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Transcriptional regulation of T cell metabolism
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Abstract

T cells express specific metabolic programs to promote diverse cellular differentiation states. The
activation of naive T cells upregulates the expression of genes encoding components of the
glycolysis, glutaminolysis, and lipid biosynthesis pathways to promote robust proliferation and
effector T cell activity. In contrast, memory T cells downregulate these pathways and
predominantly rely on catabolic pathways for long-term survival. Dynamic changes in the
expression of the genes encoding components of metabolic pathways in part define which
metabolic programs are utilized in diverse T cell states. The current data suggest that key
transcription factors involved in T cell specialization decisions, including T-bet, Bcl-6, HIF1,
IRF4 and Myc, link the selective programming of cellular metabolism with fate decisions. In this
review, we will highlight the transcriptional regulatory events that define metabolic pathways
involved in effector and memory T cell differentiation.
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Cells of the immune system dynamically regulate metabolic programs to meet their cellular
proliferation and functional needs. Similar to cancer cells, robustly proliferating effector
cells in the immune system initiate aerobic glycolysis, whereas more quiescent cells, such as
the long-lived memory population, utilize catabolic metabolism programs [1, 2]. In recent
years, much research has been performed in T cells to define how metabolism is
dynamically regulated to promote specialization decisions. These studies have uncovered
many mechanistic levels of regulation for cellular metabolic states in T cells. In particular,
both transcriptional and post-transcriptional events functionally regulate metabolic programs
in T cells [1-4]. In this review, we will focus our discussion on the transcriptional
mechanisms that control metabolic programs in effector and memory T cells. The role for
metabolism in regulatory T cells has been expertly reviewed recently and will not be
covered here [5-7]. Finally, we will discuss how metabolic states might mechanistically
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contribute to the programming of differentiation decisions and how these concepts might be
utilized to develop future treatments for immune disorders.

Transcriptional programming of metabolism in T cells

The genes that encode the enzymes required for metabolic pathways, such as
glyceraldehyde-3-phosphate-dehydrogenase (Gapdh), are often referred to as
“housekeeping” genes, and as such, are frequently used as experimental controls. This is
because it is usually assumed that these genes are similarly expressed in diverse cell
populations and that changes in the activity of metabolic enzymes are regulated mostly at
the post-transcriptional level. Although accurate in some circumstances, it is now becoming
more appreciated that metabolic gene programs are often dynamically regulated at the
transcriptional level during development to control the proliferative and differentiation
potential of many cell types [8-12]. In the immune system, the precise regulation of
metabolic gene expression programs is required for the functional specialization of several
immune cell types.

The differentiation of naive T cells into effector versus memory states represents a cellular
setting where metabolism is dynamically regulated at the gene expression level [8, 12-14].
Naive CD4* and CD8" T cells express low levels of the genes that encode enzymes
involved in the glycolysis, glutaminolysis, and lipid biosynthesis pathways. When peptide-
MHC complexes engage the T cell receptor (TCR), the ensuing TCR-signaling events
promote the rapid transcriptional activation of each of these metabolic gene expression
pathways. The widespread induction of the genes that encode the transporters and enzymes
involved in glycolysis, glutaminolysis and lipid biosynthesis is required for naive T cells to
differentiate into effector cells [8, 10, 13]. In contrast, the glycolysis, glutaminolysis, and
lipid biosynthesis pathways are downregulated in memory T cells. Importantly, the
transition between the distinct metabolic programs that define effector and memory T cells
is also in part regulated at the transcriptional level [14, 15]. In the next few sections, we will
discuss the current knowledge surrounding the key transcription factors that control
metabolic gene expression programs to promote effector and memory T cell states.

Myc is required for the metabolic programming of effector T cells

At the outset of an infection, there is a rapid burst in the proliferation of antigen specific T
cells that initiates the differentiation of the effector T cell program. At this time, a series of
molecular events rewire the gene programs that encode fundamental cellular processes, such
as metabolism and the cell cycle, to transition the cell from a quiescent resting state to a
functionally active proliferative state [16]. For T cells, TCR-signaling initiates this
programming change by inducing a number of transcriptional activators that together
dramatically upregulate the gene programs for the glycolysis, glutaminolysis, and lipid
biosynthesis pathways among others [8, 13]. Elegant studies have shown that the
transcription factor Myc plays a non-redundant role in this TCR-driven program [8]. Myc is
currently thought to be the first transcription factor that acts downstream of TCR-signaling
to initiate the gene program required for the rapid proliferation of effector cells. To
accomplish this, Myc serves as a critical transcriptional activator and amplifier of the gene
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programs for many basic cellular processes that promote cell growth including the
glycolysis and glutaminolysis pathways [8, 17]. Not coincidentally, Myc is a well-
characterized oncogene because of its role in rewiring cellular metabolism and other
programs that support robust proliferation [18]. This means that T cells utilize a common,
and potentially pathogenic, functional activity of Myc to initiate the programming required
for the proper development of effector T cell responses. Thus, Myc activity needs to be
carefully controlled within the context of the effector response.

