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Abstract

Immunological memory is a cardinal feature of adaptive immunity and an important goal of
vaccination strategies. Here we highlight advances in the understanding of the diverse T
lymphocyte subsets that provide acute and long-term protection from infection. These include new
insights into the transcription factors, and the upstream ‘pioneering’ factors that regulate their
accessibility to key sites of gene regulation, as well as metabolic regulators that contribute to the
differentiation of effector and memory subsets; ontogeny and defining characteristics of tissue-
resident memory lymphocytes; and origins of the remarkable heterogeneity exhibited by activated
T cells. Collectively, these findings underscore progress in delineating the underlying pathways
that control diversification in T cell responses but also reveal gaps in the knowledge, as well as the
challenges that arise in the application of this knowledge to rationally elicit desired T cell
responses through vaccination and immunotherapy.

Advances in the understanding of T lymphocyte memory have revealed the extraordinary
diversification potential of adaptive immunity. Classic textbook definitions of
immunological memory highlight the key properties of long-term remembrance of previous
exposure to antigen as more rapid and robust responses upon re-exposure to antigen, due to
the enhanced frequency of pathogen-specific cells and acquired functional properties. More
specialized definitions of memory T cells often also include specific characteristics, such as
antigen-independent persistence and self-renewal, which highlights an important conceptual
difference between ‘immunological memory’ and a ‘memory cell’. For many years it has
been clear that memory T cells are not a single cell type but instead exhibit considerable
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heterogeneity from phenotypic, functional, anatomic and developmental perspectives. In
particular, the developmental origins of memory T cells and the developmental relationships
between different subsets of T cells have been among the more controversial concepts in the
field. The answers to the questions of which signals and pathways give rise to distinct types
of memory T cells are of central importance for the optimization of vaccine design and
immunotherapies for cancer and other diseases. The goal of this Review is to summarize and
contextualize findings describing the diversity of effector and memory T cells and the
origins of this diversity. We will focus on the CD8" T cell response but will also discuss
various topics in the context of what is known about CD4* T cells when relevant.

Heterogeneity of effector and memory lymphocyte subsets

In response to pathogen infection, naive T lymphocytes undergo activation and proliferation,
giving rise to progeny with effector and memory fates that are able to mediate immediate
and long-term protection. In this Review we use the terms “effector’ and ‘memory’ to refer
to antigen-experienced lymphocytes that are present before microbe clearance and long after
microbe clearance, respectively. Such a broad, temporal definition acknowledges data
showing that cells with memaory potential arise during the acute phase of an immune
responsel2 and that certain protective functions generally attributed to “effector’ cells, such
as the secretion of inflammatory cytokines and cytolytic activity, are shared with certain
subsets of memory T lymphocytes3.

Heterogeneity among memory lymphocytes in their surface-receptor expression, effector
function, location and trafficking properties has long been recognized34, with the
description of at least four distinct subsets of memory T lymphocytes: central memory T
cells (T¢m cells), effector memory T cells (Tgp cells), tissue-resident memory T cells (Trm
cells) and stem memory T cells (Box 1). The effector and memory lymphocyte subsets are
generally considered to be cellular ‘fates,” while cells that are engaged in the process of
differentiating toward one of these subsets are considered to be in transient ‘states’. The
term ‘fate’ suggests a lack of plasticity that is implicit in the term *state.” However, it should
be appreciated that there is evidence for interconversion between memory subsets®, and it
remains unknown whether cells seemingly destined for death may retain the ability to
change this outcome. Indeed, external influences, including the presence of inflammation,
signaling via the T cell antigen receptor (TCR) and cytokines have been shown to be strong
determinants of T lymphocyte differentiation®.

Box 1
Memory stem cells

The stem cell model of immunologic memory proposes that a single memory lymphocyte
re-encountering antigen gives rise to one set of progeny capable of terminal
differentiation and another capable of self-renewal38. In a single-cell adoptive-transfer
method, Tcwm cells have exhibited self-renewal and multipotency across serial adoptive
transfers and repeated infections®2, in support of this concept. Other subsets of memory
lymphocytes, called ‘stem memory T cells’, may also exhibit certain stem cell-like
properties. A subset of human Ty cells and Tgp cells, characterized by high expression
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of the cytokine receptor IL-18Ra and the natural killer cell receptor CD161, resemble
hematopoietic stem cells in their ability to rapidly undergo efflux and survive exposure to
chemotherapy drugs!3°. A distinct subset of CD8* T cells that are phenotypically
CD44!°CcD62LN and have high expression of Sca-1, CD122 and Bcl-2 (refs. 140,141)
have proliferative and functional abilities that are superior to those of T cells in certain
experimental settings, such as cancer and graft-versus-host disease, but it will be
important to determine whether these stem memory T cells exhibit self-renewal across
serial single-cell adoptive transfers. Although the function of each distinct memory
lymphocyte subset remains a subject of debate, it seems clear that the relative importance
of each subset varies depending on the specific pathogen and the route and site of
infection.

Role of selected transcriptional regulators (far left) in the differentiation of CD8* T
lymphocytes in response to infection with lymphocytic choriomeningitis virus (LCMV),
L. monocytogenes (LM), influenza virus (flu) or vesicular stomatitis virus (VSV), as
indicated by the effect of genetic deletion of each factor (right).

It is well appreciated that in addition to the heterogeneity of memory T cells, heterogeneity
of cell fate among the progeny of activated T lymphocytes also exists in the effector T cell
population. For CD4* T lymphocytes, diversity among fate ‘choices’ includes various
effector subsets, such as the helper T cell subsets TH1, Ty2, TH17 and TH9, as well as
follicular helper T cells (Tgy cells) and induced regulatory T cells (Tyeg cells)’, each of
which serves a specialized function and is adapted to counter a specific class of pathogen® or
to counterbalance excessive activation of the immune system. While CD8* T lymphocytes
may exhibit less functional diversity (i.e., type 2 or interleukin 17 (IL-17)-producing (‘type
17") CD8™ T cells are not typically observed), heterogeneity in terms of other functional
attributes and phenotypic markers has been increasingly recognized and may distinguish the
efficacy of CD8* T cell populations in distinct settings. Effector CD8* T cells can exhibit
heterogeneity in their ability to produce individual cytokines, such as interferon-y (IFN-y),
tumor-necrosis factor (TNF) or interleukin 2 (IL-2), or B-chemokines or to co-produce
multiple cytokines and chemokines, which correlates with improved protection against
infection® and enhanced anti-tumor immunity1C. Additional heterogeneity may exist for
CD8* T cells with respect to newly synthesized perforin versus pre-formed perforin and/or
coexpression of perforin and various granzymes!!. Notably, functional profiling of CD8*
effector and memory populations is further complicated, as these may also depend on
pathogen type as well. For example, the number and frequency of antigen-specific effector
and memory CD8™ cell subsets that express the lectin-like receptor KLRG1 and the cytokine
receptor IL-7R are vastly different in the response to different pathogens, such as Listeria
monocytogenes or vesicular stomatitis virus, and this can be attributed to the unique
inflammatory environment generated by each infectionl2. This pathogen-specific
heterogeneity can have profound consequences; in a study using a prime-boost strategy to
induce CD8" T cell-mediated protection against lethal infection with influenza A virus,
vaccinia virus expressing influenza virus nucleoprotein induced a protective CXCR3N CD8*
memory population in the lungs, while L. monocytogenes expressing influenza virus

Nat Immunol. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chang et al.

