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Abstract

Resolution of infection requires the coordinated response of heterogeneous cell types to a range of 

physiological and pathological signals to regulate their proliferation, migration, differentiation, 

and effector functions. One mechanism by which immune cells integrate these signals is through 

modulating metabolic activity. A well-studied regulator of cellular metabolism is the hypoxia-

inducible factor (HIF) family, the highly conserved central regulators of adaptation to limiting 

oxygen tension. HIFs regulation of cellular metabolism and a variety of effector, signaling, and 

trafficking molecules has made these transcription factors a recent topic of interest in T cell 

biology. Low oxygen availability, or hypoxia, increases expression and stabilization of HIF in 

immune cells, activating molecular programs both unique and common among cell types, 

including glycolytic metabolism. Notably, numerous oxygen-independent signals, many of which 

are active in T cells, also result in enhanced HIF activity. Here, we discuss both oxygen-dependent 

and -independent regulation of HIF activity in T cells and the resulting impacts on metabolism, 

differentiation, function and immunity.
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1. Introduction

Protective immunity relies on coordinate responses from numerous cell types in order for 

host tissues to resist incursion by foreign agents. Infection of tissues by pathogens often 

drives vast changes in the tissue microenvironment as well as the upregulation of systemic 

signals necessary for marshalling immune cells to the fight. Recently it has become 

appreciated that antigen, cytokines, chemokines, as well as the balance of nutrients and 

oxygen can play a role in modulating immune cell metabolism thereby affecting cellular fate 

and function [1, 2]. Further, T cells must traffic from secondary lymphoid tissues to infected 

sites, experiencing dramatic shifts in microenvironmental signals unique to tissue milieu, 
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which may play a crucial role in influencing T cell metabolism, altering cellular function 

and cell fate decisions. How such microenvironmental signals are integrated at the 

transcriptional level is a topic of considerable importance in understanding T cell immunity.

1.1 T cell metabolism – a modulator of T cell responses

It has been noted for decades that the massive proliferation that occurs following 

lymphocyte activation is accompanied by marked shifts in cellular metabolism [3]. 

Quiescent naive T cells primarily rely on oxidative phosophorylation for their energetic 

demands, but upon activation by cognate peptide and costimulation from antigen presenting 

cells, T cells rapidly shift towards a reliance on glycolytic metabolism [1, 2]. Glycolytic 

supply of energy proves to be critical for differentiation and effector function of activated T 

cells. Following clearance of the pathogen, most effector T cells die, however a small 

proportion survive and differentiate into long-lived memory populations that exhibit a 

coordinated return to a reliance on oxidative phosphorylation [1, 2]. Recent work has 

demonstrated that these metabolic transitions accompany key cell-fate decisions impacting 

differentiation and effector function of T cell subsets [4–14]. Most intriguingly, data from 

some of these studies argue that differentiation of memory as well as function of effector 

cells are dependent on utilization of specific metabolic pathways [6, 8–11, 15]. For example, 

the transition from predominantly glycolytic metabolism to oxidative phosphorylation, fatty 

acid metabolism, and generation of spare respiratory capacity by antigen-specific CD8+ T 

cells may be essential for the formation of long-lived functional memory CD8+ T cells [6]. 

These data have been recently summarized and are beyond the scope of this review [1, 2]. 

However, understanding molecular regulators of T cell metabolism has emerged as a topic 

of intense study, and here we will discuss the master regulators of oxygen homeostasis, the 

Hypoxia-Inducible Factor transcription factors (HIFs), and their role in regulating T cell 

metabolism and function.

1.2 HIF – a regulator of cellular metabolism

The importance of cellular metabolism in altering T cell differentiation and function has 

propelled research into the role of well-established metabolic regulators such as c-Myc, 

PI3K/AKT, mTOR, Foxo1, and the HIFs in controlling T cell function. HIFs are a family of 

transcription factors consisting of three alpha subunits, HIF-1α, HIF-2a, and HIF-3α, with 

differing tissue-specific expression patterns that when stabilized can heterodimerize with 

HIF-1β, also known as the aryl hydrocarbon receptor nuclear translocator (ARNT), and in 

the case of HIF-1α and HIF-2α, bind hypoxia response element (HRE) sequences and 

activate a transcriptional program dedicated to mediating the adaptation of cells to reduced 

oxygen availability [16–18]. HIF-3α’s lack of a c-terminal activation domain suggests that it 

is unable to activate transcription despite being capable of heterodimerizing with HIF-1 β 

and binding HRE sequences. It is currently unclear what role HIF-3α plays in modulating 

cellular responses to hypoxia [19, 20]. HIFs promote the adaptation of cells to hypoxia 

primarily by lowering oxygen consumption through the increased expression of two critical 

glycolytic enzymes, lactate dehydrogenase A (LDHa), which increases the capacity to 

regenerate NAD+ following reduction of pyruvate produced by glycolysis, and pyruvate 

dehydrogenase kinase 1 (PDK1), which actively prevents pyruvate from shunting into the 

TCA cycle [21, 22]. Altering these two metabolic checkpoints along with increased 
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expression of other glycolytic enzymes dramatically shifts cellular metabolism away from 

oxygen-consuming pathways and drives a reliance on glycolysis for the generation of ATP.