AP4 and HIFla sustain Myc-dependent metabolic gene programs

The initial Myc-dependent activation of basic cellular processes in effector T cells is
eventually passed on to another series of TCR- and cytokine-inducible transcription factors
to sustain this program (Figure 1). These transcription factors play both overlapping and
non-redundant roles in maintaining the expression of the glycolysis, glutaminolysis, and cell
cycle programs that promote optimal effector T cell activity and expansion. AP4 is one of
the transcription factors that play a role downstream of Myc in CD8* T cells [19]. Myc
initially induces AP4 expression, but importantly, AP4 expression is maintained by 1L-2-
signaling as Myc expression returns to its baseline state when TCR-signaling diminishes.
AP4 regulates a substantial portion of the Myc-dependent gene expression program, which
includes many of the genes that encode components of the glycolysis pathways [19].
Notably, the proliferation and optimal clonal expansion of effector T cells are impaired in
AP4-deficient CD8* T cells suggesting that AP4 is required to maintain the basic cellular
processes needed for these activities after Myc expression declines.

Hypoxia inducible factor 1 alpha (HIF1a) is another transcription factor that is induced by
TCR- and IL-2-signaling in T cells to sustain the Myc-dependent program [8, 9]. HIF1a has
long been recognized for its role in translating information about oxygen states into specific
gene expression programs. One of the well-studied roles for HIF1a relates to its ability to
activate the glycolysis gene program in the hypoxic conditions associated with tumor
environments [18]. Recent studies in immune cells have now defined an important role for
HIFla in translating diverse environmental conditions into the metabolic gene expression
programs that are needed to promote effector cell specialization [9, 12]. In T cells, this
means that similar to AP4, HIF1a plays a required role in sustaining the glycolysis and
glutaminolysis gene expression programs that are necessary for optimal effector CD8" T cell
expansion and activity [9, 12]. Interestingly, HIF1a also plays a role in CD4™ T cell subtype
specialization decisions. HIF1a-dependent gene expression programs, which likely include
metabolic programs, contribute to controlling the balance between T helper type 17 (Th17)
and regulatory T cells (Treg) [20]. Collectively, the current data indicate that HIF1a plays
an important role in immune cell specialization and this is in part due to its role in
controlling specific metabolic gene expression programs.

IRF4 fine-tunes metabolic gene expression programs in effector T cells

IRF4 is another transcription factor that acts downstream of Myc to play a role in prolonging
the expression of the metabolic gene programs that promote effector CD8* T cell
differentiation [10]. Unlike AP4 and HIF1a, IRF4 expression is highly sensitive to the
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strength of TCR-signaling [10, 21, 22]. Strong TCR signal strength induces high expression
levels of IRF4, whereas less robust TCR signals induce modest IRF4 expression levels. This
creates a gradient of IRF4 expression levels within T cell populations that will in part be
based upon the intrinsic characteristics of the TCR as well as the antigenic peptide that
engages the TCR during a pathogenic encounter. Thus, IRF4 can translate subtle differences
in TCR signal strength into fine-tuned gene expression programs, possibly including a
metabolic gene program tailored to the antigenic stimulation [10]. This leads to the
speculation that after a relatively uniform induction of the metabolic gene program initiated
by Myc, there might be subtle differences in the metabolic gene programs that evolve in
individual T cell clones based upon TCR-signaling strength.

