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Investigations in Immunological Tolerance 
 
 

 

Abstract 
 

          The vertebrate immune system has evolved the remarkable ability to restrain collateral damage to 

healthy tissues and cells, while being able to mount, in an individually-tailored and highly precise manner, 

anti-pathogen immune responses. This immunological homeostasis entails strict maintenance of peripheral 

tolerance, which depends on the intact development and function of a population of CD4+CD25+ regulatory 

T (Treg) cells expressing the transcription factor forkhead box P3 (Foxp3). It is now appreciated that many 

human diseases are immune-dysregulatory in nature and may evolve as a consequence of impaired Treg 

cell function and/or development, especially in the context of sustained inflammation leading to Foxp3 

destabilization. Surprisingly, Foxp3-deficient Treg (ΔTreg) cells retain a canonical core Treg cell 

transcriptome but acquire a subverted metabolic profile similar to that of effector T cells, which contributes 

to their regulatory degeneration. However, the recent demonstration that ΔTreg cells can be functionally 

“reprogrammed” by virtue of targeted metabolic perturbations has led to the conceptually novel motivation 

to therapeutically manipulate ΔTreg cell metabolism for the purposes of tolerance induction in the settings 

of autoimmunity.   

          In this work, we first investigated the functional consequences of restoring defective ΔTreg cell fatty 

acid oxidation (FAO) and its impact on the overall metabolic dysregulation in Foxp3 deficiency. 

Metabolomic analysis of ΔTreg cells revealed a profound reduction in levels of carnitine, a non-essential 

amino acid requisite for the transportation of activated long chain fatty acids into the mitochondrial matrix 

for β-oxidation. Consistent with a diminished contribution of FAO to the dysregulated oxygen consumption 

rate (OCR) of ΔTreg cells, carnitine deficiency was associated with heightened intracellular fatty acid 

concentrations. Supplementation of L-carnitine in-vivo did not extend survival of Foxp3-deficient mice 
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despite reducing frequencies of splenic effector-memory CD4+ and CD8+ T lymphocytes. ΔTreg cells sorted 

from L-carnitine treated animals however demonstrated a striking reduction in their OCR, suggesting L-

carnitine treatment in-vivo was sufficient to partially normalize the dysregulated oxidative phosphorylation 

(OXPHOS) of ΔTreg cells. Consistent with a carnitine intrinsic defect in the dysregulation of FAO in ΔTreg 

cells, treatment of Foxp3-deficient mice with the AMP-activated protein kinase activator metformin failed 

to recapitulate the effects of L-carnitine supplementation. Addition of L-carnitine to ΔTreg cells in-vitro 

augmented their OCR, indicating that L-carnitine supplementation was sufficient to increase the 

contribution of FAO to the OXPHOS capacities of ΔTreg cells. Collectively, these studies contribute to the 

functional delineation of metabolic dysregulation in ΔTreg cells and provide a rationale for combinatorial 

metabolic interventions aimed at restoring defective FAO of ΔTreg cells in Foxp3 deficiency. 

          In our second investigation, we studied a patient with a novel mutation in the interleukin 2 receptor 

(IL-2R) alpha chain (CD25) gene (IL2RA) presenting with overlapping features of FOXP3 deficiency.  We 

identified a homozygous nonsense mutation (c.246G>A) in exon 2 of IL2RA, leading to CD25 deficiency 

characterized by impaired T lymphocyte signal transducer and activator of transcription 5 (STAT5) 

responsiveness. Surprisingly, we observed increased frequencies of CD4+ but not CD8+ T lymphocytes in 

the peripheral blood, with massive expansion of the CXCR5+PD-1+ T follicular helper (TFH) pool. 

Augmentation of the TFH  compartment was associated with high CXCR3 expression, indicative of T helper 

1 cell-like skewing. Consistent with the massive peripheral TFH cell expansion, serum analysis revealed a 

marked increase in levels of circulating IgG and IgM antibodies against autologous antigens. Flow 

cytometry studies uncovered profound dysregulation in the naïve and memory T cell compartments with 

increased frequencies of effector and central memory T cell subsets in the peripheral blood. Although 

present at lower frequencies, Treg cells displayed a profound reduction in expression levels of canonical 

Treg cell markers including Helios, CTLA-4, and FOXP3. Taken together, these studies identify for the 

first-time dysregulation of the TFH compartment and provide a novel impetus for investigations into putative 

follicular regulatory T cell dysfunction in the setting of CD25 deficiency. 
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“If you would be a real seeker after truth, it is necessary that at least once in your life you doubt, as far as 

possible, all things.” 

― Rene Descartes 

 

 

“The highest activity a human being can attain is learning for understanding, because to understand is to 

be free.” 

― Baruch Spinoza 

 

 

“Beauty in things exists in the mind which contemplates them.” 

― David Hume 
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Chapter 1: Background 

Modified from original publication 

 

Georgiev, P., Charbonnier, L. & Chatila, T.A. Regulatory T Cells: The Many Faces of Foxp3. J Clin 

Immunol 39, 623–640 (2019) doi:10.1007/s10875-019-00684-7 

 

1.1 Preface 

          Regulatory T (Treg) cells expressing the transcription factor forkhead box P3 (Foxp3) play a requisite 

role in the maintenance of immunological homeostasis and prevention of peripheral self-tolerance 

breakdown. Since its discovery close to two decades ago, Foxp3 has emerged as a key regulator of immune 

tolerance by virtue of its function as a master switch factor involved in the differentiation of Treg cells. Its 

deficiency in humans gives rise to an autoimmune lymphoproliferative disease: immune 

dysregulation, polyendocrinopathy, enteropathy X-linked syndrome (IPEX), and to a 

homologous scurfy phenotype in mice. In the interim, much has been learnt about how Foxp3 

orchestrates Treg cell responses, and how mutations subvert its functions to promote disease. Although 

Foxp3 by itself is neither necessary nor sufficient to specify many aspects of the Treg cell phenotype, its 

sustained expression in Treg cells is indispensable for their phenotypic stability, metabolic fitness, and 

regulatory function. Here, we summarize recent advances in Treg cell biology, with a particular emphasis 

on the role of Foxp3 as a transcriptional modulator and metabolic gatekeeper essential to an effective 

immune regulatory response. We discuss these findings in the context of human inborn errors of immune 

dysregulation, with a focus on FOXP3 mutations, leading to Treg cell deficiency. We also survey novel 

insights into mechanisms of Foxp3 action including its versatility in directing tissue and immune response-

specific outcomes by co-opting different transcriptional programs, the vulnerability of such co-option to 

dysregulation leading to reprogramming of Treg cells towards T effector cell phenotypes, and the emerging 

role of Foxp3 as a metabolic gatekeeper that maintains the identity and regulatory functions of Treg cells. 

Finally, we focus on the mechanisms by which gene mutations selectively impair distinct aspects of Foxp3 
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function, and therapeutic interventions aimed at restoring Treg cell function in the context of Foxp3 

deficiency.   

 

1.2 Historic perspective   

          Treg cells were originally described as a subpopulation of CD4+ T cells characterized by high 

expression of the IL-2 receptor (IL-2R) alpha chain (CD25) and ability to control autoimmunity in mice 

elicited by thymic manipulation or lymphopenic complementation [1-5]. In 2000, Chatila et al described 

mutations in the gene encoding the transcription factor forkhead (FKH) box (Fox) P3 (Foxp3), originally 

called JM2, as the cause of an autoimmune lymphoproliferative disorder in human subjects termed X-linked 

autoimmunity-allergic dysregulation syndrome (XLAAD) and later codified as IPEX [6]. IPEX and scurfy-

causing mutations in FOXP3 and its orthologous mouse gene, respectively, were also described shortly 

thereafter [7, 8]. The identification of Foxp3 as essential for controlling Treg cell function was established 

by seminal studies demonstrating that the lymphoproliferative disease in scurfy mice results from lack of 

functional Treg cells [9, 10]. Enforced expression of Foxp3 in conventional murine CD4+CD25- T (Tconv) 

cells led to the acquisition of a regulatory phenotype, while adoptive transfer of 

CD4+CD25+Foxp3+ Treg cells into neonatal scurfy mice prevented autoimmune disease development [9]. 

Subsequently, studies in mice using Foxp3 reporter alleles demonstrated that thymic development 

of Treg cells proceeds uninterrupted in the absence of functional Foxp3 but leads to the generation of 

aberrant effector memory-like Treg cells that lack regulatory function [11, 12]. Similarly, 

CD4+CD25high Treg-like cells from human subjects with loss of function FOXP3 mutations failed to 

suppress autologous effector T cell responses despite being comparable in number and phenotype to those 

of healthy donors [13]. In addition to their essential role in the maintenance of peripheral tolerance to self-

tissues, it is now appreciated that Treg cells play a critical role in enforcing tolerance to the “extended self”, 

including the commensal flora and innocuous environmental antigens, as well as mediating broad 

homeostatic and tissue repair functions [14].  
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1.3 Natural and induced Foxp3+ Treg cells    

          Treg cells represent 5 to 10 % of the total CD4+ T cell pool and express αβ T cell receptors (TCR) 

with a broad repertoire that is largely distinct from that of Tconv cells [15, 16]. Treg cells derive from 

two distinct populations that act synergistically to enforce peripheral tolerance (Fig.1.1) [17]. 

CD4+CD25+Foxp3+ natural regulatory T (nTreg) cells differentiate in the thymus from immature precursors 

and play a critical role in enforcing tolerance to self-antigens (Fig. 1.1). Induced regulatory T (iTreg) cells 

are generated de novo extrathymically from naive Tconv
 cells in select niches, especially those at the mucosal 

interfaces including the gastrointestinal and respiratory tracts, that offer specialized antigen-presenting cells 

producing transforming growth factor beta (TGF-β) and retinoic acid, as well as the availability of 

conducive commensal metabolites (Fig. 1.1) [18]. The generation of iTreg cells in the gastrointestinal tract 

is facilitated by mucosal CD103+CD11c+ dendritic cells (DCs), while the same role is played by the alveolar 

macrophages in the lungs [19, 20] (Fig. 1.1). iTreg cells can also be generated in-vitro following TCR 

activation of naïve Tconv cells in the presence of IL-2 and TGF-β [21]. As a function of their distinct 

developmental ontology, the TCR repertoires of nTreg and iTreg cells are largely non-overlapping 

[22]. While the TCR repertoire of iTreg cells is directed towards commensal antigens and environmental 

allergens, nTreg cells express an anti-self-biased TCR repertoire [23, 24] (Fig. 1.1). This minimal TCR 

repertoire overlap enables the specification of complimentary antigen coverage in the maintenance of 

peripheral tolerance, with the presence of both cell types required for optimal tolerance induction [22]. 

 

          Epigenetic mechanisms regulate Treg cell lineage stability and phenotypic identity [25-28]. For 

example, the Treg-specific demethylation region (TSDR) within the conserved non-coding sequences 2 

(CNS2) of the Foxp3 locus is mostly demethylated in nTreg cells, whereas it is only partially demethylated 

in iTreg cells or Tconv cells that transiently express Foxp3. nTreg cells also exhibit a specific 

hypomethylation pattern in genes such as Il2ra, Ctla4, Tnfrsf18, and Ikzf2 as well as histone modifications 

including trimethylation of histone H3 lysine 4 (H3K4me) [29]. In the context of an inflammatory 

environment, iTreg cells are particularly prone to destabilization, may lose Foxp3 expression and 
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degenerate into effector cells (ex-Treg) that contribute to diseases pathogenesis [30, 31]. nTreg cells may 

also destabilize in the context of chronic inflammatory/autoimmune processes and acquire effector-like 

phenotypes [32, 33].   