Emerging literature has demonstrated a critical role for HIFs in modulating T cell 

metabolism via both oxygen-dependent and oxygen-independent pathways and highlighted 

its regulation of other novel gene targets influencing effector T cell function and 

differentiation [5, 14, 23–26]. This review will first examine many of the regulators of HIF 

in T cells, and then what is known about HIF’s impact on T cell metabolism, differentiation, 

and function. We will conclude by addressing outstanding questions regarding HIF’s role in 

T cell biology that present attractive areas of future study.

2. Regulators of HIF activity in T cells

Interest in HIF-regulated transcription in T cells stems from HIF’s function as a modulator 

of metabolism in response to changes in oxygen tension; however, studies in T cells and 

other immune cell types have revealed that while a primary function of HIFs is the detection 

and response to low oxygen tensions, a number of other mechanisms regulate HIF activity in 

an oxygen-independent fashion, allowing T cells to co-opt the HIF pathway for regulation of 

cellular metabolism and other known transcriptional targets in response to immune stimuli 

independent of oxygen availability. Here we will cover many of the known regulators of 

HIF activity in T cells as well as some that remain unexplored in T cell biology, but likely 

play a role in T cell function and fate given their described function in other cell types.

2.1 Oxygen

As in other cell types, the HIF pathway serves as the central sensor of oxygen tension in T 

cells and is regulated in an oxygen-dependent fashion [18, 27]. When T cells are in oxygen-

sufficient environments HIFα subunits are rapidly degraded by the proteasome following 

hydroxylation by prolyl hydroxylase domain proteins (PHDs), primarily PHD2, and 

ubiquitination by the von Hippel-Lindau tumor suppressor protein complex (pVHL), an E3 

ubiquitin ligase that specifically targets hydroxylated HIFα subunits (Figure 1) [28, 29]. 

Conversely, when cells enter hypoxic environments, (∼1% O2), PHDs, which require 

oxygen (O2) as a cofactor for their function, along with iron(II) and α-ketoglutarate, are 

unable to hydroxylate HIF on the appropriate proline residues resulting in a loss of pVHL-

dependent ubiquitination and subsequent stabilization of HIFα subunits [28, 29]. HIFα can 

then dimerize with HIF-1 β upon translocation into the nucleus and activate HIF target 

genes. While canonical oxygen-dependent regulation of the HIF pathway remains integral to 

regulating HIFα stability, interestingly, activation by cognate antigen of T cells appears to 

“unlock” the oxygen-dependent responsiveness of T cells amplifying stabilization of HIFα 

subunits as naive cells cultured in 1% O2 exhibit mild stabilization of HIFα subunits in 

comparison to those activated and cultured in 1% O2 (unpublished observation A. Phan and 

A. Goldrath and [30]).

2.2 Prolyl hydroxylase domain proteins and Factor Inhibiting HIF-1

Hydroxylation of HIFα subunits is the canonical mechanism for regulating HIF activity 

[31]. Therefore regulation of PHD expression and activity is critical for regulating HIF 
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function. Three PHD isoforms are present in mice and examination of PHD function shows 

that PHD2 is the default regulator of HIFα stability in most cell types [32]. Egln1 (PHD2) is 

constitutively expressed in T cells and hydroxylates HIFα subunits for subsequent 

degradation at the steady state. Interestingly, a conserved HRE has been identified and 

shown in mouse embryonic fibroblasts to drive increased PHD2 expression following 

extended exposure of cells to hypoxia, suggesting a self-regulating circuit designed to 

prepare cells for re-entry into oxygen rich environments following hypoxia [33, 34]. Egln3, 

which encodes PHD3, is dynamically expressed in T cells following activation suggesting 

an importance for hydroxylase activity during T cell responses [35]. PHD3 also appears to 

be directly regulated by a HRE in a HIF-dependent fashion in in vitro experiments in human 

cancer cell lines [33, 36]. Further exploration of PHD expression and activity in the context 

of T cell activation will be informative for defining regulators of HIF activity in the immune 

response.

In addition to PHDs, another hydroxylase, the Factor Inhibiting HIF-1 (FIH), hydroxylates 

an asparagine residue in the c-terminal activation domain of both HIF-1α and HIF-2α 

subunits in normoxia [37, 38]. Asparaginyl-hydroxylation blocks the ability of HIFs to bind 

transcriptional coactivators CREB-binding protein and p300 [37, 38]. This prevents HIF-

mediated transcription, providing an additional layer of post-translational regulation of HIFs 

that escape degradation by the proteasome.

PHDs and FIH rely on O2, iron(II), and α-ketoglutarate as cofactors. As such, hypoxia or 

use of competitive inhibitors of α-ketoglutarate or iron chelators have been shown to inhibit 

prolyl- and asparaginyl- hydroxylase activity and stabilize HIFα subunits [29, 39, 40]. In 

addition, accumulation of TCA cycle intermediates succinate and fumarate, due to mutations 

in TCA cycle enzymes, have been shown in renal cell carcinoma cells to competitively 

inhibit hydroxylase activity by preventing PHD access to α-ketoglutarate thereby promoting 

HIFα stabilization [41, 42]. This suggests that alterations in T cell metabolism may serve as 

an additional mechanism regulating HIF stability and activity through modulation of PHD 

activity.

2.3 T cell receptor

Macrophages have been shown to stabilize HIFα subunits in response to bacterial antigens 

in an oxygen-independent, TLR-dependent fashion that requires NF-κB activation [43–45]. 