Role for overlapping and non-redundant metabolic programming

mechanisms in effector T cells

An important finding to emerge from the studies defining the transcription factors that
regulate the glycolysis and glutaminolysis gene programs in T cells is that there are
overlapping, yet non-redundant, roles for several transcription factors that act downstream of
TCR- and cytokine-signaling. An interesting biological question to now address is why are
several different transcription factors required to coordinate the expression of the glycolysis
and glutaminolysis programs in effector T cells? One can speculate that perhaps there is a
subtle shift in the quality of these metabolic programs as the effector response proceeds that
is necessary for different aspects of cellular proliferation or function. Studies to date have
focused on defining the similarities in the genes in the glycolysis and glutaminolysis
pathways that are regulated by Myc, AP4, HIF1a and IRF4 [9, 19, 23]. Although there are
many common genes that are regulated by each factor, there are also differences. Therefore,
future studies that emphasize defining the functional consequences for the differential
regulation of the expression of genes that encode specific enzymes or transporters in the
glycolysis pathway will be of high importance. One area of particular interest will be to
determine how any subtle glycolytic programming differences might affect the functional
activity or homing capacity of the effector cell populations. Taken together, there are many
intriguing possibilities for how the differential expression of genes in metabolic pathways
might uniquely impact differentiation decisions to create diverse T cell populations.

The sterol regulatory element binding (SREBP) proteins and lipid

biosynthesis pathway

Much of the focus to date in effector T cells has been on defining the transcription factors
that regulate the expression of the genes that encode transporters and enzymes in the
glycolysis pathway. This is because of the longstanding knowledge that effector T cells, like
cancer cells, switch to aerobic glycolysis [1]. However, there is a comprehensive rewiring of
the genes that encode components involved in diverse metabolic pathways to promote the
proliferation and functional specialization of effector T cells. One of the additional
metabolic pathways that is important for the proliferative and functional capacity of the cell
is the sterol or lipid biosynthesis pathway [13, 24]. TCR stimulation, even in the absence of
co-stimulation, rapidly, upregulates the expression of SREBP family members [13]. SREBP

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



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hough et al.

Page 5

family members directly induce the expression of genes that encode enzymes in the lipid
biosynthesis pathway in several different cell types [25]. Notably, the SREBP-dependent
induction of lipids is required for TCR-driven proliferation in effector T cells. This activity
is required to support cellular proliferation because SREBP-deficient CD8* T cells are
defective in their proliferative capacity, but the addition of exogenous cholesterol rescues
this defect [13]. The SREBP-dependent induction of the lipid biosynthesis pathway might
also be important for the activity of signaling complexes in T cells. This relates to the role
for the mevalonate pathway in signaling events [26]. Blocking this pathway in CD4" T cells
with the HMG-CoA reductase inhibitor atorvastatin dampens the activity of RAS-dependent
signaling events [27]. Taken together, the SREBP-dependent induction of lipids is required
for the TCR-driven proliferation and signaling events that influence the expansion and
functional activity of effector T cells.

Cytokine-signaling influences metabolic programming in memory T cells

Elegant studies have discovered that metabolic programming changes are also required for
the development of memory T cells [15, 28-30]. Coordinating the metabolic gene
programming associated with memory T cells is a complex process. It requires both the
capacity to dampen the metabolic gene expression programs established during effector T
cell differentiation as well as the capacity to promote the expression of genes encoding
components of the catabolic pathways that are needed for the quiescent, long-lived
phenotype of memory cells. In particular, metabolic pathways such as the fatty acid
oxidation (FAO) and lipolysis pathways are upregulated to promote memory cell formation
[1, 15, 28, 30]. Similar to the role for IL-2 in enhancing the glycolysis program in effector T
cells, cytokines that are known to promote memory T cell formation, such as IL-7 and
IL-15, play a role in the metabolic reprogramming of T cells by inducing components of the
FAO and lypolysis pathways. For example, in memory CD8" T cells, 1L-15 has been shown
to induce the expression of a rate-limiting enzyme for the FAO pathway, carnitine palmitoyl
transferase (Cptla), as well as the expression of a hydrolase involved in lipolysis, lysosomal
acid lipase (Lal) [15, 28]. IL-7 enhances the FAO pathway in part through regulating the
expression of the glycerol channel receptor aquaporin 9 (Aqp9) in CD8* T cells [30].
Importantly, Aqp9-deficient CD8" T cells are unable to fully induce the expression of
numerous components in the FAQ pathway and they fail to establish robust long-term
memory [30]. Together, these data indicate that IL-7 and IL-15 play a role in initiating the
expression of genes involved in the FAO and lipolysis pathways, and this is functionally
important for memory CD8* T cell formation.

