucose (11 mM). In some 

experiments, glutamine was added at the indicated concentrations. 

Exogenous IL-2 (100 U/ml) was added every other day starting at day 2 post-

activation. To block glutaminolysis, CD4+ T cells were activated in the 

presence of L-DON (6-Diazo-5-oxo-L-norleucine, Sigma-Aldrich; 3 µM). To 
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monitor proliferation, cells were labeled with CFSE (Life Technologies; 2.5 

uM) or CTV (Life Technologies; 5 µM) for 3 min at RT or 8-10 mins at 37oC for 

in vitro and in vivo manipulations, respectively. Reactions were stopped with 

2% FCS/PBS or ice-cold PBS alone for in vitro and in vivo experiments 

respectively.  

 

Adoptive T cell transfer and induction of colitis.  

Thy1.1+ lymph node T cells were activated with plate-bound anti-CD3 and 

anti-CD28 mAbs in nutrient-replete RPMI, in the absence of glutamine or in 

the presence of DON (3 µM) for 5 days. To assess the in vivo persistence of 

these cells, they were then labeled with CFSE and transferred intravenously 

(6 x 106 cells/mouse) into sublethally irradiated (5.5 Gy) Thy1.2+C57Bl/6 

recipient mice. Seven days post adoptive T cell transfer, animals were 

sacrificed, and lymph nodes and spleens were harvested for analyses. 

 

For induction of colitis, C57BL/6 RAG-2-/- mice were injected with sorted 

CD45.1+CD4+CD45RBhi T cells (2.5 x 105) either alone or in combination with 

sorted CD4+Foxp3/GFP+ T cells (2.5 x 105) from CD45.2+Foxp3-GFP mice. 

Mice were injected with either natural Treg or Foxp3/GFP+ T cells obtained 

following a 5 day TCR activation in glutamine-deplete conditions. Following T 

cell transfer, mice were weighed weekly for 9 weeks or were sacrificed if their 

weight loss exceeded 20%.  Lymphoid tissues were harvested and colons 

were fixed in 10% buffered formalin, embedded in paraffin, sectioned and 

stained with hematoxylin and eosin. 

 

Gene expression analyses.   

RNA was isolated from purified CD4+ T cells using the RNeasy Micro Kit 

(Qiagen) and reverse transcribed into cDNA by oligonucleotide priming with 

the QuantiTect Reverse Transription Kit (Qiagen). Quantitative RT-PCR was 
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performed using the LightCycler 480 SYBR Green I Master kit (Roche) with 

specific primers to Tbet (S: 5'-TCCCCCAAGCAGTTGACAGT, AS: 5'-

CAACAACCCCTTTGCCAAAG), GATA3 (S: 5'-AGTTCGCGCAGGATGTCC, AS: 5'-

AGAACCGGCCCCTTATCAA), and Foxp3 (S: 5-CCCAGGAAAGACAGCAACCTT, AS: 5”-

TTCTCACAACCAGGCCACTTG). Gene expression values were normalized to 

HPRT (S:5’- CTGGTGAAAAGGACCTCTCG, AS: 5’-

TGAAGTACTCATTATAGTCAAGGGCA) and are presented as means +/- SD. 

 

Immunophenotyping and flow cytometry analyses. Immunophenotyping of 

cells was performed with fluorochrome-conjugated antibodies to the following 

markers: GATA3 (L50-823), Foxp3 (FJK-16s), Helios (22F6), IFNγ (XMG1.2!" 

Thy1.1 (OX-7), and Thy1.2 (53-2.1; all obtained from BD Biosciences) and 

CD4 (RM4-5) from EBiosciences and Neuropilin-1 (Q9QWJ9) from R&D 

Systems. Phosphorylation of S6 was assessed by staining with an anti-pS6 

antibody (clone 91B2; Cell Signaling) and revealed with a secondary anti-

rabbit IgG antibody coupled to AlexaFluor647 (Life Technologies). 