Much like macrophages, T cells have been shown to stabilize HIFs regardless of oxygen 

tension in response to activation of antigen receptors [5, 23, 26, 46–49]. T cell receptor 

(TCR) signaling and costimulation through CD28 results in robust HIFα protein 

stabilization regardless of oxygen tension which can be further potentiated by hypoxia [26, 

49]. Microarray analysis comparing naive and activated CD8+ T cells show increased 

expression of mRNA for both HIF-1α and HIF-2α following activation in antigen-specific 

CD8+ T cells responding to viral and bacterial infections, suggesting that TCR signaling 

regulates both HIF-1α and HIF-2α expression in vivo [35]. Induction of HIF-1a is thought to 

be mediated by PI3K/mTOR activity downstream of TCR and CD28 signaling which 

promotes transcription of two splice isoforms of HIF-1α mRNA in human and mouse T 

cells along with driving increased protein translation [47, 49]. Oxygen-independent 
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stabilization of HIF-2α also occurs at low levels following TCR and CD28 stimulation of 

CD8+ T cells [26]. However, it is unknown if this occurs through PI3K/mTOR activity 

similarly to HIF-1α stabilization or if unique molecular pathways drive this stabilization 

independently. TCR and CD28 signaling have also been shown to activate NF-κB signaling 

in T cells and given the importance of NF-kB activity in promoting antigen receptor-

dependent activation of HIFs in macrophages it stands to reason that NF-kB activity may 

play a critical role in regulating HIF activity following TCR and CD28 engagement [50, 51]. 

Additionally, initial studies of TCR-dependent stabilization of HIFα subunits utilized 

rapamycin, a broad spectrum mTOR inhibitor, to assess mTOR-dependency [49]. However, 

recent advances in our understanding of the PI3K/mTOR pathway in T cells has revealed 

additional complexity in the regulation and activity of mTOR (i.e. mTORC1 versus 

mTORC2, cross-talk with other metabolic pathways) [52]. Further examination of TCR-

dependent regulation of HIFα stability in the context of critical T cell activation pathways is 

necessary to clarify when and where HIF-mediated transcription will influence T cell 

immunity.

2.4 Cytokines

As interest in the impact of HIFα activity in T cells has increased, the effects of cytokine 

signaling on HIFα stabilization/activity has begun to be explored. Previous work in human 

cancer cell lines has demonstrated that TGF-β may drive oxygen-independent regulation of 

HIF demonstrated by normoxic stabilization of HIFs through Smad-dependent inhibition of 

PHD2 expression [53]. Intriguingly, in CD4+ T cells, pro-inflammatory IL-6 and anti-

inflammatory TGF-β have been implicated in vitro in normoxic stabilization of HIF-1α in a 

STAT3-dependent manner [23]. However, an additional study demonstrated that HIF-1α 

stabilization is STAT3 independent suggesting that other cytokines, possibly IL-23, could 

also play a role in influencing HIF-1α activity in CD4+ T cell differentiation [5]. In 

macrophages, TH1 and TH2 cytokines could stabilize HIF-1α promoting M1-polarization or 

HIF-2α driving M2-polarization respectively [54]. Similarly, in vitro activation of CD8+ T 

cells followed by culture with IL-2 potentiated normoxic stabilization of HIF-1αand little to 

no stabilization of HIF-2α while culturing with IL-4 promoted normoxic stabilization of 

both HIF-1α and HIF-2αin expanding CD8s [26]. Culturing activated CD8+ T cells with 

IL-2 or IL-4 also altered HIF-1α- or HIF-2a–dependence of several differentially expressed 

effector molecules, transcription factors, and activation-associated receptors. This suggests 

that cytokine-dependent stabilization of HIFs could be an additional context-specific 

mechanism for modulating T cell function and fate similar to the bifurcation of M1 and M2 

macrophages [26, 54]. Deciphering how individual cytokines affect the different layers of 

HIFα regulation will provide important insight into the potential impact hypoxia and the 

inflammatory microenvironment have on T cell differentiation and function.

2.5 Non-coding RNAs

With genome-wide sequencing, it has recently become appreciated that non-coding RNAs 

(ncRNAs) make up a large proportion of differentially expressed genes following T cell 

activation. Examination of microRNAs (miRNAs) and long noncoding RNAs (lncRNAs) in 

T cells has demonstrated important roles for both in the regulation of T cell biology 

downstream of numerous signals [55–57]. Notably, a number of miRNAs and lncRNAs 
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have been implicated in regulating HIFα accumulation. miR155 and miR210 are hypoxia-

regulated which, in mouse intestinal epithelial cells and T cells respectively, provide 

negative feedback to HIF activity following extended hypoxic signaling [30, 58]. A recent 

study demonstrated that miR210, but not miR155, is upregulated upon T cell activation in a 

CD28- and HIF-1α-dependent manner in CD4+ and CD8+ T cells [30]. Surprisingly, 

computational analysis predicted HIF-1α as a target of miR210 and further study of TH17 

CD4+ T cells revealed a negative feedback loop mediated by miR210 for T cells cultured in 

prolonged hypoxia. Transfer of miR210-deficient CD4+ T cells in a T cell transfer model of 

colitis resulted in increased severity of disease that correlated with increased stabilization of 

HIF-1α in CD4+ T cells isolated from the lamina propria of mice. These data suggest that 

miR210-dependent degradation of HIF-1α mRNA dampens wildtype TH17 responses in 

chronically hypoxic tissues and may serve as a critical regulator of T cell immunity [30]. 