Bcl-6 represses the glycolysis gene program

Many transcription factors that are required to establish the metabolic gene expression
programs that promote the differentiation of effector T cells have been identified (Figure 1).
In contrast, significantly less information is available concerning the transcription factors
that regulate the expression of the metabolic gene programs needed for memory T cell
development [15, 29]. Insight into one aspect of this topic came from a study addressing the
mechanisms that inhibit the expression of the genes involved in the glycolysis pathway in T
cells [14]. As discussed, inhibiting glycolysis promotes the transition between effector T
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cells and memory T cells [31, 32]. In CD4* T cells, the transcriptional repressor Bcl-6
directly represses the genes that encode transporters and enzymes involved in the glycolysis
pathway to effectively dampen the expression of the metabolic gene program associated
with effector T cell differentiation [14]. Importantly, Bcl-6 expression is sensitive to
environmental IL-2 conditions, which appears to play a role in temporally coordinating the
transition between effector and memory T cell responses [14, 33-35]. Bcl-6 expression is
low in effector T cells in part because IL-2 is abundant at the onset of the effector immune
response and high environmental IL-2 inhibits Bcl-6 expression. In contrast, Bcl-6
expression is induced as IL-2 becomes limiting during the contraction phase of the response,
which coincides with the timing of when some effector cells start transitioning into memory
potential [16, 36]. Thus, Bcl-6 expression is upregulated in effector T cells as IL-2 becomes
limiting, which then allows Bcl-6 to directly repress the genes that encode transporters and
enzymes involved in the glycolysis pathway. Together, the current data support the
hypothesis that Bcl-6 promotes one of the first mechanistic steps that initiates a metabolic
program more compatible with memory T cell formation (Figure 1).

It is interesting to note that IL-2-signaling coordinates the expression of several transcription
factors that control metabolic gene expression programs in T cells. In particular, IL-2-
signaling sets up an opposing relationship between the expression of the glycolysis-
promoting transcription factor HIF1a and the glycolysis-inhibitory transcriptional repressor
Bcl-6 in effector versus memory T cells, respectively [9, 14]. Interestingly, experiments
examining the forced co-expression of Bcl-6 in the presence of HIF1a suggest that Bcl-6
activity is dominant over HIF1a activity if both factors are present at the same time [14].
This might explain how the balance is shifted away from glycolysis during a transitional
state when IL-2 is diminishing, but prior to the loss of the activators involved in effector T
cell potential.

T-bet antagonizes the Bcl-6-dependent metabolic gene program

The experimental evidence suggests that the transcription factors discussed above utilize
their direct, DNA-binding-dependent potential to regulate metabolic gene expression
programs. In contrast, the Thl-lineage-specifying transcription factor T-bet appears to at
least in part work by a DNA-binding-independent approach to regulate metabolic gene
programming [14]. It has long been established that T-bet is required for the specialization
of effector Th1 cells [37, 38]. In this role, T-bet activates Th1-signature genes such as Ifng
and Cxcr3 in a DNA-binding-dependent manner [39, 40]. In contrast, new data suggest that
T-bet also plays a role in promoting the expression of genes encoding components in the
glycolysis pathway in effector Thl cells in part by utilizing a DNA-binding-independent
mechanism [14]. Specifically, T-bet promotes the glycolysis pathway gene program by
functionally antagonizing Bcl-6 in CD4* T cells. This occurs because T-bet-Bcl-6 complex
formation requires the DNA-binding zinc fingers of Bcl-6 [14, 33]. Mechanistically, this
means that the Bcl-6 DNA-binding domain will not be exposed when T-bet-Bcl-6
complexes form, effectively preventing Bcl-6 from repressing its own target genes. This
creates a situation where the relative balance between T-bet and Bcl-6 influences the
expression of the glycolysis pathway gene program in CD4* T cells. Of note, T-bet and
Bcl-6 are expressed in CD4* and CD8* T cell, innate lymphoid cell, and B cell populations
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[16, 41-45]. Therefore, it is interesting to speculate that the balance between T-bet and
Bcl-6 might functionally regulate genes involved in the glycolysis pathway in a variety of
immune cell types. This might play a role in synchronizing the specialization state of
immune cells to effectively coordinate the immune response to a specific pathogenic insult.

The realization that T-bet utilizes both DNA-binding-dependent and DNA-binding-
independent activities to functionally regulate metabolic gene programming in CD4* Thl
cells has implications related to how we approach future studies defining the mechanisms
that control lineage-specification decisions. For instance, solely assessing the direct DNA-
binding-dependent transcriptional programs that are regulated by the factors that control cell
fate choices will inevitably miss important biological pathways that are regulated indirectly.
Perhaps this is why some of the close connections between cellular metabolism and immune
cell specialization programming were initially overlooked. In the example of T-bet and
Bcl-6 in T cells, this also sets up an intriguing possibility that the molecular balance between
pairs of transcription factors can dynamically integrate environmental signals, such as IL-2
[46]. In some cases, these balances might have the potential to influence metabolic
programming to tailor specific subtypes to function in the immediate microenvironment. It is
intriguing to speculate that this might influence the breadth of T cell subtypes that are best
suited for a specific environmental niche.