 

1.4 Phenotypic classification of Foxp3+ Treg cells  

          In addition to their constitutively high CD25 cell surface expression, Treg cells express low levels of 

the IL-7 receptor alpha chain (CD127), which inversely correlates with Foxp3 expression [34]. Treg cells 

also express high levels of the cytotoxic T-lymphocyte antigen 4 (CTLA-4), as well as molecules that 

constitute a canonical Treg cell surface signature, including the glucocorticoid-induced tumor necrosis 

factor receptor (TNFR) family related protein (GITR) and inducible co-stimulator (ICOS) [reviewed in 35]. 

However, the phenotypic demarcation of Treg cells using these markers is complicated by their frequent 

upregulation in Tconv cells following TCR engagement. In human CD4+ Tconv cells, Foxp3 can be transiently 

induced at low levels in response to TCR stimulation, and activation inducible upregulation of other 

“canonical” Treg cell markers (e.g CTLA-4) in Tconv cells can further stymie the identification of bone 

fide Treg cell populations. With that in mind, careful gating on CD4+CD25hiCD127low T cells in human 

peripheral blood can identify a population that is > 90 % Treg cells as confirmed by high Foxp3 expression 

and demethylation at the Foxp3 locus (34, 36, 37).   

 

          Human peripheral blood Treg cells have been functionally subdivided into distinct subsets based 

on their expression of the common leukocyte antigen isoform RA (CD45RA) and Foxp3 [38]. While 

CD45RA+Foxp3low cells represent a resting population of Treg cells (rTreg), CD45RA-Foxp3high cells 

constitute an activated Treg cell (aTreg) fraction that is derived from rTregs in-vitro and in-vivo [38]. This 

fractionation approach has been leveraged clinically to demonstrate a decrease in the proportion 

of aTreg cells in human subjects with autoimmune conditions such as systemic lupus erythematosus (SLE) 

and rheumatoid arthritis (RA) [38, 39]. In mice, resting and activated Treg cell populations are functionally 

delineated by expression of the markers Ly-6C, CD44 and CCR7 [40, 41]. Additional markers have been 
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identified that help segregate nTreg from iTreg cells [42-45]. Helios, a member of the Ikaros transcription 

factor family, is highly expressed in nTreg cells, but not in iTreg cells (Fig. 1.1) [42, 43]. Similarly, 

neuropilin-1 (Nrp-1) may also serve as an additional marker that is expressed at high levels on nTreg cells, 

although its expression may be upregulated on iTreg cells in the context of inflammation (Fig. 1.1) [44, 

45].  

 
 
Figure 1.1. Natural and induced Treg cell subsets. The peripheral Treg cell pool is composed of 2 distinct 

populations, nTreg and iTreg cells, which express similar levels of the transcription factor Foxp3 but have non-

overlapping TCR repertoires. (A) Foxp3+HelioshighNeuropilinhigh nTreg cells differentiate in the thymus and play 

a critical role in enforcing tolerance to self-antigens. (B) Foxp3+HelioslowNeuropilinlow iTreg cells are 

generated de novo extrathymically in peripheral lymphoid tissue from naïve CD4+CD25- Tconv cells in the 

presence of retinoic acid, TGF-β, and IL-2 following TCR engagement by CD103+ dendritic cells or 

F4/80+ macrophages in the intestinal mucosa and alveolar inerstitia, respectively. Unlike nTreg cells, iTreg cells 

are skewed in favor of recognizing non-self-antigens, including the commensal flora and infectious agents, and 

innocuous antigens such as allergens and foods. 
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1.5 Treg cell lineage specification and Foxp3    

          The initial discovery of Foxp3 as a “master switch gene” of the Treg cell lineage being requisitely 

required for Treg cell phenotypic and functional specification has evolved into a view of Foxp3 as a 

molecular “orchestrator” of the Treg cell program (Fig. 1.2). Previously we demonstrated that development 

of nTreg cells in the thymi of mice with a mutant Foxp3 allele proceeds uninterrupted, and that both 

Foxp3-deficient and sufficient Treg cells share a core Treg cell transcriptome with intact transcriptional 

activity at the Foxp3 locus [11]. A study by Gavin et al similarly demonstrated that Foxp3 largely 

consolidates pre-existing features of Treg cell precursors to solidify rather than establish the Treg cell 

lineage [12]. Moreover, cross sectional analysis of the Treg cell signature revealed that Foxp3 plays a 

relatively minor role in specifying the transcriptional landscape of Treg cells [46, 47]. Nevertheless, Foxp3 

activity was critical for conferring Treg cell suppressor function by stabilizing and amplifying Treg cell 

expression of genes such as Il2ra, Ctla4 and Tnfrsf18 [11, 12]. In addition, Foxp3 dependent repression of 

effector cytokine gene expression (e.g IL-4, IFN-γ, IL-17 and IL-21) and downregulation of the cyclic 

nucleotide phosphodiesterase 3B (PDE3B) activity is essential for the maintenance of Treg cell 

homeostasis [11]. Collectively these studies demonstrate that additional elements upstream 

of Foxp3 specify the Treg lineage as part of a higher order regulatory network and that Foxp3 is absolutely 

required for Treg cell suppressor function.   

 

          Other Fox transcription factors also contribute to Treg cell lineage specification. Foxp1 

promotes Foxp3 occupancy of several Treg cell signature genes, and its deficiency results in diminished 

expression of key molecules implicated in Treg cell suppressor function including CTLA-4 and CD25 [48]. 

Similarly, Foxo transcription factors play a critical role Treg cell lineage specification through direct 

control of Foxp3 and Ctla4 activity [49, 50]. In particular, Foxo1 represses Treg cell IFN-γ expression, and 

its deficiency in Treg cells precipitates a fatal inflammatory disorder similar to that of Foxp3 deficiency 

[51]. In turn, repression of Foxo1 is critical for the differentiation of activated Treg cells as evidenced by 

dysregulated Treg cell homing to non-lymphoid tissues and impaired suppression of CD8+ T cell dependent 
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inflammation in mice expressing a constitutively active Foxo1 in the Treg cell compartment [52]. Although 

Foxo3 deficient mice do not exhibit manifestations of spontaneous T cell activation, T cell specific deletion 

of both genes encoding the Foxo1 and Foxo3 transcription factors precipitates a multifocal inflammatory 

disease due to compromised Treg cell differentiation and function [50, 53]. Collectively, these studies 

illustrate the critical, non-redundant roles played by different Fox transcription factors in the Treg cell 

lineage.   

 
Figure 1.2. The Foxp3 interactome. Foxp3 can modulate the transcriptome of Treg cells by distinct 

mechanisms depending on its interaction with diverse binding partners. Foxp3 can modulate the accessibility of 

genes to several transcription factors through its interaction with chromatin remodelers including the histone 

acetyltransferases P300 and TIP60. Additionally, Foxp3 may interact with various transcriptional co-activators 

or co-repressors, leading to the upregulation or downregulation of gene expression, respectively.   
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1.6 The modular nature of Foxp3+ Treg cell suppressor functions    

          Treg cells target a broad array of innate and adaptive immune cells, including CD4+ and CD8+ T 

lymphocytes, B lymphocytes, monocytes/macrophages, DCs, mast cells and innate lymphoid cells 

(ILC) [reviewed in 54]. Although multiple immunoregulatory mechanisms are utilized by Treg cells to 

limit inflammatory immune responses, individual mechanisms may be operative in a dedicated modular 

fashion that is restricted to particular tissue sites or distinct inflammatory settings. Treg cells can enforce 

suppressor function by diverse mechanisms that target specific effector pathways and/or responses, 

including contact-dependent mechanisms, immunomodulatory cytokines such as IL-10, TGF-β and IL-35, 

as well as through metabolic perturbation of target cells (Fig. 1.3). Mutations in human subjects and mouse 

models have clarified the mechanisms by which these pathways contribute to peripheral tolerance 

maintenance and the consequences of their disruption in promoting disease.   

 

          A prime example of contact-dependent Treg cell-mediated suppression involves the CTLA-

4/lipopolysaccharide-responsive beige-like anchor (LRBA) axis. CTLA-4 downregulates major 

costimulatory molecule expression on antigen presenting cells (APCs) and limits costimulatory signals by 

cell extrinsic depletion of its ligands CD80 and CD86 (Fig. 1.3) [55, 56]. Moreover, CTLA-4 may 

additionally stimulate indoleamine 2,3-dioxygenase (IDO) expression in human and murine DC subsets, 

which induces catabolism of the essential amino acid tryptophan to starve T cells [57]. In mice, deletion of 

CTLA-4 in Treg cells results in a fatal autoimmune lymphoproliferative disease [58]. Human subjects with 

heterozygous mutations in CTLA-4 also present with an autosomal dominant autoimmune 

lymphoproliferative disease, while autosomal recessive mutations in LRBA, which regulates CTLA-4 cell 

surface expression, result in a phenotypically similar disease [59, 60]. CTLA-4 antagonism using 

monoclonal anti-CTLA-4 antibodies (mAbs) reverses Treg suppressor function in-vivo, while its germline 

deficiency in mice leads to a fatal lymphoproliferative disorder within the first month of life [61, 62].   
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          Additional mechanisms by which Treg cells may act to control the immune response through cell 

contact involve the interaction of LAG-3 on Treg cells with MHC-II on immature DCs, leading to 

suppression of DC maturation (Fig. 1.3) [63]. Antigen specific Tregs may also physically remove cognate 

peptide MHC-II complexes from the surface of DC’s in-vivo in a CTLA-4 independent manner (Fig. 1.3) 

[64]. A different suppressive mechanism involves Treg cell-mediated cytolysis of target cells, which is 

dependent on the activity of granzyme B (Fig. 1.3) [65]. Similarly, human Treg cells expressing granzyme 

A have been shown to induce target cell killing in a perforin dependent manner in-vitro (Fig. 1.3) [66]. This 

mechanism may be relevant to the profound immune dysregulation in patients with 

hemophagocytic lymphohistiocytosis (HLH) disorders, the causative mutations of which, including 

those in the perforin gene, may result in defective Treg cell cytolytic function [67, 68].   

 

          Treg cells also exert regulation through soluble intermediates. The ecto-enzymes ATP apyrase 

(CD39) and ecto-5’-AMP-nucleotidase (CD73), which in tandem generate the immunosuppressive purine 

nucleoside adenosine (Fig. 1.3) [69]. Adenosine can signal via the high affinity G protein-coupled (GPRC) 

adenosine A2A receptor (A2AR) expressed on T cells to mediate inhibitory signaling in a cAMP dependent 

manner [70]. Moreover, Treg cells have been proposed to act as an IL-2 sink through their constitutive 

CD25 expression and IL-2 signals are required for optimal Treg suppressor function through STAT5b 

activation (Fig. 3) [71, 72].   

 

          The immunoregulatory cytokines IL-10 and TGF-β represent two key Treg cell effector modules 

with specialized functions. Treg cell derived IL-10 is particularly important in restraining immunological 

hyperreactivity at environmental interfaces including the colon, skin, and lung [73, 74]. Mice harboring IL-

10 deficient Treg cells develop spontaneous colitis and exhibit heightened immune-mediated reactivity in 

the airways [73]. Similarly, ablation of the interleukin 10 receptor (IL-10R) in Treg cells impairs STAT3 

phosphorylation and results in selective dysregulation of TH17 immune responses accompanied by 

development of severe immune-mediated colitis [74]. Moreover, IL-10 may promote the expansion and 
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function of Foxp3+ iTreg cells by enhancing Foxo1 nuclear localization and augmenting STAT3 signaling 

[75]. In human subjects, IL-10/IL10R gene mutations are associated with chronic gastrointestinal 

inflammatory disorders such as ulcerative colitis and Crohn’s disease [reviewed in 76, 77].   