Importantly, the impact of miR210 on HIF-1α stability was most striking in conditions of 

limiting oxygen such as the gut, suggesting that non-canonical regulators of the HIF 

pathway may provide context-specific tuning of the HIF pathway for regulation of unique 

cellular functions, such as CD4+ TH subset differentiation.

In contrast to miRNAs, p21, a lncRNA, has been shown to play a novel role in blocking 

pVHL-HIFα interactions in transformed and non-transformed human cell lines [59]. In vitro 

culture of HeLa cells in hypoxia inhibited PHD function and stabilized HIF-1α protein as 

expected, however, knockdown of p21 lncRNA resulted in an inability to maintain HIF-1α 

protein levels after 24 hours of hypoxia [59]. Intriguingly, in this study HIF-1α-dependent 

transcription of egln1 increased PHD2 levels sufficiently to potentiate hypoxic degradation 

of HIF-1α. Maintenance of HIF-1α stability following increased PHD2 levels required 

HIF-1α-dependent expression of p21 lncRNA and disruption of pVHL-HIF-1α interactions 

[59]. Control of HIFα stability by ncRNAs is a recent addition to the HIF pathway’s 

regulatory roadmap and significant work will need to be done to understand why these loops 

have evolved and how they impact canonical HIF regulation (i.e. PHD- and VHL-dependent 

regulation). Also important to note is that the majority of studies on ncRNA regulation of 

HIFα subunit stability has focused on stabilization of HIF-1α and it remains unclear how 

other subunits are impacted. Elucidating subunit specific regulation of HIFs will be critical 

in understanding their individual roles in T cell biology. Due to the emerging importance of 

ncRNAs in T cell biology investigation into ncRNAs could also provide additional 

responsive flexibility to the HIF pathway in T cells for the regulation of effector functions.

2.6 Reactive oxygen species (ROS)

T cell activation has been shown to induce mitochondrial activity driving complex III-

dependent production of ROS that is essential for activation of nuclear factor of activated T 

cells (NFAT) and subsequent IL-2 induction [60]. ROS additionally has been implicated in 

the stabilization of HIFs. However intense study has resulted in two prevailing 

interpretations of available data regarding the role of mitochondria-derived ROS in 

regulation of HIF (reviewed [61]). One model argues that mitochondrial ROS is necessary 

for regulation of HIFα stability. Initial reports examining the role of mitochondria in HIFα 

stabilization found that loss of mitochondria (Rho cells) or inhibition of electron transport 

chain (ETC) complexes responsible for ROS production prevented stabilization of HIF-1α 
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in hypoxia (1.5% O2) due to a lack of superoxide (SO) production from the ETC [62, 63]. 

Additional studies carefully dissecting the contribution of individual ROS species in human 

cell lines through exogenous addition of ROS or overexpression of ROS-producing or -

depleting enzymes revealed that HIFα stabilization was dependent on mitochondrial derived 

H2O2 rather than SO in hypoxia [64, 65]. Direct mechanistic evidence of how ROS inhibited 

PHD or VHL function, however, has yet to be shown. These studies are contrasted by 

experiments which argue that mitochondrial metabolism is essential for HIFα stabilization, 

but in a ROS-independent fashion. Inhibition of complex III of the ETC of human kidney 

epithelial cells in the presence of 2,2,4-trimethyl-1,3-pentanediol (TMPD), which allows for 

continued ETC activity and oxygen consumption without production of SO, resulted in no 

difference in hypoxic HIFα stabilization arguing that mitochondria-dependent HIFα 

stabilization in hypoxia is ROS-independent and driven primarily by O2 usage by the ETC 

which reduces cytosolic O2 availability, thereby reducing PHD activity and culminating in 

HIFα stabilization [66]. While these two models appear mutually exclusive, a possible 

explanation for the current data is that a combination of both decreased O2 availability due 

to mitochondrial metabolism as well as alterations in cellular redox state and iron(II) 

availability due to ROS production may synergize to promote HIFα stabilization in cells 

[61]. As mitochondrial metabolism and ROS production are essential for the activation of T 

cells, this supports a potential role for mitochondrial ROS in regulating stability of HIFα 

subunits in T cells, similar to observations in other cell types [60, 61]. Experiments 

demonstrating a direct link between mitochondrial ROS production and HIFα stabilization 

in T cells could provide mechanistic insight to metabolism-dependent transcriptional 

programming.

The sheer diversity of signals that have been identified and continue to be implicated in HIF 

stability and activity reflect the complex role of HIF in the integration of 

microenvironmental stimuli for the regulation of T cell metabolism, differentiation, and 

ultimately, function (Figure 2).

3. Regulation of T cell metabolism, differentiation, and function

T cells undergo rapid metabolic reprogramming within the first 24 hours of activation, and 

recent work has focused on elucidating key regulators of T cell metabolism in an effort to 

delineate the direct impact of such changes on T cell immunity [1, 2]. Interestingly, it has 

been found that HIF-1α activity is unnecessary while c-Myc is essential for metabolic 

reprogramming of T cells within the first 24 hours of activation [67]. HIF-1α deletion did 

not impact proliferation, glutaminolysis, glycolysis, or fatty acid oxidation by T cells 

following activation with anti-CD3 and anti-CD28 in vitro [67]. Induction of LDHa and 

hexokinase-2 gene expression, two well characterized HIF-1α targets, were moderately 

downregulated by HIF-1α deletion and mild impairment of glycolytic rate was observed 72 

hours after activation. Thus, while unnecessary for the initial transition to glycolytic 

metabolism, HIF-1α may be involved in sustaining glycolytic throughput during the T cell 

response [67]. It is important to note these data are from T cells activated in atmospheric 

oxygen concentrations, leaving open the possibility that in secondary lymphoid tissues, 

under physiologic oxygen tensions (0.5–4.5% O2), HIFs may play a more significant or 
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different role in regulating early T cell metabolic programming while integrating additional 

microenvironmental signals to direct trafficking, function, and differentiation [46].