Mitochondrial membrane potential and ROS production were analyzed 

following incubation with Tetramethylrhodamine (TMRE, Abcam) and 1,2,3- 

Rhodamine (Sigma-Aldricht), respectively, at 37° C for 30 mins. IL-4 

production was assessed at day 6 of polarization in glutamine deprived and 

replete conditions using a Cytometric Bead Array (CBA) Kit (BD Biosciences) 

according to the manufacturer’s instructions.  

 

Prior to intracellular cytokine stainings, cells were activated with PMA (Sigma-

Aldrich; 100 ng/ml)/ Ionomycin (Sigma-Aldrich; 1 µg/ml) in the presence of 

brefeldin A (Sigma-Aldrich; 10ug/ml) for 3.5-4h at 37oC. Cell surface staining 

was performed, and cells were then fixed and permeabilized using a 

fixation/permeabilization kit (BD Biosciences or eBioscience) prior to 

intracellular cytokine staining. Intracellular staining for Foxp3, Tbet, GATA3 
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and the phosphorylated form of S6 ribosomal protein was performed without 

any prior stimulation, using the eBioscience Fixation/Permeabilization kit. 

Cells were analyzed on a FACScanto (BD Biosciences) or sorted on a BD 

FACSaria flow cytometer. Data analyses were performed using FlowJo Mac 

v.8.8.7 software (Tree Star) and FCAP Array Software (CBA analysis). 

 

Glucose/Glutamine uptake assays.   

Prior to transport analyses, CD4+ T cells (0.5 x 106) were starved in glucose 

or glutamine-free RPMI for 30 min at 37°C. Glucose and glutamine uptake 

assays were initiated by addition of 2-deoxy-D[1-3H]glucose (2 µCi; Perkin 

Elmer) or L-2,3,4-[3H]glutamine (0,5 µCi); Perkin Elmer) for 5 min at room 

temperature, respectively. Cells were then washed and solubilized in 0.1% 

SDS (500 µl) and radioactivity was measured by liquid scintillation. Uptake for 

each cell subset is expressed as mean counts per minute (CPM) for triplicate 

samples and error bars indicate standard deviation (SD). 

 

ATP detection.  

Intracellular ATP production was quantified using the ATPlite- Luminescence 

ATP Detection Assay System (Perkin Elmer) according to the manufacturer’s 

instructions. 

 

Statistical analyses.   

Statistical significance was determined using an unpaired Student’s t-test with 

a 2-tailed distribution unless otherwise indicated (Graph Pad Software, La 

Jolla, CA). Data were considered to be statistically different for P≤0.05 

(*P<0.05, **P<0.01, ***P<0.001). All data are presented as means ± SD.  
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Figure Legends 

 

Figure 1: The kinetics and magnitude of TCR-induced mTOR activity and 

energy production are altered by glutamine availability and catabolism. 

CD4+ T cells were activated by immobilized αCD3/αCD28 mAbs in complete 

medium, designated here as “nutrient+” (Nutr+), glutamine-free media (Nutr-

GLN) or in the presence of the 6-diazo-5-oxo-L-norleucine (DON) glutamine 

analogue.  Phosphorylation of the mTOR substrate, S6 ribosomal protein, 

ROS levels and mitochondrial membrane potential were all monitored by flow 

cytometry, as a function of mean fluorescence intensity (MFI) and intracellular 

ATP levels were measured biochemically. Quantification at the indicated time 

points is presented. Results are representative of data obtained in 3 

independent experiments. 

 

Figure 2: Glutamine deprivation promotes the conversion of naive CD4+ 

T cells into Foxp3+ Tregs. 