 

          TFG-β represents another dedicated module of Treg suppression that plays a privileged role at 

mucosal interfaces. For example, Treg cells require TFG-β signals to appropriately limit IL-17 production 

and dampen TH17 cell responses in the gastrointestinal tract [78]. Bi-allelic Treg cell-specific deletion 

of Tgfb1 in mice results in a scurfy mouse like phenotype, while monoallelic deletion results in allergic 

dysregulation, reflecting a non-redundant privileged role for Treg cell-derived TGF-β1 in controlling the 

immune response (manuscript in preparation). In humans, heterozygous loss of function mutations 

in TGFBR1 and TGFBR2 gives rise to the Loeys Dietz syndrome, associated with allergic dysregulation in 

addition to non-immune somatic phenotypes [79]. Biallelic TGFB1 loss of function mutations results in 

severe inflammatory bowel disease and encephalopathy [80]. Together these findings emphasize the critical 

role of the TGF-β module in regulating both allergic and autoimmune processes. 
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Figure 1.3 The modular nature of Treg cell suppression. Treg cells suppress innate and adaptive immune 

responses through multiple mechanisms in order to enforce immunological tolerance. These include inhibitory 

cytokines such as IL-10, TGF-β1 and IL-35, suppression of antigen presentation by professional antigen 

presenting cells (CTLA-4, LAG-3), granzyme and perforin dependent target cell cytolysis. Additional 

mechanisms include the generation of immunosuppressive adenosine by Treg cell ectoenzymes CD39 and 

CD73, and competition for endogenous IL-2 through expression of the high affinity IL-2 receptor alpha chain 

(CD25). Importantly, individual modules (e.g IL-10, TGF-β1) operate in a non-redundant manner to prevent 

peripheral tolerance breakdown, while mutations affecting the respective modules (e.g. CTLA-4, IL-2Rα and β 

subunits, TGF-β1 etc), give rise to distinct immune dysregulatory human diseases.   

 

1.7 Tissue and functional adaptation of Foxp3+ Treg cells   

          The suppressive function of Treg cells is critical for the prevention of autoimmunity and collateral 

damage to healthy tissues and organs resulting from inflammatory immune responses. Treg cells also play 

an important role in enforcing homeostasis in non-lymphoid tissues including skeletal muscle, visceral 

adipose tissue (VAT), and the colonic lamina propria. The unique phenotype and function of Treg cells 

at these sites is largely dictated by the local environment as well as tissue specific physiological cues 
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[reviewed in 81]. For example, Treg cells enriched in VAT express the peroxisome proliferator-activated 

receptor gamma (PPARγ) and are critically involved in the control of VAT inflammation and insulin 

sensitivity [82, 83]. Similarly, expression of the retinoid-related orphan receptor alpha (RORα) in skin 

resident Treg cells drives expression of the tumor necrosis factor receptor superfamily member 25 

(TNFRSF25) which promotes Treg cell mediated suppression of ILC-2 activation and leads to restraint of 

allergic skin inflammation [84]. More recently, skin resident Treg cells expressing high levels of the Notch 

ligand family member Jagged 1 (Jag1) were shown to facilitate the differentiation of hair follicle stem cells 

(HFSC) and promote hair follicle regeneration [85]. In skeletal muscle, a distinct population of Treg cells 

producing the epidermal growth factor amphiregulin promoted repair of damaged muscle following acute 

muscle injury [86]. Similarly, in a mouse model of muscular dystrophy, Treg cell depletion was associated 

with exacerbation of muscle injury [87]. Interestingly, selective deficiency of amphiregulin in Treg cells 

did not affect their suppressor function but lead to severe lung damage during influenza viral infection [88]. 

In the central nervous system, Treg cells were shown exhibit regenerative properties, including the capacity 

to promote oligodendrocyte progenitor cell differentiation and myelination [89]. Collectively, these studies 

highlight the importance of phenotypic and functional adaptation of Treg cells in diverse tissue 

environments that shape distinct non-immunomodulatory functions of Treg cells.   

 

          It is now appreciated that Treg cells show a functional plasticity that results in the acquisition of 

distinct helper T (TH) cell transcriptional machinery leading to superior control of the corresponding TH cell 

immune response (Fig. 1.4) [33, 90-94]. For example, STAT3 activation in Treg cells is required for 

optimal suppression of TH17 immune responses and results in the acquisition by Treg cells of TH17 specific 

molecules, such as the interleukin 6 receptor (IL-6R) [90] (Fig. 1.4). Similarly, expression of the TH1 

transcriptional master regulator T-bet in Treg cells is critical for efficient control of TH1 immune responses 

and prevention of TH1 mediated autoimmunity [91]. Foxp3 dependent expression of the interferon 

regulatory factor-4 (IRF4) endows Treg cells with a preferential capacity to suppress TH2 immune 

responses while IRF4 deficiency in Treg cells promotes dysregulation of TH2 immune responses [92]. 
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Similarly, the TH2 master regulator GATA-3 binds to the CNS2 of the Foxp3 locus to promote its activity 

[93]. Furthermore, follicular regulatory T (TFR) cells expressing the chemokine receptor CXCR5 are 

critically dependent on the transcriptional repressor Bcl6 for efficient control of the germinal center reaction 

as well as plasma cell differentiation [94]. Collectively these studies underscore the importance of 

molecular co-option by Treg cells of diverse TH cell transcriptional machinery as mechanism for optimal 

control of TH specific immune responses.  

 
 

Figure 1.4 Functional adaptation of Treg cells. Treg cells regulate Tconv cell responses in an individually 

TH cell lineage dependent manner. To suppress TH1 responses Treg cells express the TH1 associated transcription 

factor T-bet and upregulate CXCR3 expression to transiently localize with expanded effector TH1 cells. 

Similarly, Treg cells partially acquire GATA-3 and ROR-γt transcriptional programs to enforce control of TH2 

and TH17 cell responses respectively. Expression of RORα in skin resident Treg cells is critical for expression 

of death receptor 3 (DR3) which in turn promotes ILC2 activation and control of allergic skin inflammation. 

CXCR5+
 follicular regulatory T (TFR) cells expressing the transcription factor Bcl6 control the germinal center 

reaction. In visceral adipose tissue (VAT), Treg cells express the peroxisome proliferator-activated receptor 

(PPAR)-γ, which plays an important role in restoration of insulin sensitivity and maintenance of VAT Treg cell 

function and phenotype. 
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1.8 Pathological reprogramming of Foxp3+ Treg cells    

          Treg cells exhibit a wide versatility in directing immune response-specific outcomes by their ability 

to hijack distinct molecular modules directing specialized TH cell responses (Fig. 1.4) [33, 90-94]. 

For example, Treg cells undergo “abortive” Th1 reprogramming by upregulating Tbx21 expression in an 

IFN-γ STAT1 dependent manner that results in their acquisition of a partial Th1 program characterized by 

CXCR3 expression (Fig. 1.4) [33]. However, in the context of this appropriation, Treg cells fail to 

upregulate expression of the interleukin receptor 12 beta 2 subunit (IL12Rβ2), which is required for 

completion of TH1 differentiation. Failure of such restraint in the context of aberrant inflammation may 

lead to redirection toward TH like phenotypes resulting in the dysfunctional reprogramming of Treg cells. 

For example, our laboratory recently demonstrated that constitutive Notch signaling destabilizes Treg cells 

by promoting nTreg cell TH1 like skewing [32].   

 

          Recent studies have elucidated mechanisms by which Treg cells may acquire effector T 

cell attributes that contribute to their pathogenic reprogramming in disease states characterized by 

persistent inflammation (Fig. 1.5). Mice carrying a tyrosine (Y) to phenylalanine (F) substitution at position 

709 of the murine IL-4Rα (Il4raF709), which inactivates the receptor immunotyrosine inhibitory motif 

(ITIM) [95, 96], model human polymorphisms in the interleukin-4 receptor alpha chain (IL-

4Rα) that promote enhanced STAT6 activation. The Il4raF709 mice exhibit exaggerated TH2 polarization, 

augmented antigen induced IgE responses, and exacerbated airway inflammation and hyperreactivity. 

Critically, Treg cells from Il4raF709 mice acquired a TH2-like phenotype characterized by augmented 

STAT6 signaling and heightened expression of canonical TH2 transcription factors including IRF-4 and 

GATA-3 (Fig. 5) [97]. This TH2 reprogramming was also evident in peripheral antigen specific Treg cells 

of milk allergic children [97]. Importantly, Treg lineage specific ablation 

of Il13, Il14 or Stat6 in Il4raF709 mice reversed TH2 reprogramming and restored Treg cell regulatory 

function.   
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          Another example of pathological reprogramming of iTreg cells in the context of allergic airway 

inflammation was provided in studies on a human IL-4R variant with a glutamine (Q) to arginine (R) 

substitution at position 576. This variant acts an allergic asthma susceptibility gene and strongly correlates 

with the prevalence and clinical severity of asthma [98]. Mice homozygous for the Il4raR576 allele exhibited 

exaggerated allergic airway inflammation following sensitization and challenge with allergens, driven by 

the destabilization of allergen specific iTreg cells towards a pathogenic TH17 like phenotype (Fig. 1.5) 

[99]. Treg specific deletion of Il6ra and Rorc or neutralization with an anti-IL-6 mAb prevented airway 

inflammation pursuant to TH17 Treg cell reprogramming.   

 

          In the gut, microbiota induced expression of the transcriptional factor ROR-γt in Treg cells is 

indispensable for regulation of TH17 colonic inflammation as well as restriction of TH2 immune mediated 

pathology [100, 101]. More recently, we demonstrated that dysbiosis promotes the breakdown of oral 

tolerance as a result of a failure to induce protective ROR-γt dependent iTreg responses in food allergic 

children and mice, allowing instead for the emergence of pathogenic Th2 [102].  

 

          Collectively, these studies reveal an important role for pathological Treg cell reprogramming in 

sustaining chronic inflammatory allergic and autoimmune diseases, and the potential for interventions 

aimed at resetting such reprogramming as a novel therapeutic approach.   
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Figure 1.5 Pathogenic Treg cell reprogramming. Two illustrative examples of pathogenic Treg cell 

reprogramming in human diseases. (A) In food allergy, allergen-specific Treg cells in the intestinal mucosa can 

acquire a pathogenic TH2 cell-like phenotype characterized by increased GATA-3 expression and enhanced IL-

4 production. This pathological TH2 cell-like reprogramming results in the accumulation of dysfunctional 

antigen-specific Treg cells which fail to control effector TH2 and mast cell responses to promote allergic 

disease. (B) In asthma, a human IL-4Rα allele bearing a glutamine to arginine substitution at position 576 (IL-

4Rα-Q576R) promotes asthma severity by driving mixed TH2-TH17 inflammation. In addition to activating 

STAT6, IL-4/IL-13 signaling via IL-4/IL-4R-R576 variant activates downstream MAPKs, which in turn drive 

an autocrine IL-6/ STAT3 activation loop. This activation results in a pathological TH17 cell-like reprogramming 

of nascent allergen-specific iTreg cells in the lung, characterized by increased ROR-γt expression and elevated 

IL-17 production.   

 

1.9 Foxp3 as a metabolic gatekeeper    

          Treg cells exhibit a unique metabolic signature in comparison to other TH cell subsets, which sustains 

their proliferative and regulatory functions while constraining the development of effector programs 

normally associated with Th cells [103, 104] (Fig. 1.6). While TH1, TH2, and TH17 cells express high levels 

of the glucose transporter 1 (GLUT1) and display a heightened glycolytic rate, Treg cells at steady state 
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preferentially utilize fatty acid oxidation (FAO) and pyruvate dependent oxidative phosphorylation 

(OXPHOS) to satisfy their energetic demands [reviewed in 105] (Fig. 1.6). Foxp3 confers a metabolic 

advantage on Treg cells in low-glucose lactate rich environments by suppressing Myc gene expression 

and Treg cell glycolysis in order to maintain regulatory function [103]. In contrast, inflammatory triggers 

acting via toll like receptors (TLR) promote Treg cell proliferation by engaging the PI(3)K-AKT-mTORC1 

pathway, which leads to GLUT1 upregulation and augmentation of glycolysis [106] (Fig. 1.6). Although 

upregulation of GLUT1 promotes Treg cell expansion, it dampens Treg cell regulatory function and 

reduces expression levels of Foxp3. Furthermore, expression of Foxp3 results in upregulation of several 

mitochondrial protein-encoding genes, including components of the electron transport chain [107]. This in 

turn drives an increase in the respiratory capacity of Treg cells and augments their ability to utilize fatty 

acids in order to fuel OXPHOS. More recently, it was shown that loss of the mitochondrial complex III 

in Treg cells promotes systemic autoimmunity by impairing Treg cell suppressor function without altering 

expression of Foxp3 [108]. Collectively, these studies suggest that Treg cell metabolic pathways can be 

therapeutically exploited to enhance or brake peripheral tolerance.   