Page 4

nucleoprotein did not!3. Thus, understanding the key influences that regulate the
heterogeneity of effector and memory cells will greatly inform vaccine strategies.

Along with showing functional heterogeneity, effector CD8* T lymphocytes exhibit nearly
endless diversity in their expression of surface molecules that can serve as phenotypic
markers of antigen-experienced cells4. A current challenge for the field is to determine
which of these phenotypic markers, individually or in combination, represent indicators of
cell “fate” versus those that simply reflect cell ‘state’. In other words, can the determinants of
true lineage-defining events be distinguished from transiently expressed phenotypic markers
that may simply reflect an individual T cell’s exposure to environmental signals? In the
effector CD8" T cell population, for example, it is possible to identify, to some degree,
individual lymphocytes that will be, or already have been, programmed to survive and
differentiate into memory CD8* T cells versus those that are terminal and are programmed
to undergo apoptosis? CD8* T lymphocytes with high expression of IL-7R and low
expression of KLRG1 (IL-7RMKLRG1!°) during acute infection have a tenfold greater
likelihood of survival after infection is cleared than do their KLRG1MIL-7R!° counterparts,
which leads to the conclusion that the IL-7RN effector population includes an intermediate
stage of memory differentiation, while the KLRG1M population represents terminally
differentiated lymphocytes destined for death®. It should be appreciated, however, that these
markers, while useful, do not fully capture the degree of heterogeneity of effector cells, as
additional phenotypic and functional heterogeneity can be observed in both IL-7R" subsets
and KLRG1M subsets'®>. KLRG1M cells are readily detectable after the resolution of
infection6, and the receptors KLRG1 or IL-7R themselves are neither necessary nor
sufficient for terminal differentiation or the development of memory lymphocytes?-18,
respectively. Moreover, the IL-7R" subset seems to retain plasticity, while the KLRG1M
subset does not, because the former “memory precursor’ subset can also give rise to Tryp
cells or exhausted CD8" T cells, while the KLRG1M subset cannot19:20,

Phenotypic heterogeneity in the effector T cell population at the peak of the adaptive
immune response raises the possibility that other molecules expressed even earlier might be
used to predict or might influence the eventual fate of naive lymphocytes activated by
infection. Indeed, CD8* T lymphocytes with high expression of the transcriptional regulator
1d3 on day 5 of pathogen infection exhibit a transcriptional program similar to that of long-
lived memory cells2. Moreover, the cytokine receptor IL-2Ra. can be an early determinant
of T lymphocyte fate specification. As early as the second cell division, differences in the
abundance of IL-2Ra expression in CD4™ T lymphocytes responding to infection influences
the Tyl cell-versus—Tgy cell fate ‘choice’ by controlling the relative expression of the
transcription factors Blimp-1 and Bcl-6 (refs. 22,23). Similarly, differences in IL-2Ra
expression on day 3 of pathogen infection?425, and as early as the first cell division28, may
influence the eventual fate of recently activated CD8" T lymphocytes, in part through the
differences in the induction of Blimp-1 (refs. 27,28). IL-2Ra" CD8* T cells are more likely
to undergo apoptosis and IL-2Ra!® CD8* T cells exhibit an increased likelihood to survive
after clearance of infection, although it should be noted that IL-2 signals are dispensible for
optimal memory development?®. Together, these observations suggest that the signals that
direct activated CD8" T lymphocytes toward or away from the long-lived memory fate may
not be absolute but instead may operate along a gradient, such that small amounts of a
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particular signal may promote or be permissive for one fate, while large amounts of the
same signal could foster a different fate. Such a concentration gradient-based model of
CD8* T lymphocyte differentiation is consistent with other developmental models of fate
determination30:31,

Lessons about T cell subset heterogeneity from single-cell studies

Various transcriptional profiling studies have driven many of the fundamental discoveries
discussed in the preceding sections'2:32:33_ By comparing the gene expression of CD8* T
lymphocytes during the course of well-characterized infections, these studies have identified
genes, groups of genes and pathways central to the specification of terminal differentiation
versus long-lived memory. Notably, these studies have shown that resting, long-lived
memory CD8* or CD4* populations share greater than 95% similarity in gene expression
with their naive counterparts and with each other34. Furthermore, most genes whose
expression is higher in memory cells than in naive cells are also expressed by effector CD8*
T cells, which leaves only a relatively short list of genes that are uniquely induced in
memory cells!2:32:33 Two meta-analyses using data from the Immunological Genome
Project or from 386 publicly available gene-expression profiles comparing naive, effector
and memory CD8" T cells have focused on identifying transcriptional regulators of memory
signature genes32:35, These studies have picked out many of the factors discussed above as
being key to the generation of effector and memory cell populations yet have also identified
a small number of transcriptional regulators not yet linked to memory cell formation; these
studies provide the basis for future work32:3%, However, so far, no lineage-defining genes
have been established for long-lived memory T cells, which perhaps reinforces the idea that
a complex transcriptional network rather than a ‘master regulator’ promotes the memory
state or memory fate, or perhaps indicates the limits of current experimental strategies. The
collective experimental data showing substantial heterogeneity among the progeny of
activated T lymphocytes, moreover, may mask less dramatic but nonetheless key changes in
gene expression or changes in expression in individual cells, which places some constraints
on the interpretation of data generated by population-level profiling.