Indeed in support of HIF-1α maintaining glycolytic metabolism in T cells, a recent study 

proposes that reduced exposure to IL-2 following T cell activation results in increased 

expression of Bcl-6 which directly represses glycolytic genes regulated by HIF-1α and c-

myc providing a mechanism for dampening glycolytic metabolism and effector function, 

thereby altering T cell fate decisions in a microenvironment-dependent fashion [68]. These 

data support a model where HIFs are capable of maintaining glycolytic metabolism in T 

cells shortly after activation driven by oxygen-independent mechanisms. Identifying 

additional factors that regulate HIF stability or activity in order to modulate glycolytic 

maintenance may lend important insights about the molecular “switches” that drive context-

dependent metabolic shifts critical for cell fate decisions.

While metabolic reprogramming occurs in all T cells upon activation, recent work has 

shown that CD4+ and CD8+ T cells show distinct metabolic changes [69]. Following 72 

hours of in vitro stimulation with anti-CD3 and anti-CD28 glycolytic and oxidative 

phosphorylation rates were measured via extracellular flux by CD4+ and CD8+ T cells [69]. 

Both CD4+ and CD8+ T cells increased total metabolic rates following activation, indicated 

by increased extracellular acidification rate (ECAR) and oxygen consumption rate (OCR), 

proxies for glycolysis and oxidative phosphorylation respectively, in comparison to naive 

cells. However, examination of ECAR/OCR ratios as a measure of reliance on glycolysis or 

oxidative phosphorylation revealed that while both CD8+ and CD4+ T cells skew towards 

glycolysis following activation, CD8+ T cells relied more heavily on glycolytic metabolism 

relative to CD4+ T cells [69]. Interestingly, CD4+ T cell proliferation exhibited greater 

sensitivity to inhibition of both glycolysis or oxidative phosphorylation despite arguably 

greater metabolic flexibility relative to CD8+ T cells [69]. These data support a role for both 

glycolysis and oxidative phosphorylation in promoting T cell proliferation and are supported 

by studies in both CD4+ and CD8+ T cells where inhibition of glycolytic metabolism 

reduces but does not abolish proliferation, whereas inhibition of oxidative phosphorylation, 

surprisingly, produces a more dramatic defect in proliferation by comparison [7, 8, 60]. 

These data argue that in T cells metabolic reprogramming to a reliance on glycolytic 

metabolism primarily occurs to promote effector function and likely additional unidentified 

T cell processes rather than to support proliferation [8]. Importantly, Cao et al also 

emphasize that context-specific cues will play an essential role in modulating T cell 

metabolism in vivo. Experiments comparing the effect of fuel availability (glucose versus 

glutamine), cytokine signaling (IL-2, IL-15, IL-7), titrated levels of TCR stimulation, and 

addition of co-receptor signaling (41BB or OX40) during activation of T cells found that all 

microenvironmental signals tuned metabolic pathway skewing, mitochondrial mass, and 

ROS production in CD4+ and CD8+ T cells [69]. Further studies will need to be done to 

assess whether these differences in metabolic profiles directly specify lineage and whether 

HIF regulates these differences. It will be important to determine the differences in energetic 

demands between CD4+ and CD8+ T cells and how they correlate with unique usage of the 

HIF pathway in each subset for regulation of metabolism, cellular functions, and fate 

decisions.
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3.1 Regulation of CD4+ T cell metabolism

CD4+ T cells have been shown to differentiate into a wide range of helper subsets following 

activation. These subsets exhibit distinct effector functions and differentiate following 

upregulation of key transcription factors. For example in the case of TH1 CD4+ T cells, the 

transcription factor T-bet is induced upon activation or for TH17 CD4+ T cells the 

transcription factor RORγt. The wide range of phenotype and function exhibited by these 

CD4+ helper subsets suggests the possibility for varying metabolic demands, and in line 

with this hypothesis, culturing activated CD4+ T cells in TH17 conditions drove significantly 

higher glycolytic rates in comparison to CD4+ T cells cultured in other TH conditions [5]. 

Notably, HIF-1α protein levels were also high in CD4+ T cells cultured in TH17 conditions 

[5, 23]. Analysis of gene expression of HIF-1α-deficient CD4+ T cells cultured in TH17 

conditions found reduced expression of known HIF-1α targets in the glycolytic pathway in 

comparison to wildtype cells. Decreased gene expression of genes promoting glycolysis 

corresponded with greatly reduced glycolytic metabolism, in comparison to HIF-1α-

sufficient CD4+ T cells, demonstrating a reliance on HIF-1α in regulating CD4+ T cell 

metabolism during TH17 differentiation [5]. In support of a role for HIF-1α in regulating 

CD4+ T cell metabolism, a recent study of Foxp3-regulatory CD4+ T cells (Tr1), that 

produce IL-10 to control inflammation, demonstrated that HIF-1α also participates in 

maintaining a shift towards glycolytic metabolism in CD4+ T cells activated and cultured in 

vitro in the presence of IL-27 [14].