 

          We have further explored the role of Foxp3 as a metabolic regulator in Foxp3-deficient mice in which 

a mutant Foxp3 allele directs the expression of a humanized Cre recombinase (iCre) fused with enhanced 

green fluorescent protein (EGFP) (Foxp3∆EGFPiCre) [109]. Foxp3 deficiency dysregulated mTORC2 

signaling and induced metabolic reprogramming of the mutant Treg cells characterized by augmented 

glycolysis and OXPHOS (Fig. 1.6). Mutant Treg cell specific deletion of the mTORC2 adaptor 

gene rictor ameliorated disease in Foxp3∆EGFPiCre mice, reversed augmentation of glycolytic and respiratory 

activity, and partially restored mutant Treg cell suppressor function [109]. Similarly, Foxp3-

deficient Treg cells of IPEX patients exhibited dysregulated mTORC2 signaling and augmented glycolysis, 

both of which were reversed upon treatment with mTOR inhibitors such as rapamycin to reestablish 

regulatory function [109]. These data demonstrate that Foxp3 plays a critical role in orchestrating Treg cell 
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metabolism and suggests that therapeutic targeting of metabolic pathways of Foxp3-deficeint Treg cells 

may provide an important conceptual advance in the restoration of immune tolerance.  

 
Figure 1.6 Metabolic states of Treg cells in health and disease. Under homeostatic condition, Foxp3 

controls Treg cell metabolism by promoting fatty acid oxidation (FAO) and by limiting glycolysis through the 

inhibition of c-Myc and mTORC2 pathways. Under inflammatory condition, signals such as those via TLR1/2 

promote glycolysis by inducing Glut1 expression in an mTORC1-dependent manner and by modulating Foxp3 

expression in Treg cells. In IPEX patients and Foxp3-deficient mice, the Foxp3-deficient Treg cells undergo 

metabolic reprogramming characteristic of an effector memory cell-like phenotype, involving heightened 

aerobic glycolysis, tricarboxylic acid cycle (TCA cycle) and oxidative phosphorylation (OXPHOS), driven to 

large extent by mTORC2 dysregulation. Other changes include loss of fatty acid oxidation and 

increased glutaminolysis.   

 

  

1.10 Foxp3 and Treg cell defects in human autoimmune disease  

          A number of mendelian disorders of immune dysregulation have been identified as a consequence of 

impaired Treg cell function and development [110, 111]. Loss of function mutations affecting FOXP3 lead 

to the generation of defective Treg cells and give rise to the IPEX syndrome in human subjects. This 
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syndrome exclusively affects males and is frequently lethal in the absence of Treg cell reconstitution by 

hematopoietic stem cell (HSC) transplantation. Consistent with its X-linked mode of inheritance, female 

carriers are asymptomatic. The immunopathology results from unrestrained T cell activation, with 

an additional contribution by autoantibodies. The hallmarks of this syndrome include autoimmune 

enteropathy, autoimmune endocrinopathy, eczematous dermatitis, and immune mediated cytopenia’s. The 

autoimmune endocrinopathy is characterized by the early onset (1st year of life) of insulin-dependent type 

1 diabetes (T1D) with islet cell destruction. Additionally, patients present with allergic dysregulation that 

manifests as food allergy, increased serum IgE levels, peripheral eosinophilia, and prominent Th2 skewing 

that collectively indicate the breakdown of oral tolerance.   

 

          FOXP3 is comprised of 12 exons encoding a 431 amino acid Foxp3 protein that consists of a C-

terminal FKH domain, a proline rich N-terminal (PRR) domain, a C2H2 zinc finger (ZF), and a central 

leucine zipper (LZ) domain (Fig. 1.7). The FHK domain is required for DNA binding activity, nuclear 

localization, and interacts with several transcription factors including the nuclear factor of activated T cells 

(NFAT), leading to expression of canonical Treg cell components such as CD25, GITR and CTLA-4 [112]. 

The LZ and ZF domains are involved in protein to protein interactions with the latter implicated in assembly 

of higher order complexes of Foxp3 [reviewed in 111]. Several proteins interact with FOXP3 at its N-

terminus, including the transcription factor hypoxia inducible factor 1 alpha (HIF1α) and the histone 

acetyltransferase p300 [reviewed in 111].   

 

          Studies in mice revealed that Foxp3 can bind to thousands of genomic sites and interact with diverse 

binding partners to orchestrate the development and function of Treg cells (Fig. 1.2) [113-115]. It is thought 

that Foxp3 interacts with its binding partners in a modular fashion, where distinct functional domains of 

Foxp3 complexes act as simple repressors or activators in a dominant manner to drive the Foxp3 program 

[113-115]. Conversely, evidence for a “collaborative” view for distinct Foxp3 domains operating as a 

flexible molecular machine is now emerging [116]. For example, to elucidate function-structure 
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relationships within Foxp3 and assess its ability to bind DNA and regulate transcriptional activity, Kwon 

et al performed a systematic alanine scan mutagenesis of Foxp3 [116]. Interestingly, the mutations affected 

transcriptional activity in a largely integrative manner, often implicating the entire molecule rather than 

ascribing distinct functions to individual Foxp3 domains. Moreover, missense mutations in Foxp3 with no 

overt autoimmune manifestations revealed Treg cell defects only in the context of systemic stress, 

implicating such mutations in non-classical IPEX like pathologies.   

 

          The spectrum of Foxp3 mutations in IPEX have been extensively documented and reviewed and are 

summarized in Fig. 7 [117-119]. Although IPEX is associated with both missense and nonsense mutations 

of FOXP3, the majority fall within the former group and affect all domains, but disproportionately the FKH 

DNA binding domain (Fig. 1.7). Several of these mutations have been studied at great detail, notably A384T 

[120,121]. Mouse models of these mutations have also clarified the mechanisms by which they act to 

promote disease. Emerging genotype/phenotype relationships in IPEX suggest that similar genotypes do 

not necessarily result in similar phenotypes with respect to disease severity and clinical presentation [122]. 

However, mutations within the functional domains of FOXP3, particularly those affecting the FKH and 

leucine zipper domains, are generally associated with more severe clinical phenotypes while missense 

mutations, small in-frame deletions, and mutations within the promoter and 5’ untranslated region 

of FOXP3 are associated with a milder clinical phenotype [reviewed in 111].   

 

          A common IPEX missense mutation (A384T) (Fig. 1.7) in the FKH domain of Foxp3 disrupts its 

binding to the histone acetyltransferase Tat-interaction protein 60 (TIP60) and abolishes the suppressor 

function of Treg cells [120]. The same mutation was reported in another study to broaden the DNA binding 

specificity of Foxp3 and results in tissue-specific autoimmunity and impaired Treg cell fitness through 

enhanced repression of BATF activity [121]. A mutation (M370I) in the domain swap interface of Foxp3, 

which is required for dimerization through the FKH domain, resulted in deregulation of the TH2 locus and 

generation of TH2-like Treg cells expressing the transcription factor GATA-3 [123]. Moreover, expression 
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of this Foxp3 variant in mice promoted the development of unrestrained TH2 immune responses 

independent of IL4/IL-13 production by Teff cells [123]. A recent report demonstrated that expression of 

an alternatively spliced isoform of FOXP3, which excludes exon 2 (FOXP3Δ2), was sufficient to 

support Treg cell development and mitigate some distinct features of classical IPEX, even in the absence 

of full length FOXP3 [124]. Overall, these findings emphasize distinct actions by which FOXP3 mutations 

may act to subvert Treg cell regulatory function in order to promote immune dysregulation and 

autoimmunity.   

 

 
Figure 1.7 The spectrum of Human Foxp3 mutations. Schematic representation of FOXP3 illustrating the 

exons, the protein domains and mapped mutations of described IPEX patients. Amino acid changes are referred 

to by their single letter code. The N-terminal proline rich repressor domain (Repressor), zinc finger (ZF) motif, 

leucine zipper domain (LZ) and the forkhead DNA-binding domain (FKH DBD) are indicated.   

 

 

1.11 IPEX-like and other Treg cell-related disorders with functional Foxp3   

          A number of inborn errors of immune dysregulation that affect Treg cell development have been 

described in patients who lack detectable mutations in FOXP3 but have overlapping features with IPEX 

syndrome [111]. Loss of function mutations in genes along the IL-2 receptor axis, 

including IL2RA/B and STAT5B, are well studied examples [reviewed in 111]. CD25 deficiency due 

to IL2RA mutations mimics classical IPEX in presenting with eczema, enteropathy, and autoimmunity and 

lymphoproliferation, reflecting both the failure of Treg cells to regulate effector cells by means of IL-2 
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deprivation (the IL-2 sink effect) and also the role of IL-2 in mediating Treg cell fitness [125-128]. 

However, patients with CD25 deficiency are distinguished by a susceptibility to chronic infections, 

particularly to herpes family viruses [125-128]. More recently, homozygous mutations in IL2RB were 

shown to result in severe early onset multi-system autoimmunity, characterized by diminished frequencies 

of Treg cells with similar features to IL2RA deficiency, including a susceptibility to viral infections [129, 

130]. Consistent with an absolute requirement for STAT5b in IL-2R signaling, several features 

of STAT5B deficiency are shared with IL2RA deficiency and include decreased numbers of Treg cells 

characterized by reduced Foxp3 expression and impaired regulatory function [131, 132]. More recently, 

dominant negative heterozygous mutations in STAT5B have been described that give rise to growth 

hormone insensitivity and immune dysregulation with eczema and elevated IgE but in the absence of 

frank immunodeficiency. A prominent cause of IPEX-like disorders are mutations affecting the CTL4-

LRBA axis [133, 134]. Homozygous loss of function mutations in LRBA, which result in the near total loss 

of CTLA4 expression, result in profound Treg cell dysregulation characterized by impaired Treg cell-

mediated suppression, marked T follicular helper (TFH) cell expansion, contraction of the Treg cell 

compartment in general and the T follicular regulatory compartment in particular. and increased 

autoantibody production [60, 133]. Mutations in CTLA4, the overwhelming majority of which are 

heterozygous in nature, largely phenocopy the presentation of LRBA deficiency, albeit with variable 

penetrance and more indolent disease onset and course [134].  

 

          Many primary immunodeficiencies, some of which are listed below, are associated with Treg cell 

dysfunction, reflecting the role of those pathways impacted by the respective deficiency in Treg cell 

development and differentiated functions. Hypomorphic mutations affecting the recombination-activating 

gene 1(RAG1) and RAG2 give rise to severe restrictions on the Treg cell repertoire, leading to a phenotype 

of immune dysregulation and autoimmunity [135, 136]. Examples ranging across a spectrum of decreasing 

disease severity include Omenn’s syndrome, atypical SCID, and delayed onset combined 

immunodeficiency with granulomas and/or autoimmunity [137]. All of these disorders manifest immune 
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dysregulation reflective of Treg cell deficiency, characterized by restricted repertoire diversity [137]. 