For initial investigation into the origins of such diversity, the following approaches have
been used to probe the potential fate of cellular progeny derived from a single lymphocyte:
adoptive transfer of a single T lymphocyte into a congenic recipient36:37: a limiting-dilution
strategy in which polyclonal T lymphocytes are adoptively transferred into a congenic
recipient to achieve the transfer of a single antigen-specific T cell38:39; and a ‘DNA-
barcoding’ technology that enables the generation of naive T cells carrying unique genetic
tags that allow them to be analyzed and distinguished%:41. Initial studies have demonstrated
that a single, naive CD8* T lymphocyte is able to give rise to both effector lymphocytes and
memory lymphocytes3640, providing evidence for a ‘one naive cell, multiple fates’ model of
T lymphocyte diversification. Subsequent studies have generated additional insights,
revealing that individual T lymphocytes exhibit highly disparate tendencies to yield effector
progeny heterogeneous in their proliferative capacity, cytokine production and expression of
phenotypic markers, including KLRG1 and I1L-7R37-3941, This heterogeneity is evident
among polyclonal T lymphocytes bearing different TCRs as well as among T cells bearing
identical TCRs38:39, Furthermore, adoptive transfer of a single Ty cell also gives rise to
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this heterogeneity*2. Moreover, the degree of heterogeneity appears to be somewhat tissue
specific, with effector lymphocytes in the intestinal lamina propria exhibiting less
phenotypic diversity than splenic T cells following oral infection38. Finally, heterogeneity in
the TH1 cell-versus—Tgy cell fate ‘choice’ has been observed for CD4* T lymphocytes
responding to infection, which was influenced by TCR affinity and dwell times of
complexes of peptide and major histocompatibility complex3°,

Together, the findings reported above from multiple groups suggest that a single, activated T
lymphocyte exhibits a remarkable capacity to yield heterogeneous progeny, but that
individual lymphocytes do so with a high degree of variability. The precise mechanisms that
control this variability remain unknown, but several non—mutually exclusive possibilities
probably contribute to this. First, TCR avidity, peptide—major histocompatibility complex
dwell times and subsequent strength of TCR signal can influence the type of progeny
derived from a single T lymphocyte39; other factors that influence strength of signal, such as
costimulation, probably also contribute to this (Fig. 1a). Second, differences in the
microenvironments encountered by the progeny of an individual activated lymphocyte,
owing to the type of infection, antigen abundance, cytokine milieu, site of infection and even
region in the same spleen or lymph node, can affect eventual fate ‘choices’®. Third,
differences in gene expression in otherwise identical naive T lymphocytes at the time of
their activation, due to stochastic fluctuations*3 or disparities in tonic TCR signaling®?,
might also contribute to this. Finally, the observation that single T cells have distinct
tendencies to yield heterogeneous progeny does not argue for or against the possibility of
asymmetric T lymphocyte division, whereby an activated T cell unequally partitions fate
determinants during mitosis, resulting in daughter cells that exhibit a predisposition toward
disparate fates from their inception#>46. Indeed, the type of division (asymmetric or
symmetric) that a recently activated T lymphocyte undergoes during an immune response,
controlled by TCR affinity*” and expression of adhesion molecules*®, may represent yet
another mechanism that can shape the heterogeneity of cell fates that arise.

Another key question raised by the single-cell adoptive-transfer studies discussed above,
particularly since heterogeneous progeny were studied 7-10 days after initiation of the
immune response, is the timing with which daughter cells of a single T lymphocyte begin to
adopt distinct differentiation states. While genomic profiling studies have examined
lymphocytes before the peak of the adaptive immune response32, these data are based on
analyses of bulk cellular populations and thus do not distinguish the gene-expression
patterns of individual T cells. Advances that couple microfluidics with quantitative RT-PCR,
however, enable the use of single-cell transcriptional profiling approaches in studying
diverse biological processes, including embryonic development*8 and induced pluripotent
stem-cell differentiation®9, and have revealed heterogeneity observed only at the single-cell
level. A study of the differentiation of CD8" T lymphocytes using a similar single-cell
analysis approach has revealed transcriptional heterogeneity as early as the first cellular
division in vivo and has discerned gene-expression signatures predictive of the eventual fate
of the daughter cells26. Early induction of expression of the genes encoding the chemokine
receptor CXCR3 and the chemokine CCL5 was predictive of the long-lived memory fate,
whereas early expression of the genes encoding IL-2Ra, the lectin Gal-1 and the
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transcriptional repressor Zeb2 and downregulation of expression of the genes encoding the
transcription factor TCF-7 and L-selectin were predictive of the terminally differentiated
effector fate. The presence of distinct transcriptional patterns in lymphocytes that have
undergone their first division suggests an early diversification of T lymphocyte fates.
Collectively, these studies make a compelling argument for the integration of single-cell
adoptive-transfer and single-cell analysis approaches in future studies of T lymphocyte fate
specification.

Transcriptional and epigenetic regulation of differentiation

An area that has received considerable attention in the past few years is the identification of
transcription factors that regulate the differentiation of effector and memory T cells. Indeed,
a growing list of transcription factors has been linked to various aspects of effector and/or
memory T cell biology (Table 1). Each of these transcription factors has potentially
important effects on gene expression in effector and/or memory T cells, imparting
specialized functional activity. An important conceptual theme that has emerged from these
studies, moreover, is the idea that pairs of transcription factors operate in opposing ways to
facilitate the terminal-effector—versus—memory CD8* T lymphocyte fates (Fig. 1b). For
example, large amounts of the transcription factor T-bet foster the differentiation of effector
CD8* T cells toward the terminally differentiated KLRG1N fatel550, Notably, the amount
of T-bet expressed can be positively regulated by inflammatory signals such as 1L-12 (ref.
15), which provides a direct link between the amount of inflammation present and further
expansion of the pool of terminal-effector cells°:52, This link between inflammation and T-
bet provides a parsimonious way to connect the potential severity of infection to the need for
more effector cells to fight the pathogen. Genetic deletion of T-bet essentially abrogates
formation of the KLRG1i subset of effector CD8" T cells with little effect on the IL-7RNi
subset!®. The transcription factor Eomes is highly homologous to T-bet, especially in the
DNA-binding domain, but seems to foster the development of memory CD8* T cells rather
than KLRG1N effector CD8" T cells®34, Genetic deletion of Eomes has a relatively modest
effect on the effector pool but results in memory attrition®® and failure to generate self-
renewing Ty cells®®. Thus, this related pair of transcription factors operates to
‘preferentially’ foster the differentiation of terminal effector cells versus T cells. Notably,
the amount of T-bet and Eomes is key, and a gradient effect clearly exists in which
increasing amounts of T-bet foster increasing differentiation into terminal effector cells1®.
This counterbalance also applies to the transcription factor pair 1d2 and 1d3 (refs. 21,57) and
the pair Blimp-1 and Bcl-6 (refs. 27,28,58,59) and perhaps other pairs.