3.2 Impact on CD4+ T cell differentiation and function

The impact of HIF-dependent regulation of cellular metabolism on T cell differentiation and 

function is less clear than its regulation of glycolytic genes. However, recent work has 

demonstrated several novel roles for HIF regulation of T cell differentiation and effector 

function. In vitro experiments with CD4+ T cells demonstrated that inhibiting glycolytic 

metabolism directly impacted effector function [8]. More specifically, in vitro activation of 

CD4+ T cells in glucose-free media supplemented with galactose prevented glycolytic 

metabolism and reduced IFNγ production, dependent on the ability of GAPDH to bind the 

3’ UTR of IFNγ mRNA. When the binding site of the 3’ UTR was mutated, inhibition of 

glycolysis in CD4+ T cells no longer affected the production of IFNγ. These data show that 

usage of glycolytic metabolism in CD4+ T cells occupies GAPDH, preventing interaction 

with cytokine mRNA and potentiating effector function [8]. These data provide a potential 

link between HIF regulation of T cell glycolysis and effector function that warrants further 

study.

3.2.1 HIF-1 α and the TH17/iTreg balance—Recent reports examining the T cell 

intrinsic role of HIF-1α on CD4+ T cell differentiation demonstrated that deletion of HIF-1α 

resulted in reduced capacity for differentiation of TH17 CD4+ T cells in vitro and reduced 

induction of experimental autoimmune encephalitis, a TH17-driven murine model of 

autoimmunity in vivo [5, 23]. The reduction in differentiation of TH17 CD4+ T cells in 

HIF-1α-deficient CD4+ T cells was concomitant with an increase in differentiation of iTreg 

cells. These initial reports suggested that HIF-1α was critical for expression of IL-17A [5, 

23]. However, two distinct mechanisms were proposed to explain how HIF-1α promoted 

TH17 differentiation and suppressed iTreg formation. One study argued that HIF-1α 

Phan and Goldrath Page 9

Mol Immunol. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



deficiency primarily perturbed TH17 differentiation through a reduction in glycolytic 

metabolism and demonstrated in vitro that suppression of glycolysis in wildtype CD4+ T 

cells by addition of 2-deoxyglucose to TH17 culture conditions inhibited TH17 

differentiation and promoted iTreg differentiation [5]. In contrast, Dang et al proposed 

several novel regulatory functions and targets for HIF-1α[23]. In vitro activation of CD4+ T 

cells in TH17 polarizing conditions resulted in STAT3 signaling which drove expression of 

HIF-1α mRNA and HIF-1α protein stabilization. HIF-1α in turn drove expression of 

RORγt, and in cooperation with RORγt, promoted expression of IL-17A. HIF-1α deficiency 

resulted in loss of RORγt expression and therefore a loss of IL-17A expression [23]. In 

addition to driving expression of TH17 signature genes, HIF-1α also inhibited differentiation 

of iTreg by binding to Foxp3 through a n-terminal domain resulting in proteosomal 

degradation of Foxp3 in spite of TGF-β signaling present in in vitro TH17 culture conditions 

[23]. Additional studies by several groups in human and murine models, have both 

supported and contradicted aspects of these initial reports [70–75]. It is clear that HIF-1α 

can play a role in the differentiation of TH17 versus iTreg cells. However, the functional 

effects may be subject to experimental context. Indeed, data from recent reports suggest that 

HIF-1α may play a role in supporting thymic Treg function in addition to regulating 

differentiation of TH17/iTreg cells [70, 73, 25].

In addition, as demonstrated in CD8+ T cells, HIFα isoforms may have compensatory 

regulation that occurs in cytokine-dependent fashion [26]. Therefore, the complicated results 

seen in various models of TH17 and Treg differentiation may result from differential HIFα 

expression/stabilization. Careful dissection of the relative contribution of HIFα subunits will 

be necessary to truly understand the contributions of hypoxia, glycolytic metabolism, and 

HIFα activity on CD4+ T cell differentiation given that TH differentiation is cytokine 

dependent.

3.3 Regulation of CD8+ T cell metabolism

Multiple lines of evidence also support a role for HIF regulation of metabolism in CD8+ T 

cells. A recent study prevented formation of functional HIFα transcriptional complexes 

through conditional deletion of HIF-1 β in T cells. CD8+ T cells deficient in HIF-1 β 

activated in response to TCR signaling and costimulation were unable to sustain levels of 

glucose uptake and lactate production following extended culture in vitro [24]. Experiments 

examining VHL-null CD8+ T cells, which have constitutive stabilization of HIFα subunits, 

further support a role for HIFα in regulating CD8+ T cell metabolism. Microarray analysis 

of adoptively transferred P14 TCR transgenic VHL-null CD8+ T cells demonstrated 

significantly higher expression of glycolysis-associated genes compared to wildtype [26]. 

Most directly, in vitro activated VHL-null CD8+ T cells have significantly increased 

glycolytic throughput as well as suppression of oxidative phosphorylation in line with HIF 

regulation of cellular metabolism seen in other tissues [26].