Mutations in other genes such as those involved in the store-operated calcium entry, including STIM1 and 

ORAI 1, encoding stromal interaction molecule 1 and calcium release activated modulator 1 respectively, 

give rise to a disorder of immunodeficiency and autoimmunity with the latter related to impaired T follicular 

and tissue resident Treg cell differentiation [138]. Other immunodeficiency-causing gene defects, including 

those affecting the actin cytoskeleton such as the dedicator of cytokinesis 8 (DOCK8) and Wiskott-Aldrich 

protein (WASP) deficiencies, may also present with an IPEX-like phenotype or more typically immune 

dysregulation due to the profound impairment of Treg cell function [139, 140]. Similarly, homozygous loss 

of function mutations in the CARMIL2 (RLTPR) gene, encoding the capping protein regulator and myosin 

1 linker 2, which is critical for CD28 co-stimulatory signaling and cytoskeletal organization, results in the 

profound depletion of Treg cells and severe Th2 cell skewing [141-143]. Gain of function mutations 

in STAT1 may result in an IPEX like phenotype despite normal Treg cell frequencies, possibly reflecting 

altered transcriptional programs in these cells [144].  

 

1.12 Therapeutic manipulation of Foxp3+ Treg cells    

          The critical role of Foxp3+ Treg cells in the maintenance of immunological homeostasis makes them 

an attractive immunotherapeutic target for the induction or restoration of tolerance. 

Decreased Treg cell function as well as numerical Treg cell deficiencies have been described in several 

autoimmune diseases in human subjects and experimental models in mice [reviewed in 145]. Several 

clinical studies using already approved drugs (e.g IL-2, rapamycin) have shown that Treg cells can be 

successfully expanded in-vivo with clinically meaningful benefits [reviewed in 146]. Low dose IL-2 

therapy, which preferentially activates Treg cells as a consequence of their constitutive CD25 expression, 

was effective in the treatment of graft versus host disease (GvHD) as well as hepatitis C virus- induced 

vasculitis [147-149]. Robust expansion of Treg cells following low dose IL-2 therapy has also been 

observed in patients with type 1 diabetes (T1D) and alopecia areata, where Treg cell recruitment 

in lesional skin was accompanied by partial regrowth of hair scalp and reduced effector CD8+ T 



 24  
 

cell infiltration [150-152]. Promising results have also emerged from clinical trials in systemic lupus 

erythematosus (SLE)[153]. Moreover, low dose IL-2 was shown to selectively increase the function and 

abundance of Treg cells in patients with SLE without affecting the frequencies of TH1 and TH2 cells [154]. 

Remarkably, all patients in this trial exhibited decreased disease activity at the end of the study, 

accompanied by decreased TH17 and TFH cell numbers [154].   

 

          In addition to low dose IL-2, other therapeutic approaches include the development of IL-2 Fc fusion 

proteins or biochemically coupling IL-2 to molecular carriers such as polyethylene glycol (PEG) for the 

generation of novel IL-2 muteins that preferentially stimulate Treg cell activity [155-157] (Fig. 1.8). 

Furthermore, the generation of orthogonal IL-2 cytokine receptor complexes as well as anti-IL-2 antibodies, 

which when complexed with IL-2 can preferentially stimulate the expansion of Treg or Tconv cells, is also 

underway [155-157]. This concept is based on mouse studies demonstrating that IL-

2/antibody complexes elicit preferential expansion of Treg cells in-vivo [158], leading to protection from 

experimental autoimmune encephalomyelitis (EAE) and prevention of pancreatic islet allograft rejection 

[159]. Alternatively, massive ex-vivo expansion of patient derived polyclonal nTreg cells for the purposes 

of adoptive cell transfer (ACT) therapy in autoimmune disease settings is already under exploration (Fig. 

1.8). The first clinical studies utilizing ex-vivo expanded polyclonal nTreg cells for ACT in GvHD and 

T1D demonstrated the feasibility and safety of this approach [160, 161]. A more recent escalation phase 1 

clinical trial in T1D with polyclonal Treg cells was also shown to be well tolerated [162]. 

Interestingly, these studies revealed long-term retention of a subset of the ex-vivo transferred 

polyclonal Treg cells with a broad regulatory phenotype.   

 

          A conceptually novel approach to restoring immune tolerance involves the metabolic reprogramming 

of Treg cells, including the inhibition of dysregulated mTORC2 activity in Foxp3-deficient Treg cells, 

including those of IPEX subjects, by using the dual mTOR inhibitor rapamycin [109]. Such an approach is 

consistent with the observation that rapamycin provides superior immunosuppression in patients with IPEX 
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[163]. Combinatorial metabolic reprogramming approaches in which mTORC2 inhibition is allied with 

other interventions that suppress the exuberant oxidative phosphorylation and glutaminolysis found in 

Foxp3-deficient Treg cells and restores their defective fatty acid oxidation may further potentiate the 

regulatory functions of mutant Treg cells in IPEX subjects [109]. Finally, emerging genetic approaches 

including gene editing of mutant FOXP3 and related genes involved in monogenic disorders of immune 

dysregulation as well as engineering antigen-specific Treg cells for the purpose of treating autoimmune 

diseases promise novel approaches to therapy in the forthcoming years.   

 
 
Figure 1.8 Therapeutic manipulation of Foxp3+ Treg cells. Examples of Treg cell-based therapy 

approaches. (A) Treg cells can be selectively expanded in-vivo with low dose IL-2 therapy or by IL-2 muteins 

engineered to preferentially interact with the high affinity IL-2 receptor alpha chain (CD25) expressed 

by Treg cells. (B) Alternatively, autologous CD4+CD25+CD127–Treg cells can be massively expanded ex 

vivo following stimulation with anti-CD3/CD28 mAbs in the presence of IL-2, rapamycin, or Treg cell-biased 

IL-2 muteins to generate a clinical grade adoptive Treg cell transfer therapy product.  
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1.13 Conclusions    

          Since the discovery of Foxp3, a veritable revolution in our understanding of immune regulation and 

its disruption in a variety of human genetic and acquired disorders has emerged. Future research promises 

to deliver selective manipulation of the Treg cell responses as means of delivering precision 

immunotherapy. There is also the emerging role of Treg cells in the maintenance of tissue homeostasis, 

relevant to a variety of non-immune disorders, including metabolic and degenerative disorders. 
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Chapter 2:  Metabolic reprogramming of regulatory T cells in the absence of 

functional Foxp3 

Preface, panels A-C of figure 2.1, and materials and methods sections of this chapter are modified from 

original publication 

 

Charbonnier, L., Cui, Y., Stephen-Victor, E. et al. Functional reprogramming of regulatory T cells in the 

absence of Foxp3. Nat Immunol 20, 1208–1219 (2019). https://doi.org/10.1038/s41590-019-0442-x 

 

2.1 Preface 

          Previously our laboratory demonstrated that thymic development of Treg cells in mice expressing a 

mutant Foxp3 reporter allele occurs without interruption, signifying that commitment to the Treg cell 

lineage does not require expression of functional Foxp3 protein [11]. Surprisingly, the Foxp3-deficient Treg 

cells (∆Treg) maintained a core Treg cell transcriptome and epigenome but lacked suppressor function and 

ultimately acquired a highly proliferative effector memory-like T cell phenotype in the periphery [11, 12, 

46]. Similar to effector T (Teff) cells, ∆Treg cells exhibited a metabolic profile characterized by a 

heightened glycolytic rate and augmented oxygen consumption rate (OCR), indicative of dysregulated 

OXPHOS (Fig 2.1 A-C) [109]. These observations suggested the conceptually novel possibility to restore 

regulatory function by virtue of resetting the dysregulated metabolic program of ∆Treg cells. To validate 

this concept, we developed mice (Foxp3∆EGFPiCre) expressing a loss of function Foxp3 allele that directs 

expression of a humanized Cre recombinase fused with EGFP, thereby enabling simultaneous tracking and 

manipulation of target genes in ∆Treg cells [109]. We demonstrated that aberrant mTORC2 activity 

promoted increased aerobic glycolysis in ∆Treg cells and that targeted deletion of the mTORC2 adaptor 

gene Rictor (Foxp3ΔEGFPiCreRictorΔ/Δ ) normalized this glycolytic rate and partially restored ∆Treg 

suppressor function (Fig 2.1 A-C and data not shown) [109]. Assessment of the inputs from glycolysis, 

glutaminolysis and FAO to the OCR dysregulation in ∆Treg cells revealed that whereas the OCR in WT 

Treg cells from Foxp3-reporter mice (Foxp3EGFP) is largely fatty acid dependent, it becomes glucose 

dependent, and to a lesser extent glutamate dependent, in Foxp3ΔEGFPiCre ΔTreg cells, pointing to a major  
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shift from FAO to aerobic glycolysis (Fig 2.1 A-B) [109]. Although Rictor deficiency effectively inhibited 

the aerobic glycolysis, it failed to normalize the exaggerated OCR as well as the defect in FAO, which 

remained largely contracted (Fig 2.1 A-B). Taken together, these studies suggested that targeting of distinct 

metabolic checkpoints in ΔTreg cells, including interventions to promote FAO, either as a monotherapy or 

in combination with anti-glycolytic agents, may effectively restore regulatory function of ΔTreg cells. 

 
 
Figure 2.1 Rictor sufficient and deficient ∆Treg cells present with a defect in carnitine and fatty acid 

oxidation. (A, B) ECAR under glycolysis stress test conditions (n = 4 per group) and OCR under mitochondrial 

stress test conditions (n = 5 per group) of Treg/∆Treg cells isolated 

from Foxp3EGFP, Foxp3∆EGFPiCre and Foxp3∆EGFPiCreRictor∆/∆ males (n = 4 per group). Quantitation of glycolysis 

and glycolytic reserve under glycolysis stress test conditions, and basal respiration, ATP production and 

maximum respiration under mitochondrial stress test conditions. The results in A & B are expressed as 

means ± s.e.m. and represent a pool of two independent experiments. AM + rot., antimycin A and rotenone; 

FCCP, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone; OM, oligomycin. (C) Oxygen consumption rate 

(OCR) under mitochondrial fuel test and pie chart representation of the contributions of glucose, fatty acids and 

glutamine to the OXPHOS capacities (B) in Foxp3EGFP, Foxp3ΔEGFPiCre and Foxp3ΔEGFPiCreRictorΔ/Δ Treg cells. 

(D) Quantification of metabolites (expressed as scaled index) of lipid metabolism (1-palmitoyl-2-

decosahexaenoyl, acetylcarnitine (C2) and carnitine) isolated from Foxp3EGFP Teff and Treg cells and 

Foxp3ΔEGFPiCre and Foxp3ΔEGFPiCreRictorΔ/Δ ∆Treg cells. The results are expressed as means ± s.e.m. and represent 

one experiment. Statistical significance was determined by two-way ANOVA with Sidak’s multiple comparisons 

in b, and one-way ANOVA with Tukey’s multiple comparisons in e (P values as indicated). 
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2.2 Investigations on FAO dysregulation in Foxp3-deficient Treg cells 

          Our recent investigations demonstrated that ΔTreg cells acquire a distinct metabolic profile when 

compared to Foxp3-sufficient Treg cells, characterized by heightened aerobic glycolysis, OXPHOS, 

glutaminolysis, and limited FAO (Fig 2.1 A-C) [109]. Although targeting the mTORC2 adaptor protein 

Rictor inhibited the heightened aerobic glycolysis and thereby the sugar-dependent increase in OXPHOS, 

it failed to completely normalize the dysregulated OXPHOS and correct the defect in FAO (Fig 2.1 A-C). 

Consistent with these observations, metabolomic analysis of Foxp3ΔEGFPiCre and Foxp3ΔEGFPiCreRictorΔ/Δ 

ΔTreg cells, and control Treg and Teff cells from Foxp3EGFP mice, revealed a striking deficiency in 

carnitine, a non-essential amino acid critically involved in FAO, coupled to a large increase in fatty acid 

(1-palmitoyl-2-decosahexaenoyl) concentrations (Fig 2.1 D). Critically, this carnitine defect was not 

corrected by concurrent Rictor deficiency (Fig 2.1 D). The observation that carnitine is depleted in Rictor-

sufficient as well as deficient ΔTreg suggested that its supplementation in-vivo in Foxp3∆EGFPiCre mice may 

restore defective FAO in ∆Treg cells and promote their regulatory function to improve disease outcome.  