While the paradigm outlined above has been delineated mainly from studies of CD8* T
cells, these same transcription factors also seem to influence CD4* T cell memory. Indeed,
the pair Blimp-1 and Bcl-6 has been reported to influence effector versus memory subsets of
CDA4* T cells?7.28:58 The association of Bcl-6 with CD4* T cell memory also has important
potential implications, given the key role of this transcription factor in the biology of Tgy
cells®0-62_ Indeed, one key distinction between the biology of CD8* T cells and that of
CD4™* T cells is that the transcription factors associated with different functional lineages of
CD4™ T cells, often called ‘master regulators’, are known, as follows: T-bet for T1 cells,
GATA-3 for T2 cells, RORyt for T17 cells, and Bcl-6 for Try cells®. It remains unclear
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whether there are two layers of transcriptional control in CD4* T cells that specify effector
fate versus memory fate as well as functional specialization. In other words, is there a
Blimp-1*GATA-3" effector T2 cell population and a Bcl-6*GATA-3* memory T2 cell
population? Or do T-bet, GATA-3 and RORyt also impart information about effector and
memory fate for CD4* T cells? While studies have defined phenotypic and functional
subsets of effector CD4™ T cells that correlate with distinct effector and memory fates,
understanding of the transcriptional control of CD4* T cell memory generally lags behind
understanding of such control of CD4* T cell functional specification.

The classic naotion that a single transcription factor or pair of transcription factors controls
gene expression is clearly an oversimplification. It is well appreciated that key transcription
factors such as those described above often operate with numerous locally bound cofactors
and in partnership with more distally bound transcriptional regulators3.84. A published
study has systematically mapped combinatorial interactions among known transcription
factors and has correlated this with tissue-specific expression; these data have led to the
estimation that tissue-type specification would be accomplished by networks of
approximately 15 transcription factors, many of which are broadly expressed ‘facilitators’ of
gene expression8. This favors the conclusion that cell specification is accomplished not by
specific expression of single master regulators but by cell type-restricted interactions among
a network of transcription factors expressed uniquely in combination. In other words, a
particular transcription factor may be expressed in multiple tissues, but only the
coexpression and colocalization of a specific set of transcription factors in a given tissue
enables their interaction and the specification of a unique fate. This requires a broader look
at the transcription factors discussed above and a more complete description of the
combination of factors that regulate gene expression in CD4* or CD8™ effector cells for full
understanding of how memory lineages are specified. To begin to define some of this
complexity in the control of gene expression and differentiation, several network-based
approaches have been applied to the elucidation of T cell differentiation32:66-70, These
studies have provided considerable insight in the types of regulatory programs used by T
cells during effector and memory differentiation and have also revealed central ‘hub’ genes
and pathways that are probably pivotal in fate determination and/or characteristic properties
of different types of T cells.

It is tempting to associate individual transcription factors that control a key function of a cell
type with the developmental control of a subset of cells with that function. For example, T-
bet has long been thought to be the lineage-defining transcription factor for Ty1 cells, with
similar inferences made about GATA-3 and T2 cells8. Work from several groups using
network-based and epigenetic approaches has prompted a reevaluation of this concept,
which has highlighted the importance of the relative accessibility of key regulatory elements
such as enhancers in establishing cell lineage characteristics. A study examining the
epigenetic ‘landscape’ of Tyl and T2 cells has identified key lineage-specific open
enhancer regions by defining chromatin accessibility and binding of the histone
acetyltransferase p300 (ref. 71) and has observed that the enhancer ‘landscape’ of Tyl cells
or T2 cells is not substantially perturbed by deletion of T-bet or GATA-3, respectively,
although transcription of mMRNA encoding the lineage-defining cytokines is reduced in cells
deficient in T-bet and GATA-3. These data are consistent with an emerging theme also
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observed for macrophages and other cell types’? that it is the epigenetic enhancer
‘landscape’, rather than individual ‘effector transcription factors’, that more accurately
defines cell fate. The data indicate that while transcription factors such as T-bet and
GATA-3 control expression of some of the key genes associated with Tyl and T2 cells,
the fundamental identity of these lineages can be established by other transcriptional events,
which suggests an upstream ‘pioneering factor’ that regulates accessibility of the entire
transcriptional network to key sites of gene regulation (Fig. 2).

Indeed, studies of CD4* T cells®6:73.74 and CD8* T cells’® indicate that the transcription
factors BATF and IRF4 might serve the “pioneering’ role noted above, although true
biochemical evidence of “pioneering’ activity to displace nucleosomes and initiate
chromatin opening does not yet exist. Loss of either BATF’>~77 or IRF4 (refs. 76,78-81)
greatly perturbs the early phases of the CD8* T cell immune response, which results in
collapse of the effector phase after initial proliferation. Interestingly, this is accompanied by
disrupted regulation of a large percentage of genes associated with CD8* T cell activation,
including genes encoding key transcription factors and molecules that control metabolism,
as well as molecules associated with effector function’>. BATF and IRF4 have largely
overlapping gene targets, and the binding of each to genes appears to be dependent on the
other in the context of CD4* T2 cells and T17 cells, dendritic cells and B cells?4:82:83,
which suggests they function as a complex. In various lymphocyte lineages, BATF and IRF4
are fundamental in establishing the proper expression of many genes induced by
transcription factors, such as T-bet, that drive the effector programs. Although these initial
studies provide an important step forward, additional work to establish the ‘pioneering’
function of BATF-IRF4 in regulating chromatin accessibility during the CD8* T cell
response is needed to elucidate how the activation of a naive T cell establishes a chromatin
‘landscape’ that reveals appropriate regulatory regions that allow stimulus-driven
transcription factors to promote lineage-specific gene expression. As discussed above, there
is robust evidence that cells with strong memory potential are established very early in the
immune response; how this may be influenced by early modifications to gene accessibility is
a key question.

An additional challenge in linking the role of individual transcription factors to the
specification of memory and effector lineages is the fact that in comparisons of the
expression of many of these transcription factors, the differences between the terminal
KLRG1" population and the IL-7R population that contains the memory cell precursors
are rather small. For example, for T-bet expression, the difference between these two
populations at the peak of the immune response is approximately twofold!®, which
illustrates again that cell-fate specification probably involves more complexity and/or
network interactions than can be orchestrated by a single transcription factor. Thus, an
important component of understanding how heterogeneity arises in the effector population
and contributes to memory formation will probably include a description of the enhancers
and regulatory regions of different CD8* T cell subsets, as well as their accessibility at
different stages of the immune response, and identification of the many factors that bind
those regions. Although there are excellent studies that have examined epigenetic changes at
individual genes in effector T cells versus memory T cells84-86 and a handful of landmark
surveys of the overall epigenetic ‘landscape’ of effector and memory cells®’, understanding
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of epigenetics in T cell memory remains incomplete. Thus, a major challenge for the field
will be to determine how to integrate this information with data on the function of
transcription factors such as those described above, and microRNAs and long noncoding
RNAs, to generate comprehensive understanding of the events that determine heterogeneous
lymphocyte fates.