(A) IFNγ production and Foxp3 expression were assessed 96h post TCR 

stimulation in the presence or absence of glutamine or in the presence of 

DON.  The percentages of cytokine-secreting and Foxp3-expressing cells 

within the CD4+ T cell populations are indicated in the representative dot 

plots. (B) The level of Foxp3 transcripts was monitored 96h following 

stimulation in the indicated conditions by qRT-PCR. mRNA levels ±SD relative 

to HPRT are presented (*p<0.05). (C) Changes in the relative percentages of 

Foxp3-expressing CD4+ T cells were monitored as a function of time and 

nutrient composition. Representative dot plots showing the percentages of 

Foxp3+ cells within freshly isolated CD4+ lymph node T cells as well as 24 and 

96h post TCR stimulation are presented (left panels). The proliferation profiles 

of Foxp3- (dashed line) relative to Foxp3+ (solid line) CD4+ T cells were 

monitored by dilution of CTV fluorescence and representative histograms at 
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96h are presented. (D) The expression of neuropilin-1 (solid line) was 

monitored in in vivo-generated nTregs and Foxp3+CD4+ cells generated ex 

vivo by glutamine deprivation or DON treatment. Histograms relative to IgG 

isotype staining (dashed line) are shown. (E) Naïve conventional 

CD4+CD62L+CD44-CD25- T cells were FACS-sorted and purity, as a function 

of Foxp3+ cell elimination, was monitored (left panel; day 0). Induction of 

Foxp3 expression in these purified Foxp3-CD4+ naïve T cells was assessed 

following activation in glutamine-deprived or DON-supplemented conditions. 

Representative plots are shown at 96 hours and the percentages of Foxp3+ 

cells are indicated.  Results are representative of data obtained in 4 

independent experiments. 

 

Figure 3: The preferential glutamine-deprived conversion of naïve CD4+ T 

cells to a Foxp3+ T cell fate occurs under neutral as well as Th1-

polarizing conditions. 

(A) Naïve CD4+CD62L+CD44-CD25- T cells were FACS-sorted and TCR-

activated under iTreg-, Th0-, Th1- and Th2-polarizing conditions in nutrient-

replete or glutamine-deprived conditions. Expression of Foxp3 was assessed 

at day 6 post-activation and representative plots are presented. (B) Foxp3, 

Tbet and GATA3 mRNAs were quantified in cells activated under Th0-, Th1- 

and Th2-polarizing conditions. Transcripts were monitored by qRT-PCR and 

mean levels relative to HPRT are presented. (C) The percentages of CD4+ T 

cells expressing IFNγ following polarization in nutrient-replete as compared to 

glutamine-deprived conditions were detected by intracellular staining at day 6 

and representative plots are shown (left plots). IL-4 production was assessed 

at the same time point by cytometric bead array and mean levels are 

presented (right graph). Results are representative of data obtained in 4 

representative experiments. 
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Figure 4: Glutamine deprivation promotes a TGF-β-dependent 

conversion of naïve CD4+ T cells to a Foxp3+ iTreg fate. 

(A) The impact of TGFβ neutralization on the conversion of naïve CD4+ T 

cells to a Foxp3+ T cell fate in glutamine-deprived conditions was assessed by 

addition of an anti-TGFβ neutralizing antibody. The percentages of Foxp3+ 

cells were monitored at day 4 of activation and representative dot plots are 

presented (left panels). The relative proliferation profiles of Foxp3-CD4+ and 

Foxp3+CD4+ T cells in each condition were monitored as a function of CTV 

fluorescence and histogram overlays at day 4 of activation are presented 

(right panels). (B) The percentages of Foxp3+ T cells was assessed following 

5 days of activation in nutrient-replete and glutamine-deprived conditions, in 

the presence or absence of SB431542, an inhibitor of TGFβ receptor 

signaling (Inman et al., 2002) (C) Naïve T cells were TCR-activated under 

Th0-, Th1- or Th2-polarizing conditions in nutrient-replete and glutamine-

deprived conditions, in the presence or absence of an anti-TGFβ neutralizing 

antibody. Expression of Foxp3 was assessed at 96 hours post activation and 

representative plots are shown. (D) Expression of Tbet and GATA3 were 

assessed in Th1- and Th2-polarizing conditions, respectively, in the conditions 

described above. Representative histograms showing intracellular levels, 

relative to Th0 conditions, are presented. (E) IFNγ production was monitored 

following activation in Th1-polarizing conditions in the presence or absence of 

glutamine, with or without TGFβ neutralization. Data are representative of 

three independent experiments. 