 

          To test this hypothesis, we treated Foxp3∆EGFPiCre mice intra-peritoneally with 500mg/kg L-carnitine 

daily as a monotherapy, starting on day 14 and monitored survival and body weight changes. In comparison 

to vehicle-treated mice with PBS, daily treatment with L-carnitine did not result in gross phenotypic 

differences and failed to control the intense lymphoproliferative disease in Foxp3∆EGFPiCre mice, which was 

characterized by splenomegaly and lymphadenopathy (Fig 2.2 A). L-carnitine supplementation did not 

improve the body weight and survival of Foxp3∆EGFPiCre mice (Fig 2.2 B-C) and had no impact on the 

frequencies of ∆Treg and YFP- Teff cells in the spleen and draining lymph nodes (dLN) respectively (Fig 

2.2 D-E). In contrast, flow cytometry analysis of splenocytes revealed a significant reduction in the 

frequency of effector memory CD8+, CD4+ (YFP-) effector T cells, and ∆Treg cells, whereas frequencies 

of cells with a resident memory or naïve phenotype were significantly increased (Fig 2.3 A-G and data not 

shown). Examination of these compartments in the dLN revealed a modest but statistically significant 
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increase in the frequencies of effector memory CD8+ and CD4+ T cells in L-carnitine treated animals, 

whereas frequencies of ∆Treg cells were unchanged (data not shown). Intracellular flow cytometry analysis  

 
 
Figure 2.2  L-carnitine supplementation does not mitigate Foxp3 deficiency. (A) Gross phenotypic 

appearances of Foxp3∆EGFPiCre mice treated with either PBS (n=8) or 500 mg/kg L-carnitine (n=10) for 10 days 

and representative pictures of their respective spleens and peripheral lymph nodes. (B, C) Body weight and 

survival of Foxp3∆EGFPiCre mice treated with 500mg/kg L-Carnitine (n= 9 red line) or PBS treated controls (n=11 

black line). (D, E) Contour flow cytometry plots and summary frequencies of YFP+ ∆Treg cells and YFP- Teff 

cells in the spleen (D) and draining lymph nodes (E). The results represent a pool of three independent 

experiments where each point is an individual mouse. Statistical significance was determined by log-rank test B 

and unpaired student-t test C-E. 
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further demonstrated that L-carnitine treatment did not have an impact on cytokine production in CD8+, 

CD4+ Teff and ∆Treg cells, as the frequency of IFN-γ, IL-4, IL-10 and IL-17 producing cells were similar  

 
 
Figure 2.3  L-carnitine supplementation reduces frequencies of effector-memory T cells while augmenting 

the naïve T cell pool.  (A) Flow cytometry gating strategy for interrogation of naïve (CD44-CD62L+), effector-

memory (CD44+CD62L-), and central memory (CD44+CD62L+) T cell frequencies. (B-G) Flow cytometry dot 

plots and frequency summaries of CD44-CD62L+, CD44+CD62L-, and CD44+CD62L+ T cells in YFP+ ∆Treg 

cells (B-C), YFP- Teff cells (D-E) and CD8+ T cells (F-G). The results represent a pool of two independent 

experiments where each point represents an individual mouse. Statistical significance was determined by 

unpaired student-t test. 

 

in L-carnitine treated animals as compared to PBS-treated controls following stimulation with phorbol 

myristate acetate (PMA) and ionomycin (Fig 2.4 B-H). To dissociate a carnitine-intrinsic role for the defect 
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in ∆Treg cell FAO, we treated Foxp3∆EGFPiCre mice with metformin, an activator of the AMP- activated 

kinase (AMPK), which acts upstream of carnitine to phosphorylate acetyl-COA carboxylase (ACC) leading  

 
 
Figure 2.4  L-carnitine supplementation does not impact polyfunctional cytokine production.  (A) Flow 

cytometry gating strategy for interrogation of cytokine production in YFP+ ∆Treg cells and YFP- Teff cells 

following 4 hours of in-vitro stimulation with PMA/ionomycin/brefeldin A. (B-I) Flow cytometry dot plots and 

summaries for the frequencies of IFN-γ+, IL-4+, IL-10+ and IL-17+ cells among YFP+ ∆Treg cells and the YFP- 

Teff cell compartment. The results represent a pool of two independent experiments where each point represents 

an individual mouse. Statistical significance was determined by unpaired student-t test. 

 

to increased fatty acyl-COA levels and the subsequent upregulation of FAO [164, 165]. Consistent with a 

carnitine intrinsic defect in ∆Treg cell FAO, treatment with metformin failed to extend survival of 

Foxp3∆EGFPiCre mice (Fig 2.5 A-B), did not alter T cell frequencies, (Fig 2.5 C-F), and had no effect on 

polyfunctional cytokine production (Fig 2.5 G). These results suggest that the defect in carnitine serves as 

a rate limiting step for FAO in ∆Treg cells and that the combination of L-carnitine and metformin may 

synergize to enhance the contracted FAO response.  
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Figure 2.5 Metformin supplementation does not mitigate Foxp3 deficiency. (A, B) Body weight and survival 

of Foxp3∆EGFPiCrmice treated with either PBS (n=5) or 100 µg/kg Metformin (n=6) for 10 days (C, D) Contour 

flow cytometry plots and summary frequencies of YFP+ ∆Treg cells and YFP- Teff cells in the spleen. The results 

represent 1 independent experiment where each point is an individual mouse (E,F) Flow cytometry dot plots and 

frequency summaries of CD44-CD62L+, CD44+CD62L-, and CD44+CD62L+ T cell frequencies in YFP+ ∆Treg 

cells (E) and YFP- Teff cells (F).  (G)  Flow cytometry dot plots and summaries for the frequencies of IFN-γ+, 

IL-4+, IL-10+ and IL-17+ cells among YFP+ ∆Treg cells and the YFP- Teff cell compartment. Statistical 

significance was determined by log-rank test A and unpaired student-t test C-G. 
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          To determine whether supplementation of L-carnitine in-vivo resulted in metabolic normalization of 

dysregulated OXPHOS responses in ∆Treg cells, we FACS sorted ∆Treg cells (>99% purity) from L-

carnitine and PBS treated animals (Fig 2.6 A-B) and measured their OCR responses in the context of a 

mitochondrial stress test. We observed a striking reduction in the OCR response of ∆Treg cells from L-

carnitine treated animals as compared to PBS treated controls (Fig 2.6 C), which was characterized by a 

decrease in the basal respiration, ATP-coupled respiration, and respiratory reserve (Fig 2.6 D). These 

observations suggested that despite failing to improve outcome in Foxp3∆EGFPiCre mice, L-carnitine 

supplementation was sufficient to decrease the exaggerated OCR responses of ∆Treg cells. Similarly, ∆Treg 

cells from L-carnitine treated animals exhibited reduced ECAR responses as compared to those from PBS 

treated controls in baseline non-stress test conditions (Fig 2.6 E). To determine whether the defect in FAO 

can be overcome by exogenous L-carnitine supplementation, we sorted ∆Treg cells from Foxp3∆EGFPiCre 

mice and treated them with L-carnitine in-vitro in the context of a mitochondrial fuel test. Supplementation 

of L-carnitine resulted in a striking increase in the OCR response of ∆Treg cells (Fig 2.6 F), which was 

completely abolished by addition of the carnitine palmitoyltransferase I (CPT1) inhibitor etomoxir, 

indicating the increase in OCR was FAO dependent. Collectively, these results suggest that the use of 

combinatorial metabolic approaches including the coupling of metformin and L-carnitine supplementation 

with the use of anti-glycolytic agents may restore the aberrant metabolic profile of ∆Treg cells and lead to 

enhanced tolerance. Additional experiments necessary for this demonstration as well as the limitations of 

our current studies are discussed below. 
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Figure 2.6  L-carnitine supplementation improves dysregulated OXPHOS responses of ∆Treg cells.  (A) 

Flow cytometry gating strategy and (B) purity assessment of YFP+ ∆Treg cells sorted from mice treated with 

500mg/kg L-carnitine (n=7) or PBS treated controls (n=5). (C) OCR under mitochondrial stress test conditions 

of ∆Treg cells from mice treated with 500mg/kg L-carnitine (n=7) or PBS treated controls (n=5). Results are 

expressed as mean ± s.e.m and represent pooled ∆Treg cell responses. (D) Quantification of basal respiration, 

ATP production, and maximum respiration under mitochondrial stress test conditions as shown in C. (E) ECAR 

of ∆Treg cells in non-stress conditions as shown in C. (F) OCR under mitochondrial fuel test conditions of ∆Treg 

cells treated in-vitro with or without  L-carnitine (10µM). Statistical significance was determined by unpaired 

student-t test. 

 

2.3 Discussion 

      Here we demonstrate that ∆Treg cells exhibit a dysregulated metabolic profile characterized by 

defective FAO and diminished levels of the canonical FAO intermediate carnitine. Consistent with a defect 

in intracellular carnitine levels, in-vitro exposure to L-carnitine augmented ∆Treg cell OCR responses in 
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the context of a mitochondrial fuel test, demonstrating that L-carnitine may effectively shift the OCR 

dependency of ∆Treg cells back to FAO to normalize the dysregulated OXPHOS. This notion is faithfully 

reflected in the surprising demonstration that supplementation of L-carnitine in Foxp3∆EGFPiCre mice was 

sufficient to reduce the exaggerated OCR of ∆Treg cells in-vivo. Although supplementation with L-

carnitine did not prevent the aggressive lymphoproliferative disease nor attenuate lethality in Foxp3∆EGFPiCre 

mice, it is reasonable to speculate that the therapeutic effect of L-carnitine supplementation may be masked 

by the aberrant glycolysis of Rictor-sufficient ∆Treg cells in these animals. This hypothesis is supported by 

the observation that L-carnitine supplementation in Foxp3∆EGFPiCre resulted in a modest but significant 

reduction in frequencies of effector memory CD4+ and CD8+ T cells, an effect that is similarly observed in 

Rictor deficient ∆Treg cells [109]. Future studies should therefore examine the potential utility of L-

carnitine supplementation in the context of Rictor deficiency (Foxp3ΔEGFPiCreRictorΔ/Δ), either as a 

monotherapy or in combination with metformin, which may further enhance FAO in the Rictor-deficient 

∆Treg cells. In contrast, combinatorial approaches in Foxp3∆EGFPiCre mice using competitive inhibitors of 

glycolysis such as 2-deoxyglucose (2-DG) with L-carnitine and/or metformin should be assessed. Our 

studies using the AMPK activator metformin suggested that tuning up FAO responses in the settings of 

carnitine deficiency was not sufficient to recapitulate the effects of L-carnitine supplementation. To validate 

this concept, it is important to similarly examine the OCR of ∆Treg from Foxp3ΔEGFPiCre mice treated with 

metformin as well as ∆Treg cells exposed to metformin in-vitro in the context of a mitochondrial fuel test. 

If our hypothesis is correct, it follows that, in contrast to L-carnitine, metformin treatment in-vitro will not 

augment the OCR response of ∆Treg cells in the settings of a mitochondrial fuel test and that the 

combination of metformin and L-carnitine should exceed the augmentation of OCR observed with L-

carnitine. 

 

          One major caveat to our studies is the lack of a functional assessment of ∆Treg cells from L-carnitine 

treated mice, or from ∆Treg cells treated with L-carnitine in-vitro. Therefore, it is imperative to interrogate 

in the context of an in-vitro Treg cell functional assay, the capacity of L-carnitine to restore and enhance 
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the suppressive function of ∆Treg cells from Foxp3∆EGFPiCre and Foxp3ΔEGFPiCreRictorΔ/Δ mice respectively.  