Memory in situ

Much of the understanding of the gene-expression programs that govern the formation and
function of memory populations has been gleaned from studies of recirculating populations
of Tgm cells and Ty cells, in which Tgp cells were assumed to represent memory
populations that provide frontline defenses in tissues should reinfection occur. However,
subsequent studies have highlighted the fact that in most tissues, a prominent population of
long-lived CD8* T cells that is distinct from the Tg) cell populations and does not
recirculate is seeded after infection88-92. These tissue-resident memory cells are poised at
sites of potential reinfection, such as the intestinal, genital and respiratory mucosa and skin,
and coordinate the initial response to pathogens, providing a substantial boost to immunity
in the tissue by directly recognizing antigen, recruiting circulating memory cells and
diminishing pathogen load in the earliest phase of infection®-%0, Indeed, published work
indicates that these Trp cells may even supplant, or at least augment, innate immunity in
the speed with which they recognize and respond to new infections. The activation of Ty
cells by antigen and subsequent production of IFN-y can induce local expression of the
integrin ligand VCAM-1 by vascular epithelium, which promotes the trafficking of
leukocytes to the inflamed tissue, including the recruitment of B cells and recirculating
memory T cells, which rapidly escalates the local response®%:93, Further, the production of
TNF and IL-2 by Trm cells enhances the maturation of dendritic cells and activation of
natural killer cells, respectively®3, which demonstrates the broad effect of this small memory
population. The activation of Tgp cells and IFN-y production can also induce a gene-
expression program indicative of an ‘anti-pathogen’ response by local tissue cells%4, and
such triggering of Trpy cells can provide local protection from subsequent viral infection
independently of antigen recognition®3. While it is difficult to generalize, as Tgy cells have
been studied in a range of tissues and infections that probably have idiosyncratic differences,
a model for the differentiation of CD8" Trp cells is emerging nonetheless. To summarize,
in a primary immune response, Trp cells arise early when peripheral tissues are seeded
from the pool of recently activated T cells that gain access to the tissues due to altered
expression of chemokine receptors, selectins and/or integrins2%-94.95, Some of these T cells
then take up permanent residence in these nonlymphoid tissues and further differentiate into
Tru cells in situ?0:88.95-97 |nterestingly, in one experimental system it was the KLRG1!°
subset of effector CD8* T cells that gave rise to Try cells®8, which suggests that these cells
may have the developmental plasticity to give rise to distinct types of memory CD8* T cells.
While Ty cells may accumulate most substantially near the site of original infection,
enhanced protection against vaccinia virus, lymphocytic choriomeningitis virus and herpes
simplex virus at distant sites indicate that broad dissemination of these cells in the tissues
provides enhanced protection systemically88-90. Much less is known about tissue-resident
populations of CD4™ T cells, which are not as abundant and show localization different from
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that of CD8" Trpy cells®, although studies suggest that CD4* Tgp cells provide enhanced
protection from lethal infection with herpes virus and may be maintained by interactions
with tissue macrophages®®.

It is thought that signals induced by such cytokines as TGF-p, IL-15, IL-33 and TNF in T
cells entering the tissues can induce acquisition of the Trp cell phenotype, with high
expression of the activation marker CD69, high expression of the integrin CD103 (agf7) in
some tissues, and low expression of the cytokine receptor CD122 (IL-2Rp), the activation
marker CD62L, the transcription factor KLF2, the chemokine receptor CCR7, the surface
marker Ly6C and the receptor for sphingosine 1-phosphate (S1P1)), as well as functional
characteristics (elevated granzyme B and cytokine production). TGF-f has a key role in
establishing and sustaining CD69*CD103* Ty cells in a range of tissues by helping to
induce the expression of CD103 and integrins that mediate retention%6.98.100, Deficiency in
the gene encoding CD69, CD103, the receptor for TGF-§ or IL-15 substantially impairs the
generation of a tissue-resident memory population and/or the ability to sustain such a
population. Interestingly, TGF-B produced by Tyeq cells supports the accumulation of
CD103* Trpm cells in the central nervous system during infection with West Nile virus,
which suggests an important interaction between Teq cells and tissue-resident memory cells.
In addition to promoting the expression of key molecules, TGF-$, along with IL-33 and
TNF, causes the downregulation of the gene encoding KLF2 and thus of its target S1Pq (ref.
101). Forced expression of S1P; by CD8* T cells prevents the establishment of tissue-
resident cells. Thus, entry into the tissues can trigger a switch whereby cells downregulate
the receptor that would promote their return to circulation and induce the Trp cell
phenotype.

There is still much to be learned about how the Ty cell population is established and
sustained and how these mechanisms may relate to the pathways that control the
differentiation of recirculating memory populations. The general assumption that memory T
cells in the tissues are terminally differentiated and derive from Tgy cells has not been
borne out by studies of Ty cells; during the effector phase, Try cells differentiate from
KLRG1' cells once in the skin%, and Tgp cells harvested from gut epithelium can give rise
to both recirculating cell populations and Tgry cell populations following rechallengel©2,
which suggests plasticity in commitment to the memory subsets and reinforcement of Trum
cell characteristics by tissue-derived signals. Consistent with the proposal that tissue-specific
signals drive the specification of Try cells, microarray analysis has revealed that the gene-
expression signatures of Try cells derived from brain, gut and skin are highly related,
sharing a common core signature distinct from those of other resident populations and
recirculating populations derived from the same tissues or spleen (Tgpm cells and Tep
cells)98.103 |nterestingly, expression of the genes encoding Eomes and TCF7, both
associated with long-lived memory T cell populations in the spleen and lymph nodes, is
substantially lower in Trp cells than in circulating memory populations. However, Trm
cells do not have high expression of the genes encoding Blimp-1, SIP1 or T-bet, as might be
expected of terminally differentiated cells. Thus, Trm cells do represent a unique, long-lived
antigen-experienced population that shows evidence of a distinct gene-expression program.
Understanding which specific microenvironmental signals influence the specification and
longevity of this population is a key priority, as these cells are exposed to unique metabolic
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cues, nutrient and O levels and inflammatory signals compared with those to which
recirculating memory T cell populations are exposed.