 

Figure 5: Enhanced in vivo proliferation of Foxp3+ T cells generated in 

the absence of glutamine.  

 (A) Thy1.1+ CD4+ T cells were TCR-stimulated in complete medium (Nutr+), 

in the absence of glutamine (Nutr-GLN), or in the presence of DON for 5 days. 

Cells were then CTV-labelled and transferred into congenic Thy1.2+ C57Bl/6 
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mice rendered lymphopenic by irradiation (5.5 Gy). Mice were sacrificed 7 

days later and the status of adoptively-transferred T cells was assessed. (B) 

The engraftment of transferred T cells was monitored as a function of Thy1.1 

expression (upper plots) and expression of Foxp3 within the donor CD4+ T 

cell populations was assessed (middle plots). The percentages of positively 

stained cells are indicated in each plot.  Quantification of the percentages of 

Foxp3+ donor T cells is shown with each point representing data from a single 

mouse and mean levels indicated by a horizontal line (right graph; *P<0.05; 

**P<0.01; ***P<0.001). Proliferation of Foxp3-CD4+ relative to Foxp3+CD4+ T 

cells was monitored within individual mice as a function of CTV fluorescence 

and representative histograms for the indicated conditions are shown (lower 

histograms). Note that the recovery of Foxp3+ cells in the Nutr+ condition was 

insufficient for evaluation of proliferation. (C) Expression of the Helios 

transcription factor in CD4+Foxp3+ donor T cells was assessed and 

representative dot plots are shown.  The percentages of Helioshi cells are 

indicated (upper panels). Quantification of HelioshiFoxp3+ cells is shown with 

each point representing data from a single mouse and mean levels indicated 

with a line (right graph; ***P<0.001). Proliferation profiles of HeliosloFoxp3+ 

and HelioshiFoxp3+ cells in the different conditions are shown. Data are 

representative of three independent experiments and each experiment was 

performed with 3-4 mice per group.!

!

Figure 6: Tregs generated in glutamine-deficient conditions efficiently 

inhibit effector T cell-mediated autoimmune colitis.  

(A) Rag2-deficient mice were injected with sorted CD4+CD45RBhi (CD45.1+) T 

effector cells, alone or together with FACS-purified in vivo-generated nTreg or 

glutamine-deprived in vitro-generated Foxp3+CD4+ lymphocytes (TregNutr-GLN). 

Injected Rag2-deficient mice were examined for weight loss on a weekly basis 

and the mean weights in each group are presented as a function of the initial 
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weight (mean±SD; n=5 per group; upper graph). The survival rate in each 

group is presented as a function of time post T cell transfer (lower graph). (B) 

Colons were collected, fixed and H/E stained. Representative sections from 

each of the groups of mice are shown. The magnification in the upper and 

lower panels is 5x and 10x respectively. (C) Surface levels of the CD44 

marker were assessed on CD4+ effector cells (CD45.1+) isolated from the 

different groups of Rag2-deficient-injected mice. Representative histograms 

are shown. The vertical dotted line delineates the MFI of CD44 staining on 

CD45.1+ T cells isolated from Rag2-deficient mice injected with effectors 

alone. The mean MFI of CD44 expression in each group is presented (right 

graph). (D) The relative recovery of injected effector (CD45.1+) and regulatory 

(CD45.2+) T cells in the different groups of mice was assessed at week 9. 

