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CD4" T cells are critical for the elimination of an immense array of microbial pathogens.
Although there are aspects of helper T-cell differentiation that can be modeled as a classic
cell-fate commitment, CD4™" T cells also maintain considerable flexibility in their transcrip-
tional program. Here, we present an overview of chromatin biology during cellular repro-
gramming and, within this context, envision how the scope of cellular reprogramming may
be expanded to further our understanding of the controversy surrounding CD4" T lympho-
cyte plasticity or determinism.

GREAT DEBATES

What are the most interesting topics likely to come up over dinner or drinks with your
colleagues? Or, more importantly, what are the topics that don’t come up because they
are a little too controversial? In Immune Memory and Vaccines: Great Debates, Editors
Rafi Ahmed and Shane Crotty have put together a collection of articles on such ques-
tions, written by thought leaders in these fields, with the freedom to talk about the
issues as they see fit. This short, innovative format aims to bring a fresh perspective by
encouraging authors to be opinionated, focus on what is most interesting and current,
and avoid restating introductory material covered in many other reviews.

The Editors posed 13 interesting questions critical for our understanding of vaccines
and immune memory to a broad group of experts in the field. In each case, several
different perspectives are provided. Note that while each author knew that there were
additional scientists addressing the same question, they did not know who these
authors were, which ensured the independence of the opinions and perspectives
expressed in each article. Our hope is that readers enjoy these articles and that they
trigger many more conversations on these important topics.

Editors: Shane Crotty and Rafi Ahmed
Additional Perspectives on Immune Memory and Vaccines: Great Debates available at www.cshperspectives.org
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he genetic information encoded in DNA is
Tpresented in the context of chromatin, a
complex of nucleic acid and associated proteins
called histones. The dynamic nature of the chro-
matin is a defining feature of the epigenetic reg-
ulation. The regulation of CD4" T cells similar
to any other cell type is therefore tightly linked
with the epigenome—the combinatorial vari-
ance in localization and modifications of chro-
matin factors and underlying DNA. Propelled
by rapid technological advances in sequencing,
the field of epigenomics is enjoying unprece-
dented growth with no sign of deceleration (Ri-
vera and Ren 2013). An expanding number of
immunologists are working to explore exciting
frontiers in epigenomic regulation of immune
cells. Consequently, the number of data sets and
publications has grown in recent years. The
theme emerging from these genome-scale stud-
ies is that the chromatin structure is an attractive
template for both transmittingand recordingim-
munological events. For example, the demeth-
ylation of the PD-1 promoter is recorded during
the effector phase of T-cell exhaustion (Young-
blood et al. 2011), whereas cytokine signaling in
CD4™" T helper cells can be transmitted through
gain and loss of histone acetylation at thousands
of genomic regions (Vahedi et al. 2012, 2015).
Here, we aim to discuss the controversy sur-
rounding CD4" T lymphocyte plasticity or de-
terminism mostly from a chromatin biology
perspective. This article has a three-prong focus:
We start by discussing how cell fate is regulated
during development. We then focus on repro-
gramming studies and the characteristics of fac-
tors capable of inducing cell-fate changes. And
finally we evaluate CD4" T-cell plasticity from
the chromatin biology perspective.

HOW IS CELL FATE DETERMINED?

Cellular-state information between generations
of developing cells is propagated through the
epigenome particularly via the accessible parts
of the chromatin. Consistent patterns of gain
and loss of chromatin accessibility has been re-
ported as cells progress from embryonic stem
cells to terminal fates (Stergachis et al. 2013).
Chromatin accessibility together with covalent

modifications of histones is controlled in large
part by the action of multiple transcription fac-
tors that recognize and bind specific sequences
in the genome. Rather than one regulatory pro-
tein being singularly responsible for creating the
chromatin state and determining each cell type,
particular combinations of transcription fac-
tors elicit cell-fate changes and maintain cell
identity (Iwafuchi-Doi and Zaret 2016). The
emerging theme from recent studies is that the
chromatin state has a hierarchical organization
where every layer is regulated by distinct groups
of transcription factors. The first layer relates to
a small number of transcription factors who act
first on the chromatin and are referred to as
“pioneer transcription factors.” These factors
are distinguished from other transcription fac-
tors by their ability to bind their cognate DNA
sites directly on the nucleosome, even in chro-
matin that is locally compacted by linker his-
tone (Zaret and Mango 2016).