Metabolic state and memory T lymphocyte differentiation

The integration of signals mediated by TCRs, costimulatory molecules and cytokines
initiates and guides the population expansion and differentiation of naive T cells into
effector and memory populations'94.195 hoth of which have substantial functional and
phenotypic heterogeneity. One of the more remarkable aspects of T cell responses following
infection or vaccination is that quiescent naive T cells transition to a state of extraordinarily
rapid proliferation and increase in biomass. After a lag of 24-36 hours following their initial
activation, CD8* T cells can divide at least every 4-8 hours for the next 5-7 days, which
leads to an increase in cell number of 100- to 10,000-fold. The single-cell studies described
above36.40 indicate that because only a fraction of the naive pool gives rise to the numerical
majority of the resulting effector pool, these division rates may in fact be underestimates.
The extensive proliferation and production of effector molecules must be accompanied by
substantial alterations in metabolism, including major changes in how energy is generated
and the production of biomolecules that support cell growth. The metabolic pathways and
changes that accompany activation, as well as the role of the mTOR, Akt and PI(3)K kinase
pathways that affect these changes, have been reviewed in detaill94.106-108 Here we will
focus on how these changes may influence memory-cell differentiation. Naive T cells are
presumed to require basal levels of energy to support their survival, which are thought to be
derived from pyruvate oxidation and mitochondria-dependent fatty acid p-oxidation, in
which the catabolism of fatty acids into acetyl-CoA can be used to fuel oxidative
phosphorylation and drive ATP production199.110, ‘Oxidative phosphorylation’ refers to the
mitochondrial generation of ATP by the oxidation of metabolic intermediates (NADH and
FADH2 generated from acetyl-CoA in the tricarboxylic acid (TCA) cycle), which
establishes a proton gradient in the mitochondrial matrix and drives ATP synthesis. Within
the first 24 hours following T cell activation, a rapid increase in glycolysis and glutamine
oxidation driven by c-Myc-dependent metabolic reprogramming occurs, at least in part due
to upregulation of numerous genes encoding molecules necessary for these processes1909:110,
At later time points, activity of the transcriptional regulator HIF (*hypoxia inducible factor’)
downstream of mTOR may have a role in promoting the glycolytic program195111 |n the
effector phase, aerobic glycolysis becomes the more prominent metabolic pathway, although
effector cells also continue to derive energy from oxidative phosphorylation. As the immune
response wanes, antigen-specific cells either die or return to a quiescent state and adopt a
metabolic profile more similar to that of naive cells, whereby oxidative phosphorylation is
the dominant pathway that meets the attenuated energy requirements of the memory T cell
population108.110.112 Several lines of experimentation have shown that sustained glycolytic
activity can restrain the formation of memory cells, while inhibition of glycolysis can alter T
cell effector functions and may promote the development of memory cells!13. These data
have inspired a new appreciation for the central importance of metabolic programming in
regulating differentiation and the generation of the immune response (Fig. 3). There is
accumulating evidence that changes in metabolic status and activity do not merely affect the
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bioenergetic and biosynthetic needs of T cells but may also influence gene expression,
thereby integrating the outcomes of cellular growth with function and cell fate.

Two key observations brought the study of metabolism to the forefront in the discussion of
memory T cell differentiationl14.115_ Inhibition of mMTOR by treatment with rapamycin and
activation of AMPK by treatment with metformin, an inhibitor of mTOR that promotes fatty
acid catabolism, promotes the formation of memory cells and ‘rescues’ the impaired survival
of T cells deficient in the adaptor TRAF6 (refs. 114,115). These observations suggested the
exciting possibility that the differentiation of lymphocytes into memory cells can be
pharmacologically manipulated and sparked a series of studies supporting the idea that a key
aspect of the differentiation of CD8" T cells into memory cells is the switch from glycolytic
metabolism to fatty acid oxidation. Memory CD8" T cells show greater oxygen
consumption, a surrogate of oxidative phosphorylation, than that of naive or effector cells,
but even more notable, they have a greater maximal capacity for oxygen consumption or
mitochondrial spare respiratory capacity, an indication of their ability to generate energy
under stress!18. This enhanced spare respiratory capacity of memory CD8 T cells has been
shown to be due to mitochondrial fatty acid oxidation and has been hypothesized to support
the survival of memory CD8* T cells and their ability to respond rapidly upon
reinfection!16.117_|_-15, which is known to support the survival and homeostasis of
memory CD4* or CD8* T cells, promotes mitochondrial biogenesis. Similarly,
overexpression of the carnitine palmitoyl transferase CPT1, a rate-limiting component of
mitochondrial fatty acid oxidation, also favors the accumulation of memory CD8* T
cells16, Additional evidence that the generation of memory T cells is dependent on AMPK-
induced oxidative phosphorylation has been provided by the study of AMPK-deficient CD8*
T cells, which mount a normal primary response but, after a second exposure to antigen, are
defective in their ability to undergo population expansion compared with that of wild-type
cells18, Such studies draw a strong correlation between memory differentiation and the
reliance of CD8" T cells on mitochondrial oxidative phosphorylation to supply cellular
energy and indicate that this is a driving and perhaps required aspect of memory T cell
formation.

Complementary studies have shown that manipulation of the effector CD8* T cell metabolic
profile also affects the differentiation of effector and memory subsets during the CD8* T
cell response. While constitutive activation of glycolysis by forced expression of the
glycolytic enzyme PGAML1 limits long-term survival following infection, inhibition of
glycolysis with 2-deoxyglucose during activation promotes memory-like gene expression
and the accumulation of CD8" T cells that can respond to infection or protect against
tumors!9. Effector CD8* T cells with elevated HIF activity, due to genetic deletion of its
negative regulator VHL, also show dramatically enhanced glycolytic activity and effector
function, accompanied by a sustained effector state even in chronic infection, during which
wild-type cells undergo progressive exhaustion20. Inhibition of glycolysis with 2-
deoxyglucose or mTOR activity can impair the production of effector molecules (IFN-v,
granzyme B and perforin) and suppress many of the HIF-mediated changes in
expression111.120-122 B¢l-6, a memory T cell-associated transcription factor, has been
shown to repress glycolytic molecule—encoding genes known to be targets of HIF in CD4*
or CD8* effector cells34, which provides a transcriptional link to the metabolic changes
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observed during memory formation. Thus, in multiple contexts, promoting mitochondrial
fatty acid oxidation or suppressing glycolysis favors the emergence of antigen-experienced
CD8™ T cells with prolonged survival and antigen recall; conversely, driving glycolysis
supports a more effector-like fate.