3.4 Impact on CD8+ T cell differentiation and function

Similar to CD4+ T cells, recent work has established important novel roles for HIFs in the 

regulation of CD8+ T cell differentiation and function [24, 26]. In addition to preventing the 

maintenance of glycolytic metabolism in activated CD8+ T cells, conditional deletion of 
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HIF-1 β from T cells resulted in a reduction in gene expression of perforin and some 

granzymes following in vitro activation and culture with IL-2. Increased stabilization of 

HIF-1α produced the opposite effect of HIF-1 β deletion, as culture of wildtype cells in 1% 

O2 drove increased stabilization of HIF-1α and resulted in increased perforin expression 

[24]. Chromatin immunoprecipitation of RNA Polymerase II (RNAPol II) at the 

transcription start site or distal exon of perforin showed no difference between wildtype or 

HIF-1 β-deficient cells in RNAPol II binding suggesting that increases in perforin mRNA 

and protein are indirectly affected by functional HIF transcriptional complexes [24]. In 

addition to alterations in cytotoxic molecules, HIF-1 β deletion results in significant 

increases in mRNA expression for chemokine receptors and trafficking molecules including 

CCR7, CXCR3, and CD62L [24]. Interestingly, increased gene expression was not restricted 

to either secondary lymphoid organ homing-receptors or those of inflammatory chemokines, 

thereby making it difficult to predict whether HIF-1 β-deficient CD8+ T cells may traffic 

preferentially to certain tissues in vivo following infection. However, in vitro generated 

wildtype and HIF-1 β-deficient CTLs mixed in equal proportions, labeled, and transferred 

into naive hosts yielded increased recovery of HIF-1 β-deficient CD8+ T cells from lymph 

nodes suggesting HIF signaling favored effector CD8+ T cell trafficking to non-lymphoid 

tissues [24]. In order to assess whether the increased expression of secondary lymphoid 

homing receptors such as CD62L on HIF-1 β-deficient CTL is a direct transcriptional effect 

or an indirect result of metabolic perturbation the authors examined CD62L expression on in 

vitro activated wildtype CD8+ T cells cultured in IL-2 and low levels of glucose and found 

that limiting levels of glucose prevented downregulation of CD62L following activation, 

arguing that the increased expression of CD62L in HI F-1 β-deficient cells is the result of 

reduced glucose uptake due to lower glut1 expression. However, these data do not rule out a 

direct role for HIF transcriptional activity in regulating T cell trafficking molecules as well 

[24].

Data regarding loss of HIF-1 β are complimented by studies examining CD8+ T cells 

following conditional deletion of Vhl, which resulted in constitutive stabilization of HIFα 

subunits, responding to chronic viral infection [26]. VHL-deficient CTL exhibited increased 

expression of effector molecules such as GranzymeB as well as resistance to T cell 

exhaustion in the face of chronic antigen exposure. The resistance of VHL-deficient CTL to 

exhaustion resulted in reduced viral titers following chronic LCMV clone 13 infection in 

comparison to wildtype, however, this was accompanied by host death resulting from severe 

immunopathology [26]. Microarray analysis of VHL-deficient CD8+ T cells responding to 

either chronic or acute infection demonstrated that constitutive HIF activity drives 

significant alterations in a variety of effector molecules (GzmB), secreted factors (Ifng), 

costimulatory receptors (Tnfrsf9), exhaustion/activation associated genes (Lag3), and key 

CD8+ T cell differentiation transcription factors (Prdm1, Tbx21, Eomes) exhibited 

significantly altered expression. Many of these changes in gene expression were confirmed 

at the protein level and analysis of CD8+ T cell subsets during the course of response to viral 

infections showed a dramatic HIFα-dependent loss of shorter-lived effectors 

(KLRG1hiCD127lo) in both acute and chronic viral infection [26]. Deletion of both HIF-1α 

and HIF-2α in addition to VHL rescued host death by eliminating immunopathology and 

restoring expression of many altered genes to wildtype levels following chronic LCMV 
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infection, demonstrating HIFα dependence of enhanced effector responses to persistent 

antigen [26]. While it is clear from these data that HIF-1α and HIF-2αplay a role in the 

regulation of CD8+ T cell exhaustion in the face of persistent antigen, the impact each 

subunit has on both the metabolic phenotype and the functional phenotype will be important 

topics to address.

Together these data demonstrate a role for HIFs in the differentiation and function of CD8+ 

T cells during the response to viral infections. HIFs appear to play a significant role in the 

modulation of effector molecule expression during the course of an infectious response and 

likely serve to modulate antigen-dependent responses as constitutive HIFα signaling drives 

resistance to T cell exhaustion signals. This model is supported by studies of tumor 

infiltrating CD8+ T cells where HIF-1α increased 4–1BB (Tnfrsf9) expression, a 

costimulatory receptor, which when ligated has been shown to drive proliferation, IL-2 

production, and increased cytolytic activity in response to tumors and chronic viral 

infections [76, 77]. VHL deletion ultimately impacts both receptor expression and likely 

signaling events downstream of the receptors as well. Further work exploring how HIFs 

crosstalk with these signaling pathways will be highly informative and present novel 

therapeutic approaches.

It is important to note that these studies have focused on effector responses and early CD8+ 

T cell differentiation events. Whether HIFs regulate the formation of T cell memory remains 

unknown and experiments exploring HIF’s control of both transcriptional and metabolic 

targets will be helpful for parsing out the individual contributions of transcription factors 

and cellular metabolism to the differentiation of protective memory T cells.