Representative dot plots discriminating between CD45.1+ effectors and 

CD45.2+ Tregs in mLN are presented for each condition. The proportion of 

CD45.2+ Tregs recovered in the mLN of individual Rag2-deficient-injected 

mice from each group is quantified with each point representing data from one 

mouse. Mean levels are indicated with a line (*P<0.05; ***P<0.001). Data from 

5 mice per group are presented. 

 

 



Figure 1: The kinetics and magnitude of TCR-induced mTOR activity and 
energy production are altered by glutamine availability and catabolism 
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Figure 2: Glutamine deprivation promotes the conversion of naive CD4+ T cells 
into Foxp3+ Tregs 
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Figure 3: The preferential glutamine-deprived conversion of naïve CD4+ T 
cells to a Foxp3+ T cell fate occurs under neutral as well as Th1-polarizing 

conditions  
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Figure 4: Glutamine deprivation promotes a TGF-β-dependent conversion of 
naïve CD4+ T cells to a Foxp3+ iTreg fate 
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Figure 5: Enhanced in vivo proliferation of Foxp3+ T cells generated in the 
absence of glutamine  
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Figure 6: Tregs generated in glutamine-deficient conditions efficiently inhibit 
effector T cell-mediated autoimmune colitis 
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Supplementary Figure 1: Reduced glucose and glutamine uptake is associated 
with decreased TCR-induced proliferation in glutamine-deprived conditions. 
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Supplementary Fig. 2: Low levels of ectopic glutamine inhibit the conversion 
of naïve CD4+ T cells to a Foxp3+ T cell fate 
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Supplementary Fig. 3: Strategy for FACS purification of Foxp3+CD4+ T cells 
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Supplementary Figure Legends 
 

Supplementary Figure 1: Reduced glucose and glutamine uptake is 

associated with decreased TCR-induced proliferation in glutamine-

deprived conditions. 

(A) CD4+ T cells were activated in Nutr+, Nutr-GLN and Nutr GLC conditions 

and glucose (upper panel) and glutamine (lower panel) uptake was assayed 

by incubating quiescent or activated CD4+ T cells in the indicated conditions 

(5x105) with L-[3,4-3H (N)]glutamine (0.5 Ci) or 2-deoxy-D[1-3H]glucose (2 

Ci), respectively, for 5 min at RT. Uptake for each condition, at day 3 of 

stimulation, is expressed as mean counts per minute (CPM) for triplicate 

samples; error bars indicate SD. (B) CD4+ T cells were activated as indicated 

and proliferation was monitored by dilution of CTV fluorescence. 

Quantification of T cell proliferation, as a function of the percentage of 

proliferating cells, is shown at 24, 48, 72 and 96 hours post stimulation. 

Experiments were performed in triplicate and results are representative of two 

independent experiments. 

 

Supplementary Figure 2: Low levels of ectopic glutamine inhibit the 

conversion of naïve CD4+ T cells to a Foxp3+ T cell fate. Changes in the 

relative percentages of Foxp3-expressing CD4+ T cells were monitored 

as a function of glutamine concentration. 

(A) The percentages of Foxp3+ cells within the CD4+ T cell population was 

monitored 6 days post TCR stimulation as a function of the exogenous 

glutamine concentration, as indicated (0, 0.8, 2 and 4 mM). Representative 

dot plots are presented. (B) The level of Foxp3 transcripts was quantified in 

the cells activated in the indicated conditions by qRT-PCR and mean levels 
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relative to HPRT are presented. Data are representative of three 

representative experiments. 

 

Supplementary Figure 3: Strategy for FACS purification of Foxp3+CD4+ T 

cells.  

For injection of Rag2-deficient mice with natural Treg (left dot plot) or Treg 

(right dot plot) converted following stimulation with immobilized anti-CD3/anti-

CD28 mAbs in the absence of glutamine (Nutr-GLN), CD45.2+Foxp3+CD4+ 

cells in the indicated gates were FACS-purified. The percentages of Foxp3+ 

cells present prior to purification are indicated.  
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