Comparing widespread changes in metabolic gene programs in T cells and

cancer cells

A somewhat surprising conclusion that has emerged from the current data is that networks
of genes encoding the components that make up almost entire metabolic pathways are
directly regulated at the transcriptional level by the factors that are important in T cell
differentiation decisions [8-10, 13, 14]. That is, each of the transcription factors discussed
above does not merely regulate a single gene that encodes one rate-limiting enzyme in a
specific metabolic pathway. Rather, each factor regulates a substantial number of genes that
encode the transporters and enzymes that control consecutive steps in the metabolic
pathway(s). This implies that changes in the expression of metabolic pathways during
immune cell differentiation and functional specialization causes more than a mere fine-
tuning or a block at an individual step in a predominant metabolic pathway in the cell.
Instead, this suggests that the selection of the metabolic program is closely coupled to the
differentiation state. This type of reprogramming also occurs in embryonic stem cells where
metabolic programming is coupled to differentiation decisions [47, 48].

Interestingly, this is also reminiscent of the reprogramming that occurs in cancer cells where
dramatic alterations in the metabolic program are often controlled by oncogenes at the gene
expression level [18]. It has long been recognized that effector cells in the immune system
behave like a quasi cancer cell in terms of their proliferative capacity and cellular metabolic
program [1]. Thus, it is striking to note that known oncogenes, such as Myc and HIF1a, are
key players that establish the metabolic gene programs required for effector T cell
proliferation and differentiation [3, 8, 18]. This suggests that the basic cellular processes that
effector immune cells are programmed to utilize in their normal lifespan represent the same
pathways that are exploited in cancer cells. However, unlike cancerous cells, effector T cells
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eventually terminate their proliferation program after antigen is cleared. Thus, in a normal
setting, a termination program must be in place in effector immune cells that is bypassed in
cancer cells.

One component of the termination program will likely relate to active repression
mechanisms to downregulate the glycolysis pathway, similar to the role for Bcl-6 in the
transition between effector and memory T cell programs [14, 32]. In this case, Bcl-6 serves
as a checkpoint to alert the effector T cell to switch off glycolysis to terminate the program
associated with robust expansion. Bcl-6 is a member of the BTB-zinc finger (BTB-ZF)
transcription factor family [44]. It is interesting to note that another BTB-ZF transcription
factor family member, ZBTB7a, acts as a tumor suppressor in part by directly repressing
numerous genes in the glycolysis pathway similar to the role for Bcl-6 in T cells [49]. This
might suggest that a program to terminate glycolysis is normally in place in cells and this
program is bypassed in oncogenic circumstances. It will be interesting in the future to
explore whether other BTB-ZF factors play similar roles in regulating this type of metabolic
termination program in diverse cellular settings.

Deciphering the roles for metabolites in T cells

It will now be important to understand the biological meaning behind why differentiating
immune cells dynamically rewire metabolic pathways at the gene program level. In
particular, what are the functional reasons that have selected for the co-evolution of specific
metabolic programs with particular immune cell specialization decisions? In some ways, the
upregulation of glycolysis in effector immune cells (and cancer cells) does not intuitively
make sense when viewed from only the perspective of energy production. Perhaps instead of
solely having a centric view on the generation of ATP, another intriguing possibility is that
components of the selected metabolic pathways might directly promote the epigenetic
programming of specialized immune cells (Figure 2). For instance, some metabolites serve
as required co-factors for epigenetic modifying complexes and recent research in the cancer
and embryonic stem cell fields are actively exploring the roles that specific metabolites play
in modifying the epigenome [47, 50]. For example, histone acetyltransferase complexes
(HATS) use acetyl-CoA as a donor to modify histones and create a more permissive
chromatin environment [18, 47]. The TCA cycle intermediate alpha-ketoglutarate (aKG) is
a required co-factor for both histone and DNA-demethylase complexes, while the
methionine cycle intermediate S-adenosylmethionine (SAM) is the donor used in DNA and
histone methylation reactions [51-55]. DNA and histone methylation play complex roles in
gene expression and are linked to programming developmental cell fate decisions [56, 57].
Thus, it is intriguing to speculate that the close connection between metabolic programs and
immune cell specialization states might be related to the role for metabolites in regulating
epigenetic programs (Figure 2). This possibility would provide a mechanistic explanation
for how changes in cellular metabolism can directly influence the gene expression programs
required for effector and memory T cell differentiation [47, 58]. Future studies are needed to
explore these exciting areas of research in immune cell populations.
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Future treatment potentials and conclusions