Such observations have led to the hypothesis that the generation of memory CD8* T cells
requires metabolic reprogramming to mitochondrial fatty acid oxidation and that this further
supports the rapid recall response of memory cells!16, However, achieving a mechanistic
understanding of how metabolism may direct differentiation promises to be a complex task.
As metabolic activity is integrally linked to proliferation, survival and biomolecule
synthesis, manipulating aspects of glycolysis or fatty acid oxidation probably affects these
fundamental cellular processes known to influence memory formation and may further
affect different effector and memory T cell populations to varying degrees. However,
multiple lines of evidence have shown that the metabolic state can directly affect gene
expression and influence signaling pathways that control T cell fate108.110, For example, the
availability of AMP or ATP in the cell can alter the phosphorylation of a range of molecules
and promote the activity of AMPK, which in turn can inhibit mTOR and diminish cap-
dependent mRNA translation due to its effect on the translation-initiation inhibitor 4E-BP1,
the guanine nucleotide—exchange factor elF2B and S6 kinase. Further, metabolites generated
via the TCA cycle can act in a range of contexts that may modify gene expression, including
altering the activity of prolyl-hydroxylases (PHDs) (and thus HIF activity), DNA
hydroxylases (and thus DNA methylation) and histone demethylases (and thus histone
methylation)108, While many potential mechanisms may be involved, an example of such
regulation involves 2-oxoglutarate, which is an intermediate of the TCA cycle and a cofactor
for histone demethylases that contain a JmjC binding domain, TET 5-methylcytosine
hydroxylases and PHD/Eg1N prolyl-4-hydroxylases. Levels of 2-oxoglutarate can thus
affect the epigenetic regulation of gene expression and PHD-HIF activity. Notably,
mutations have been discovered in the gene encoding isocytrate dehydrogenase that lead to
production of the ‘oncometabolite’ 2-hydroxyglutarate in place of 2-oxoglutarate; this leads
to changes in the activity of ImjC, TET and PHDs, which suggests a direct link between
altered metabolic intermediates in this pathway, histone demethylation and cell
differentiation or transformation123.124_ Furthermore, acetyl-CoA, which is derived from the
TCA cycle and is important for lipid biosynthesis, can also provide donor acetyl groups and
influence the acetylation of proteins mediated by histone acetyltransferases, which links
growth factor-induced metabolism to the regulation of gene expression to support cell
growth12, The observation that glycolysis promotes IFN-y production by CD4* T cells in
part by diverting the glycolytic enzyme GAPDH from its binding to the 3’ untranslated
region of IFN-y mRNA further shows the complexity that arises from the repurposing of the
enzymes and intermediates of metabolic processes to post-transcriptional regulatory
functions!26,

At present, the metabolic regulation of CD4* T cell lineages is understood mainly in the
context of effector helper T cell lineages%. The Ty, T2 and Tw17 cell lineages show
upregulation of expression of the glucose transporter GLUT1 and glycolysis upon activation
to a greater degree than do Treq cells, which display enhanced lipid oxidation?7:128,
Conditions that favor mitochondrial respiration, such as the addition of fatty acids,
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rapamycin or metformin, apparently favor the generation of Tyeq cells and, similarly,
inhibition of glycolysis blocks the generation of effector helper T cells but not that of Tyeq
cell populations. Notably, for differentiating T17 cells, the induction of HIF-1a-driven
glycolysis and expression of RORyt by mTOR is essential for the proper induction of this
population128.129, Deficiency in the gene encoding mTOR also impairs the generation of
TH1, Tw2 and TH17 cell lineages and can divert cells to the Tyeq cell lineage, which is
consistent with the promotion of glycolytic flux and effector function by mTOR130,
However, there is minimal information that addresses how the metabolic programming of
effector CD4" T cell lineages may converge with the differentiation of memory CD4* T
cells; clarity on this topic will require a better definition of the precursors of memory CD4*
T cells and the ability to monitor these subsets in vivo.

For a field that has viewed cell fate “‘decisions’ mainly through the lens of gene expression,
it is evident that a new perspective must evolve that considers metabolic state and metabolite
levels, as well as the epigenetic ‘landscape’, which may influence T cell differentiation and
memory formation via diverse mechanisms. As the field moves to integrate the existing
understanding of cell fate determination as controlled by signaling pathways mediated by
antigen receptors, cytokine receptors and costimulatory molecules with the metabolic
pathways that underpin all aspects of cell viability, it will probably be crucial to study T
cells in situ and ex vivo as much as possible, which will allow more accurate determination
of what does happen rather than what can happen. Furthermore, parsing the degree of
proliferation or survival observed in a condition that manipulates metabolic activity from the
decreasing potential model of memory formation can be problematic; enhanced TCR or
inflammatory signals promote greater proliferation and differentiation, which require a
greater supply of energy and materials. Thus, correlating more glycolytic activity with
effector cells and, conversely, more oxidative phosphorylation with memory cells makes
sense. The pressing question of the moment is as follows: to what degree do these drive the
process of memory formation?

Concluding thoughts

As a productive response to infection or malignancy is forged, T cells traffic from sites of
priming in secondary lymphoid organs through a broad range of tissue microenvironments
where they mediate the response to infection, experiencing a range of oxygen tensions,
nutrients, inflammatory mediators, antigen load and survival factors. For example, activated
effector CD8™ T cells home to infected tissues, where they are exposed to antigen presented
by infected cells, hypoxia and nutrient deprivation as the result of tissue damage, as well as
cytokines such as TNF and IFN-vy produced by neighboring cells of the immune system. AT
cell programmed for functional activity in the draining lymph node must integrate these
environmental cues into the gene-expression networks that regulate effector capacity and
differentiation. Thus, hypoxia and TCR-mediated signals may result in an elevated
abundance of HIF, which supports glycolysis and effector function, while exposure to TGF-
B, 1L-33 and TNF as cells enter the tissue may suppress KLF2, which results in inhibition of
inhibiting S1P4 and egress, and thus support the formation of Trp cells. Furthermore, the
variable induction of signals that results from gradients of exposure due to the timing of
entrance into the tissues and position relative to that of other inflammatory cells and
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infection must be overlaid with the cumulative set of signals received during priming.
Analyzing the complex inputs that influence the bias toward terminal differentiation versus
longer-lived T cell fates on a population level may be misleading, yet doing so with single-
cell resolution currently remains a challenge. The ability to ‘read out’ transcriptional
activity, the activation of signaling pathways, gene expression and chromatin modifications
with systems that report specific signaling pathways and transcriptional activity by
individual cells and deep sequencing from small numbers of cells is increasingly possible.
Applying such techniques in conjunction with approaches for evaluating metabolic activity
and function in vivo will be necessary to elucidate the events that determine lymphocyte fate
and reveal the origins of the tremendous heterogeneity in phenotype and function observed
in effector and memory T cell populations. Identifying the key memory subsets that
contribute to providing optimal protection for specific pathogens acquired through distinct
routes and sites of infection will be a crucial challenge.