Based on our demonstration that L-carnitine supplementation can increase the contribution of FAO to the 

OCR of ∆Treg cells, it is possible that exposure to L-carnitine may also partially restore the suppressive 

functions of ∆Treg cells from Foxp3∆EGFPiCre mice as well as augment suppression in Rictor-deficient ∆Treg 

cells. The combination of metformin and L-carnitine should be similarly assessed in Foxp3∆EGFPiCre and 

Foxp3ΔEGFPiCreRictorΔ/Δ mice, as well as in the parallel examination of ∆Treg cell suppressor function. We 

anticipate that treatment with metformin with concurrent L-carnitine supplementation in 

Foxp3ΔEGFPiCreRictorΔ/Δ mice may improve the overall severity of disease, augment ∆Treg cell suppressor 

function, and increase FAO to further normalize the heightened OXPHOS responses of ∆Treg cells. This 

hypothesis is partially based on the observation that the carnitine defect in Foxp3∆EGFPiCre mice is not 

corrected in Rictor-deficient ∆Treg cells. While FOXP3-deficient Treg cells from human subjects also 

exhibit a heightened glycolytic rate similar to that of ∆Treg cells from Foxp3∆EGFPiCre mice [109], it remains 

to be elucidated whether defects in carnitine, or other components of the FAO machinery are similarly 

operative in IPEX patients. Unraveling metabolic perturbations of Treg cells in immune dysregulatory 

disorders, including dysfunctional FAO, holds great promise in enabling selective manipulation of Treg 

cell metabolism as a means of delivering precision immunotherapies. 

 

 

2.4 Materials and Methods 

Mice 

Foxp3∆EGFPiCre and Foxp3EGFP mice were generated as previously described [11, 109]. Foxp3EGFPCre mice 

were obtained from the Jackson laboratory. Rictorfl/fl mice were obtained from the Mutant Mouse Regional 

Resource Center. Foxp3∆EGFPiCre and their respective crosses were backcrossed for 8–10 generations on a 

C57/BL6 strain. The mice were housed under specific pathogen-free conditions and used according to the 

guidelines of the institutional animal research committees at the Boston Children’s Hospital. 
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Flow cytometry 

Fixable Viability Dye eFluor™ 506 (eBioscience) and antibodies against mouse CD4, CD8, CD16/CD32, 

CD44, CD25, CD62L, IFN-γ, IL-4, IL-17A, and  IL-10 (eBioscience) were used. Cell suspensions were 

incubated for 10 min with CD16/CD32 then stained for surface markers and viability dye for 20 min on 

phosphate-buffered saline (PBS)/0.5% fetal calf serum. For cytokine detection, cell suspensions were pre-

incubated with 50 ng ml−1 phorbol myristate acetate (PMA), 500 ng ml−1 ionomycin and 10 µg ml−1 

brefeldin A for 4 h in complete medium. Cells were then surface stained for the indicated markers, 

permeabilized, and stained intracellularly overnight with mAbs against IL-2, IL-4, IL-10, IFN-γ or IL-17 

using the Cytofix/Cytoperm kit (BD Biosciences). All flow cytometry acquisitions were performed on a 

BD Fortessa cytometer using DIVA software (BD Biosystems) and analyzed using FCS Express 7 Software 

(De Novo). 

 

Metabolic profiling 

CD4+ T cells were isolated from mouse splenocyte suspensions by positive selection with magnetic beads 

(Miltenyi). Treg cells were then cell sorted based on GFP expression using a FACSAria II system  and 

stimulated with plate-bound anti-CD3 (145-2C11; 1 µg ml−1). Extracellular acidification rate (ECAR) and 

Oxygen Consumption Rate (OCR) were measured using an XFp Extracellular Flux Analyzer under 

mitochondrial stress and mitochondrial fuel test conditions (Seahorse Bioscience/Agilent). For the 

mitochondrial stress test, the assay buffer was made of non-buffered DMEM medium supplemented with 

2.5 mM D-glucose, 2 mM glutamine and 1 mM sodium pyruvate, and oligomycin, carbonyl cyanide 4-

(trifluoromethoxy) phenylhydrazone and rotenone/antimycin A were sequentially injected at final 

concentrations of 1 µM, 1 µM and 500 nM, respectively. For the mitochondrial fuel test, the assay buffer 

was made of non-buffered DMEM medium supplemented with, 2.5 mM D-glucose, 2 mM glutamine and 

1 mM sodium pyruvate, and UK5099, etomoxir and bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl 

sulfide (BPTES), and L-carnitine were sequentially injected at final concentrations of 10µM respectively. 

Baseline ECAR (for the glycolysis stress test) and OCR (for the mitochondrial stress and mitochondrial 
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fuel tests) values were averaged between technical replicates for these first three successive time intervals. 

For metabolomics profiling, 2.5 × 106 Treg cells were purified cells from Foxp3EGFP, Foxp3∆EGFPiCre and 

Foxp3∆EGFPiCreRictor∆/∆ mice were seeded in flat-bottom 48-well plates in complete RPMI medium in the 

presence of plate-bound anti-CD3 (1 µg ml−1) and 100 U ml−1 of recombinant IL-2. Supernatants and cell 

pellets were collected after 48 h and analyzed for the metabolomics studies (Metabolon). 

 

Statistical analysis 

Data were analyzed by paired and unpaired two-tailed Student’s t-test and log-rank test as indicated. 

Differences in mean values were considered significant at P < 0.05. 
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Chapter 3: A novel human IL2RA mutation results in CD25 deficiency 

characterized by follicular helper and regulatory T cell dysregulation 

 

3.1 Preface 

          A number of inborn errors of immune dysregulation that affect Treg cell development have been 

described in patients who, despite lacking pathogenic mutations in FOXP3, present with overlapping 

clinical and immunological features of FOXP3 deficiency, known as immune dysregulation, 

polyendocrinopathy, enteropathy X-linked (IPEX) [111]. Among these, mutations in the interleukin 2 

receptor (IL-2R) alpha chain (CD25) gene (IL2RA) result in IPEX-like phenotypes presenting with eczema, 

enteropathy, autoimmunity and lymphoproliferation, reflecting both the failure of Treg cells to control 

effector T cell responses by means of IL-2 deprivation and also the role of IL-2 in mediating Treg cell 

fitness [125-128]. Since human mutations in IL2RA resulting in CD25 deficiency are exceedingly rare, with 

only several reports existing in the literature, much remains to be learned about how CD25 deficiency 

subverts T lymphocyte development and function to promote immune dysregulation, especially with respect 

to the Treg cell compartment [125-128, 167].  

 

          The first report of a CD25 deficient human subject described a profound cellular immunodeficiency 

characterized by abnormal T cell proliferation with intact B cell development and intense lymphocytic 

infiltration of peripheral tissues [125]. Examination of cortical thymocytes revealed a lack of CD1 

expression, resulting in high levels of the anti-apoptotic protein bcl-2 in CD25-deficient thymocytes, 

collectively suggestive of aberrant negative selection processes [125]. A second report demonstrated 

defective IL-10 expression in CD4+ T lymphocytes from a CD25 deficient subject presenting with IPEX-

like disease, suggesting a critical role for CD25 in the regulation of IL-10 expression [127]. A more recent 

examination of an IL2RA mutation (c.497G>A exon 4) resulting in CD25 deficiency, demonstrated 

preferential CD8+ T cell lymphoproliferation with impaired antigen-specific responses, which was 

characterized by immunodeficiency and autoimmunity [128]. Critically, frequencies of CD4+Foxp3+ Treg 



 41  
 

cells were diminished in this patient and exhibited impaired STAT5 phosphorylation upon stimulation with 

low dose IL-2, reflective of Treg cell dysregulation [128]. The absence of in-vitro functional Treg cell 

assessments however, which is complicated by the  lack of Treg cell surface CD25 routinely used for their 

sorting, has hindered a deeper interrogation of putative Treg cell functional defects in the context of CD25 

deficiency. The advent of RNA sequencing at the single cell level holds great promise for the elucidation 

of Treg cell biology in the context of CD25 deficiency, as well as the identification of additional Treg cell 

markers that may enable sorting and subsequent functional interrogation, even in the absence of CD25 

expression.   

 

3.2 Case report 

          Patient is a 12-year-old female born to first cousin parents with an unremarkable perinatal 

history.  She was asymptomatic until 6 months of age, at which time she developed feeding difficulties, 

projectile vomiting and recurrent pulmonary infections. Respiratory infection required hospitalizations in 

the ICU with mechanical ventilation.  In 2008,  she was diagnosed with dysgammaglobulinemia and placed 

on intravenous immunoglobulin replacement therapy.  Subsequent immunological evaluation demonstrated 

normal IgM, absent IgA and elevated IgG levels, normal T and B lymphocytes with mildly reduced naïve 

T cells, normal mitogen-induced T cell proliferation and normal T cell spectrotyping (Table 1).  She was 

found to have a laryngeal cleft that was repaired in 2009. She had chronic poor weight gain and growth, 

severe dental caries and chronic eczematous dermatitis. She continued to suffer recurrent pulmonary 

infection. She developed diffuse lymphadenopathy. Cervical lymph node biopsy in 2010 revealed polytypic 

expression of kappa and lambda in plasma cells with rare EBER+ cells. Flow cytometry did not reveal 

features suggestive of lymphoproliferative disorder. Bone marrow biopsy revealed normal trilineage 

hematopoiesis. She developed multiple autoimmune manifestations, including autoimmune thyroiditis, 

autoimmune type 1 diabetes, autoimmune hepatitis, ulcerative colitis, polyarticular arthritis, coombs 

positive hemolytic anemia, chronic eczematous dermatitis and alopecia. Immune modulatory therapy 

included methotrexate, corticosteroids, adalimumab and sirolimus.  
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             She was referred to BCH for consideration of bone marrow transplant November 2018. Physical 

exam on presentation was notable for a chronically ill-appearing, small, thin child, bilateral ear discharge, 

hepatosplenomegaly (liver 4 cm below RCM, spleen 5 cm below LCM), severe, generalized xerosis with 

skin breakdown with open wounds draining serosanguinous fluids and scattered hyper and hypopigmented 
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plaques. Her clinical management has consisted of immunomodulatory therapies with corticosteroids, 

Rapamycin (sirolimus), calcineurin inhibitor (tacrolimus), and CTLA-4-Ig (abatacept).  She has had 

chronic EBV viremia, requiring adjustments in immunomodulation and repeated dosing of depleting anti-

CD20 mAbs (rituximab).  PET/CT scan identified masses in her liver and right middle lobe of lung. Biopsy 

of liver lesion identified a large mass of necrotic CD20+ cells and a smaller population of CD19+CD20-

EBER+ polytypic B cells consistent with a lymphoproliferative disorder (Fig 1 E-F), which has been treated 

with infusions of HLA-matched EBV-specific cytotoxic lymphocytes prior to planned haploidentical bone 

marrow transplant from her mother. The participant was recruited using a written informed consent 

approved by local institutional review boards. 

 

3.2 Investigations on human CD25 deficiency 

          The patient (Pt) had a homozygous c.246 C>A substitution in exon 2 of IL2RA, which encodes the 

extracellular domain of CD25, resulting in the replacement of amino acid cysteine 82 with a stop codon 

(C82X) and absent protein expression as confirmed by surface flow cytometric analysis using anti-human 

CD25 antibody clone BC96 (Fig 3.1 A-C). In contrast to a previous report describing preferential CD8+ T 

cell lymphoproliferation in a human subject lacking cell surface and soluble CD25 expression, T 

lymphocytes in the peripheral blood of the Pt mostly consisted of CD4+ T cells, whereas the CD8+ T cell 

fraction was largely decreased as compared to that of healthy controls. Consistent with this observation, 

liver biopsy immunohistochemistry (IHC) revealed lymphoid infiltrates composed of CD3+ T lymphocytes 

and CD20+ B lymphocytes, with periportal lymphoid aggregates of CD4+ and CD8+ T cells around the 

portals and intralobular CD8+ T cell infiltration (Fig 3.1 D). 