Another intriguing future direction for the field is to define the consequences for aberrant
metabolic programming states in immune cells. In some cases, dysregulated metabolic states
might create tumorigenic potential and cause blood cancers. For example, mutations in
enzymes such as isocitrate dehydrogenase (IDH) are known to play causative roles in acute
myeloid leukemia (AML) [59, 60]. Another possibility is that dysregulated metabolic
programming will result in aberrant differentiation capacity and/or cellular functions. This
could result in the failure to control an infection, lack of long-term memory, or autoimmune
states depending upon the circumstances and the specific metabolic pathway that is
dysregulated. In this regard, it is interesting to note that chemotherapeutic agents that target
specific metabolic pathways are sometimes repurposed to treat autoimmune diseases. For
example, methotrexate, a folate pathway inhibitor that has long been used for cancer
treatment, is now used to treat autoimmune diseases such as rheumatoid arthritis, lupus and
Crohn’s disease [52]. As a field, we will first need to comprehensively understand the
mechanistic reasons that underlie why specific metabolic pathways support immune cell
functions to then be able to envision new therapeutic strategies to treat immunological
diseases by selectively targeting metabolic pathways. Importantly, repurposing clinically
approved metabolic inhibitors that are currently used for cancer treatment has the potential
to greatly accelerate translating new mechanistic findings into viable treatment options for
immune disorders.

Another area of interest for future studies will be to more thoroughly define the
environmental conditions that influence the metabolic programming of immune cells. As
discussed in this review, a great deal of effort has been focused on defining the
transcriptional mechanisms that control the TCR- and IL-2-inducible changes in metabolic
gene programs in effector T cells. It will now be important to define the range of cytokines
and receptors that influence metabolic pathways at the gene programming level in T cells
and determine the transcription factors that integrate the signals emanating from these
events. In this regard, an exciting finding that might impact our understanding of
immunotherapy approaches is that signaling through the PD-1 receptor influences metabolic
programs in CD8* T cells [61, 62]. In addition, it will be intriguing to address how the
nutrient environment regulates these gene programs because of the role that nutrition plays
in the effectiveness of vaccines and immune responses [62, 63]. Especially in the context of
therapeutic intervention, it will be critical to define these questions in diverse immune cell
types to predict how the overall immune response will be impacted. In summary, there has
been immense progress in understanding the relationship between cellular metabolism and
immune cell differentiation. Developing our mechanistic knowledge of how the genes in
metabolic pathways are functionally regulated, and in turn how metabolism regulates
immune cell function, will increase our ability to translate this information into therapeutic
potential in the future.
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Highlights
1. Transcriptional programming of metabolism in effector and memory T cells
2. Key transcription factors that regulate metabolic programs in T cells

3. Comparing widespread changes in metabolic gene programs in T cells and
cancer cells

4. Possible role for metabolites in epigenetic programs
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Figure 1. TCR- and cytokine-inducible transcription factors regulate metabolic and
differentiation programs in T cells

In the top panel, TCR-signaling (blue wedge), IL-2-signaling (yellow wedge), and IL-7- and
IL-15-signaling (black wedge) are depicted. The key transcription factors that are induced
by these signals and are known to influence T cell metabolic programs are shown. The
question mark refers to unknown transcriptional regulatory factors. The corresponding
metabolic gene programs that are regulated by the signaling events are depicted in the
middle panel and a gradient that represents effector and memory potential in T cells is
depicted in the bottom panel.
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Figure 2. Coordinating metabolic and differentiation programming in T cells
Representation of the possible connections between transcriptional programs, metabolism,

epigenetics, and T cell differentiation states. The transcriptional programming of the
expression of genes that encode components of metabolic pathways (yellow panel) will
cause changes in cellular metabolism programs (blue panel). The changes in the levels of
metabolites that serve as donors and co-factors for epigenetic-modifying complexes might
then lead to differential epigenetic programming (green panel) that will determine the fate of
the effector or memory T cell states (orange panel). The metabolic and epigenetic pathways
displayed are an abstract representation of cellular metabolism and epigenetic modifications,
respectively, and are not intended to visually represent a specific metabolic pathway or
epigenetic program.
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