It is an exciting time for immunology, with the introduction of some of the most powerful
drugs for the treatment of cancer based on immunomodulation. There has also been
considerable promise in the areas of vaccination, treatments for autoimmunity and
understanding, and in some cases, gene therapy—based reversal of primary
immunodeficiencies. Advances in ‘-omics’ approaches that allow the analysis of smaller
numbers of cells and even single cells means it is now possible to directly investigate in
humans many of the questions posed above. Indeed, it is possible to take advantage of
numerous immunologically based interventions in humans to answer specific and
mechanistic questions about T cell differentiation, memory and transcriptional programs or
networks. Moreover, combination therapies designed to complement one treatment approach
(i.e., checkpoint blockade in cancer) with a second, often mechanistically distinct
therapeutic approach may offer novel opportunities for investigating how epigenetic or
metabolic pathways intersect with immunoregulatory pathways to enhance rational
immunomodulation in humans. Ultimately, a major goal should be to be able to capitalize on
the molecular understanding of effector and memory T cell differentiation to specifically
‘tune’ vaccines and immunotherapies to elicit distinct memory T cell states and fates.
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Figure 1.

Determinants of T lymphocyte fate. (&) Many disparate factors can serve to influence cell-
fate specification in the first 24-72 hours following T cell activation; these include TCR
signal strength, costimulation, inflammatory cytokines, tissue microenvironment, metabolic
regulators and intermediates, ‘pioneering’ and transcription factors and the mode of cellular
division (symmetric or asymmetric). It should be emphasized that these inputs are not
mutually exclusive and act simultaneously in concert, yielding heterogeneous progeny that
continue to integrate cumulative signals. APC, antigen-presenting cell. (b) Categories (top)
and prominent examples of each category (below) of factors that can promote ‘effector-like
or ‘memory-like’ differentiation (left margin). FAO, fatty acid oxidation; SRC, spare
respiratory capacity; OxPhos, oxidative phosphorylation.
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Figure 2.
‘Pioneer’ factors in the establishment of an enhancer ‘landscape’. (a) ‘Pioneer’ transcription

factors enter closed chromatin at enhancers and/or promoters of key lineage-specific genes.
They displace histones and/or recruit histone-modifying enzymes (such as histone
acetyltransferases (HAT)) and other transcription factors. ‘Pioneer’ factors can be either
individual transcription factors or complexes. Epigenetically open chromatin at enhancers
and promoters then can be acted on by ‘effector’ transcription factors that actively turn gene
transcription on and off (in cooperation with other core or generic transcriptional control
proteins). Ac, acetylation. (b) In the absence of “pioneer’ factor function, an epigenetic
‘landscape’ of accessibility of lineage-specific genes is not established. Effector
transcription factors, even if expressed, cannot access lineage-specific genes to regulate
expression.
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Integration of metabolic state and gene expression. mTOR is activated by environmental
cues and signaling via receptors (TCRs, costimulatory receptors and cytokine receptors) in T
cells via kinase-dependent pathways, including PI(3)K-Akt and PDK1. mTOR regulates
cellular growth, survival and metabolism via multiple mechanisms, including the induction
of glycolysis through the stabilization of HIF-1a, as well as lipid and protein biosynthesis.
mTOR promotes translation initiation and protein synthesis via phosphorylation of
ribosomal protein S6 kinase and elF4E-binding proteins. The AMPK complex is activated
when cellular energy levels decrease (ATP:AMP) and suppresses cell growth by blocking
biosynthetic pathways and inhibiting mTOR. AMPK can induce fatty acid oxidation and
suppress glycolysis. mTOR can induce activity of HIF, a transcription factor that
coordinates the cellular response to low oxygen tension, including induction of the
expression of many molecules required for glycolysis. HIF is a heterodimeric complex of
either HIF-1a or HIF-2a with HIF-1f, which is constitutively expressed. The stability of
HIFa protein is post-transcriptionally regulated by oxygen availability via iron-dependent
PHDs, which tag HIF for recognition by ubiquitination dependent on the von Hippel-Lindau
tumor suppressor VHL. The stabilization of HIF mMRNA and protein in cells of the immune
system can be induced by hypoxia as well as by signaling via TCRs, cytokine receptors and
Toll-like receptors, whereby it can promote (both directly and indirectly) effector functions,
including microbicidal activity by macrophages, cytokine production by Ty17 cells, and
expression of effector molecules such as IFN-y and granzyme B. As an example of a
metabolic enzyme that can also function as an RNA-binding protein and regulate mMRNA
translation, GAPDH has been shown to regulate the translation of mMRNA encoding effector
molecules such as IFN-y. GAPDH is engaged as a metabolic enzyme during glycolysis;
however, when not engaged in glycolysis and when the cell generates ATP via oxidative
phosphorylation, GAPDH can bind the 3’ untranslated region of cytokine-encoding mRNA
and diminish translation. llustrative of how broadly molecules generated by different
metabolic pathways may affect gene expression is the activity of products of the TCA cycle.
For example, accumulation of a-ketoglutarate, succinate and fumarate produced as part of
the TCA cycle can lead to product-mediated inhibition of PHDs and HIF activation and also
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affect epigenetic modifications of histones and DNA, including decreased methylation.
Acetyl-CoA can provide donor acetyl groups that facilitate histone acetylation.
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Table 1

Transcription factors and CD8* T lymphocyte differentiation during infection

Transcription factor (ref.)

Pathogen Effect of genetic deletion

T-bet (15,50)
1d2 (21,57,131)

Blimp-1 (27,28)

STAT4 (132)
Eomes (55)

1d3 (21)
Bcl-6 (59)

TCF1 (133)

STATS (59)

Foxol (134,135)

Foxo3 (136)
LEF-1 (137)

Effector phase
LCMV 1 KLRG1M cells
LM, flu J Total effector cells

J KLRG1M cells
LCMV, flu | KLRG1" cells

LCMV 1 KLRG1" cells
LCMV No change

VSV No change

LCMV No change

LM J Total effector cells

+ KLRG1M cells

LCMV No change

LM 1 IL-7RN cells
LCMV

LCMV 1 Total effector cells
LM | Total effector cells

1 KLRG1M cells

Memory phase

1% Tepm cells

J Total memory cells

1% T cells, | Tewm cell number
1 Total memory cells

1% T cells

No change

| Total memory cells

1% Tewm cells

J Total memory cells

No change in total memory cells
1 IL-7RN memory cells

No change in total memory cells
1% Tewm cells

No change in total memory cells
1% T cells

No change in total memory cells
1 Function of memory cells

T Total memory cells

No change in total memory cells

1 Function of memory cells
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