4. Questions remaining

The recent interest in the function of HIFs in T cell biology has yielded impressive advances 

in our understanding of how this family of oxygen-sensing transcription factors impact T 

cells (Table 1), yet there remain many questions, which could be central to understanding 

aspects of T cell biology. A primary question is the relevance of tissue oxygen tensions on T 

cell responses in vivo. Some work has demonstrated that in autoimmune models of colitis 

and in a variety of infectious contexts that T cells enter hypoxic areas or stabilize HIFs in 

tissues with localized hypoxia. However, it is unclear how the availability of oxygen does or 

does not affect T cell function and whether this ultimately impacts clearance of infection or 

pathology [25, 78]. Determining whether localized hypoxia can impact T cell responses will 

be critical in understanding the signals that drive T cell fate decisions in vivo.

In addition to understanding the in vivo relevance of hypoxia on T cell responses, recent 

work on HIFs has centered on understanding the role of HIF-1α, leaving the impact of 

HIF-2α and HIF-3α largely unexplored. Examining the role of HIF-2αand HIF-3α in T cell 

responses as well as the interactions of HIFα and HIFβ subunits, of which there are a 

number of ARNT family members, and the interactions of the HIF complex with 

transcriptional coactivators such as p300 could shed light on HIF regulation of the many 

novel T cell targets reported and clarify whether regulation of T cell metabolism is HIF-1α-

restricted. Further, determining whether independent signals, such as cytokines, may drive 
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differential accumulation of HIFα subunits in vivo and the potential of each subunit to 

regulate T cell metabolism will be critical for understanding how HIFs respond to complex 

microenvironmental signals and translate them into T cell function and fate decisions. 

Clearly defining the targets and interactions regulated by HIFs in T cells may yield unique 

points for modulation of T cell metabolism and function.

Recent work has demonstrated that HIFs play a significant role in the modulation of T cell 

metabolism, further clarification is required of the mechanistic role HIFs play in T cell 

function and fate determination. The majority of studies have focused on elucidating the 

molecular underpinnings that drive T cells towards glycolytic metabolism, however the 

factors that may either keep cells from adopting highly glycolytic, arguably less memory-

like, metabolism or those that “turn off” glycolysis in favor of other metabolic pathways in 

order to drive long-lived cell fates are currently unknown. Experiments to address the 

impact of HIF’s maintenance of glycolytic metabolism on differentiation of long-lived 

memory T cells could shed light on metabolic regulators essential for the transition to 

memory-promoting metabolism. Furthermore, it is becoming increasingly clear that while a 

transition to glycolytic metabolism correlates with increased proliferation in T cells, this 

transition may serve primarily to promote effector function or other unknown processes 

rather than support rapid expansion of antigen-specific populations [7, 8, 60]. Thus, more 

detailed analyses of metabolic pathways will be necessary to elucidate the metabolic 

requirements of T cell function and fate decisions. Careful examination of cellular 

metabolomics in conjunction with genetic models impacting the HIF pathway could identify 

important metabolites for the maintenance of T cell function or fate, thereby adding direct 

evidence for the necessity of metabolic transitions in T cell biology and explain the 

functional consequences of shifts in metabolic pathway usage.

Finally, it is becoming evident that the regulation of HIFs occurs on multiple levels. While 

oxygen plays an important role, depending on the context, oxygen availability may be 

irrelevant to HIF function. Thus, experiments to assess novel regulatory factors of HIF 

stability and, more importantly, activity will need to be performed. Expanding the model of 

HIF regulation in T cells will provide a clearer understanding of the scenarios in which HIFs 

play a role in T cell function and provide mechanistic insight into how T cells translate 

signals into cell fate decisions.

5. Concluding remarks

T cell responses are initiated by detection of cognate peptide presented by antigen presenting 

cells in secondary lymphoid tissues and result in migration of T cells to various tissues with 

disparate local conditions. HIFs are uniquely poised to integrate physiological and disease-

derived signals to modulate T cell responses making them an attractive target for further 

study. Understanding how T cells have taken advantage of the HIF pathway to interpret 

local conditions and integrate these with the array of mitogenic signals produced during 

infection is essential for the advancement of our understanding of T cell biology and critical 

for the development of novel therapeutic approaches.
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Highlights

• T cells modulate metabolism in response to environmental signals

• Oxygen and immune stimuli stabilize HIF activating a transcriptional program

• HIF is a regulator of T cell metabolism, differentiation, and function

• HIF integrates numerous signals as well as oxygen to drive unique T cell 

responses

• Many questions remain regarding the HIF -pathway and T cell biology
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Fig. 1. 
Oxygen-dependent regulation of HIF stability The canonical oxygen-dependent degradation 

pathway of HIFα requires prolyl-hydroxylation by PHDs and subsequent polyubiquitination 

by VHL resulting in proteosomal degradation.
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Fig. 2. 
Regulators of HIF activity in T cells In addition to oxygen, many signals regulate HIF 

activity in T cells, activating HIF-dependent transcription and potentiating a variety of 

selfregulatory pathways.
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Table 1

Impact of HIF signaling on T cells Selected References

 Glycolysis

Refs: 5, 14, 26

 Oxidative Phosphorylation

Impact on CD4+ T cells

 RORγt

Refs: 5, 23

 Increased IL-17A production

 iTreg differentiation

Impact on CD8+ T cells

 Effector molecule expression - perforin and granzymes

Refs: 24, 26

 Cytolytic activity

 Exhaustion in the face of chronic antigen
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