 

          In line with previous reports on CD25 deficient human subjects, the Pt exhibited a dysregulated T 

lymphocyte activation profile with peripheral CD4+ and CD8+ T cell skewing towards a memory (CD45RA-

CD45RO+) phenotype (Fig 3.2 A-E) [125-128]. Consistent with this observation, frequencies of central 

memory (CM) CD45RA-CCR7+ and effector memory (EM) CD45RA-CCR7- T cells were drastically 



 44  
 

increased in the Pt as compared to healthy controls (Fig 3.2 F-J). Moreover, the frequency of naïve 

CD8+CD45RA+CCR7+ T lymphocytes was markedly reduced in the peripheral blood of the Pt as compared 

 

 
 
Figure 3.1 Immune dysregulation due to a homozygous nonsense mutation in IL2RA. (A) Schematic 

representation of IL2RA illustrating the exons, the protein domains, and the mapped patient mutation. (B) Sanger 

sequencing fluorograms showing analysis of IL2RA cDNA in the Pt, revealing a homozygous nonsense mutation 

in exon 2 (c.246C>A, p.C82X). (C) CD25 expression in CD4+ T lymphocytes from the Pt and a healthy control 

subject (D) FACS analysis of CD4+ and CD8+ T cell frequencies in the Pt  as compared to healthy controls. (E) 

Trichrome and immunohistochemistry from liver core biopsy at 11 years, 11 months of age depicting staining 

of CD3, CD4, CD8 and CD20. (F) Left: baseline magnetic resonance (MR) abdomen images with contrast. 

Middle: nuclear medicine computed chromatography (NM-CT) 8 months later showing interval development of 

large 4x4x4cm liver lesion. Right: NM positron emission tomography–computed tomography (NM-PET/CT) at 

time of NM-CT. 

          

to healthy controls, whereas naive CD4+CD45RA+CCR7+ T lymphocytes were virtually absent (Fig 3.2 F-

J). These results demonstrate that this newly described CD25 deficiency is associated with an aberrant T 

lymphocyte profile, characterized by intense memory skewing and are consistent with a defect in the Treg  



 45  
 

 
 

Figure 3.2 Decreased frequencies of naive T cells correlate with increased effector memory and central 

memory subsets. (A-E) Representative flow cytometry contour plots and analysis of circulating CD45RO-

CD45RA+ and CD45RO+CD45RA- T cells in the Pt as compared to a healthy control subject. (F-J)  

Representative flow cytometry contour plots and analysis of circulating central memory (CM) CD45RA-CCR7+, 

effector memory CD45RA-CCR7-, terminally differentiated effector memory cells re‐expressing CD45RA 

(TEMRA) CD45RA+CCR7- and naïve CD45RA+CCR7+ T cells within the CD4+ and CD8+ T cell 

compartments***P < .001 and ****P < .0001, Students 2-tailed t test. 

          

cell compartment. Next, we  assessed the frequencies and cell surface phenotype of  FOXP3+ Treg cells in 

the peripheral blood. Flow cytometry analysis revealed a reduction in the frequency of CD4+FOXP3+ Treg 

cells as compared to a healthy control, with a profound reduction in FOXP3 MFI (Fig 1C, Fig 3.3 A-B).  

Importantly, expression of several canonical Treg cell markers including Helios, FOXP3, CTLA-4 and  
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Figure 3.3 Reduced frequencies of aberrant Treg cells and impaired STAT5 phosphorylation in response 

to interleukin-2 stimulation. (A, B) Representative flow cytometry contour plots and histogram of FOXP3 

expression in the Pt versus a healthy control subject. (C) Representative histograms depicting expression of 

CD25, HELIOS, CTLA-4 and CD127 in Treg and conventional T cells of the Pt as compared to a healthy control 

subject. Numbers in the histogram represent mean geometric fluorescent intensity (MFI) of the respective 

markers. (D)  Dose response curves depicting the mean fluorescent intensity (MFI) of p-STAT5 (Y694) within 

the CD4+ and CD8+ T cell compartments of the Pt and a healthy control subject in response to stimulation with 

recombinant human interleukin-2. 
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CD25 were markedly reduced in the Pt as compared to a healthy control (Fig 3.3 C), confirming that CD25 

deficiency is associated with decreased Treg cell numbers with an aberrant phenotype. Consistent with a 

previous report on CD25 deficiency, we observed impaired STAT5 phosphorylation upon stimulation with 

low dose recombinant human interleukin 2 (rhIL-2) in CD4+ and CD8+ T lymphocytes from the Pt as 

compared to healthy controls (Fig 3.3 D) [128]. This defect was also pronounced in response to higher 

doses of rhIL-2, demonstrating that the threshold required for IL-2 signaling is increased in both the CD4+ 

and CD8+ T cell compartments. 

  

          Surprisingly, FACS analysis of peripheral blood T lymphocytes demonstrated a striking increase in 

the frequency of CD4+PD1+CXCR5+ circulating TFH cells (Fig 3.2 A-B). Characterization of chemokine 

receptors revealed high expression of the TH1-associated chemokine receptor CXCR3, reflective of TH1-

like TFH skewing (Fig 3.4 C-D).  In contrast expression of the TH17-associated chemokine receptor CCR6 

was deceased in TFH cells from the Pt as compared to healthy controls (Fig 3.4 C & E). This TH1 skewing 

was also reflected in the total CD4+ T cell pool, although expression of CCR6 was comparable to that of 

healthy controls (Fig 3.4 F-G). Consistent with these results, screening of serum autoantibodies revealed a 

pronounced increase in IgG and IgM antibodies to autologous antigens in the Pt when compared to 3 healthy 

controls with a relative abundance similar to that of a human subject with early systemic lupus 

erythematosus (SLE)  that was used as a positive control (Fig 3.4 I and data not shown).  

 

3.3 Discussion 

          Here we describe a previously unreported human subject presenting with IPEX-like disease 

homozygous for a nonsense mutation (c.246G>A) in exon 2 of IL2RA leading to CD25 deficiency. Our 

studies uncover profound immune dysregulation characterized by intense skewing of T lymphocytes 

towards a memory phenotype with increased peripheral blood CM/EM T lymphocyte fractions. In contrast 

to a previous report on a CD25 deficient human subject [128], as well as animal models demonstrating an  
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Figure 3.4 Autoantibody production and TFH dysregulation characterized by TH1 like skewing.  
Increased frequency of TFH cells with a TH1-like phenotype in the Pt. (A, B). Representative flow cytometry 

contour plots and analysis of CXCR5 and PD-1 expression in CD4+ T cells in the Pt versus a healthy control 

subject. (C, G) Representative flow cytometry contour plots and analysis of CXCR3 and CCR6 expression in 

the CD4+ T cell and TFH compartment of the Pt versus a healthy control subject. (I). Autoantibody production in 

the Pt, 3 healthy control subjects and a positive control subject with early SLE syndrome (BHLHE40 deficiency) 

***P < .001 and ****P ,< .0001, Students 2-tailed t test. 
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indispensable role for Treg cell CD25 expression in limiting activation of CD8+ but not CD4+ T 

lymphocytes [168], we observed preferential expansion of the CD4+ but not CD8+ T lymphocyte 

compartment in the peripheral blood with lower frequencies of CD8+ T lymphocytes. Interestingly, 

phosphorylation of STAT5 in a dose response to rhIL-2 was similarly impaired in CD4+ and CD8+ T 

lymphocytes, especially at higher doses of rhIL-2. These observations argue against a preferential role for 

CD25 in curtailing CD8+ T lymphocyte activation [128, 168]. Our studies also extend on previous 

observations of Treg cell dysregulation in CD25 deficiency [125, 127, 128] and demonstrate a decrease in 

the frequency of Treg cells and expression levels of canonical Treg cell markers in the peripheral blood. 

Currently, we are conducting single cell RNA sequencing analysis on CD4+ lymphocytes from the patient 

in order to better understand the transcriptomic landscape of Treg cells in the settings of CD25 deficiency, 

as well as to potentially identify novel markers by virtue of which CD25-deficient Treg cells can be sorted 

for functional studies. For example, such an identification may enable the functional assessment of CD25-

deficient Treg cells in classical in-vitro suppression assays as well as interrogation of therapeutic 

interventions that augment their suppressor function. Moreover, this approach may further enable metabolic 

analysis in CD25-deficient Treg cells, which has been largely unexplored. 

  

          Unexpectedly, we uncovered massive expansion of the CXCR5+PD-1+ T follicular helper (TFH) 

compartment, which has not been previously reported in CD25 deficiency. Expansion of TFH cells in 

peripheral blood was characterized by high expression of the TH1 chemokine receptor CXCR3, reflective 

of their TH1-like skewing. Consistent with peripheral blood TFH cell expansion, serum analysis revealed 

markedly increased levels of circulating antibodies against autologous antigens in the patient as compared 

to healthy controls. These results are surprising and suggest a previously unappreciated role for follicular 

regulatory T (TFR) cell dysregulation in CD25 deficiency. Based on these observations we hypothesize that 

CD25 deficiency may result in impaired TFR cells regulation, generation and/or function. Additional studies 

are required to investigate the activation profile of TFH cells from the patient in comparison to TFH cells 

from healthy controls, especially the assessment for heightened expression of activation markers including 
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ICOS and PD-1. Furthermore, functional studies are needed to examine the capacity of TFH cells sorted 

from the patient to support immunoglobulin production in co-cultures with autologous naïve B cells as 

compared to TFH cells sorted from healthy controls. Similarly, interrogation of TFR cell function from the 

patient may reveal putative defects in this subset and extend on the mechanisms by which CD25 deficiency 

precipitates TFH dysregulation.  

 

 

3.4 Materials and Methods 

Patient 

The patient is a 12-year-old girl with chronic immune deficiency and immune dysregulation who received 

a diagnosis of CD25 deficiency as confirmed by means of genomic analysis, cDNA sequencing, and absent 

protein expression (Fig 1A-C and data not shown). Her clinical presentation is detailed in the “case study” 

section of the chapter. The study participant was recruited by using written informed consent approved by 

local institutional review boards. Studies at Boston Children's Hospital were conducted under approved 

protocol #04-09-113R. 

 

Sanger sequencing analysis 

IL2RA sequences were amplified from genomic DNA and cDNA by using PCR and sequenced 

bidirectionally by using dye terminator chemistry as previously described [60]. Primers used in 

amplification reactions are available upon request. 

 

Flow cytometry 

Peripheral blood mononuclear cells (PBMCs) were isolated by using Ficoll-Paque Plus gradient. Fixable 

Viability Dye eFluor™ 506 (eBioscience) and antibodies against human CD4, CD8, PD-1, CXCR5, 

CXCR3, CCR6, CD25, CD127, CCR7, CD45RA, CD45RO, STAT5(Y694), FOXP3, Helios, and CTLA-

4, (eBiosceince) were used. Cell suspensions were stained for the surface markers and viability dye on ice 
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for 30 min with phosphate-buffered saline (PBS)/0.5% fetal calf serum. Intracellular staining with FOXP3 

and Helios was performed by using eBioscience Fixation/Permeabilization (Ebioscience) according to the 

manufacturer’s instructions. For STAT5 phosphorylation (Y694), PBMCs were stimulated with 0.1, 1, 10, 

100ng/mL recombinant human IL-2 or left unstimulated for 15 mins at 37°C. The cells were fixed with 1x 

Lyse/Fix Buffer (BD Biosciences) for 15 minutes at 37°C. The cells were washed, permeabilized with Perm 

Buffer III (BD Biosciences) on ice for 30 minutes, washed and then stained for anti-STAT5(pY694) for 45 

mins in the dark at room temperature.  All flow cytometry acquisitions were performed on a BD Fortessa 

cytometer using DIVA software (BD Biosystems) and analyzed using FCS Express 7 Software (De Novo). 

 

Autoantibody assays 

For autoantibody detection, plasma aliquots from patients and control subjects were analyzed with 

microarrays spotted with 84 autoantigens (University of Texas Southwestern Medical Center, Genomic and 

Microarray Core Facility), as previously described [166]. Data were normalized to those of healthy control 

subjects. 

 

Statistical analysis 

Comparisons between groups were carried out using an unpaired two-tailed Student’s t-test. Differences in 

mean values were considered significant at P < 0.05. 
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