Such pioneer transcription factors initiate co-
operative interactions with other transcription
factors to elicit changes in local chromatin struc-
ture. A second layer in this hierarchical organiza-
tion consists of transcription factors such as AP-1
family members JUNB, BATE and IRF4, which
further prime parts that later become associated
with more specific and dynamic factors (Garber
etal.2012; Kurachi et al. 2014). The bottom layer,
particularly essential for CD4" T-cell biology, re-
lates to transcription factors downstream of sig-
nal transduction pathways. These signal-depen-
dent transcription factors are dynamic and
control more specific sets of genes that have com-
mon biological functions. For instance, the signal
transducers and activators of transcription (STAT)
proteins target the late induced T-helper-spe-
cific chromatin states, while the nuclear factor
kB (NF-kB) factors Rel, Relb, and NFKB1 target
the inflammatory program (Garber et al. 2012;
Vahedi et al. 2012; Ostuni et al. 2013).

HOW FIXED IS THE DIFFERENTIATED STATE?

The prevailing paradigm in cell development
has been that somatic cells become irreversibly
committed to their fate and lose potency as they
specialize. Despite physiological settings, exper-
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iments performed several decades ago showed
that the fusion of different pairs of cell types
can awaken dormant gene-expression programs
(Blau 1989). Subsequently, breakthroughs in
cellular reprogramming techniques, recognized
by a Nobel Prize, convinced us that plasticity
can be induced and “fate” can be changed. Re-
programming studies on the use of transcrip-
tion factors to interconvert cells of different
types brought to light the distinguished role of
pioneer factors. Direct assessments of the initial
binding of the induced pluripotency factors
Oct4, Sox2, Klf4, and c-Myc showed that Oct4
and Sox2, and to a lesser extent KlIf4 target pre-
dominantly silent and inaccessible chromatin—
resistant to DNasel—when they are forcibly ex-
pressed in human fibroblast cells (Soufi et al.
2012). Studies in immune cells also showed
that when C/EBPa is ectopically expressed in
pre-B cells, it can convert B cells to macrophages
by targeting closed chromatin (van Oevelen et
al. 2015). Together, cell fate can be altered ex-
perimentally as a result of forced expression of
various combinations of transcription factors
typically including pioneer factors.

CELL FATE IN CD4" T CELLS

We have reviewed concepts in development and
reprogramming to highlight that CD4™ T cells,
like all other cells, are packaged into chromatin.
Specialized CD4™" T cells (e.g., T helper 1 cells),
maintain their fate until environmental changes
lead to the expression of “influential” transcrip-
tion factors that can potentiate cells to change
their program. Given the stability of the differ-
entiated state in vivo, an understanding of the
regulation of CD4" T-cell differentiation by
mechanisms that allow the type of plasticity ob-
served in reprogramming is critical for our un-
derstanding of vaccines and immune memory.

Early in vitro studies argued that once a
CD4" T cell had chosen its fate, it would not
easily switch to another fate, even if exposed to
the cytokines that drove differentiation to the
opposing subset (Mosmann and Coffman 1989;
O’Shea and Paul 2010; Yamane and Paul 2012).
This dogma has been challenged over the last
decade because the possibility of polarized T cells

to repolarize toward mixed or alternative fates
have been reported (DuPage and Bluestone
2016). For example, recent lineage-tracing sys-
tems in mice showed that endogenously polar-
ized CD4" T cells from many subsets can alter
their phenotype during their life span (Zhou et
al. 2009b; Hirota et al. 2011; Wilhelm et al. 2011;
Ahlfors et al. 2014). Furthermore, the pheno-
typic plasticity of regulatory T cells that mirrors
each T helper cell subset supports a hypothesis
of an inherent flexibility of T cells, both inflam-
matory and regulatory, to adapt their function
to changing environments (DuPage and Blue-
stone 2016). These in vitro and in vivo studies,
extensively reviewed elsewhere (Wilson et al.
2009; Zhou et al. 2009a; Murphy and Stockinger
2010; O’Shea and Paul 2010; DuPage and Blue-
stone 2016), suggest that CD4" T cells are
adaptable and can show phenotypic plasticity
in response to changing contexts.

REGULATION OF PLASTICITY IN CD4™"
T CELLS

In this perspective, we propose that plasticity of
CD4" T cells works by the same mechanism
that initially selected the first fate. If a cell pop-
ulation is able to respond to new signals because
it expresses that specific extracellular receptor,
has the cytoplasmic means of signaling, and the
ability to induce the transcription factors that
have strong impact on the chromatin, then the
cellular identity at the epigenetic level can be
modified to allow the cell to take on new iden-
tity and function.

The CD4™" T cell’s initial activation through
T-cell receptor (TCR) results in the activation of
primed elements rather than selection of new
regions (Allison et al. 2016). The presence of po-
larizing cytokines initiates the process of select-
ing the T-cell fate with genome-scale epigenetic
changes (Ciofani et al. 2012; Vahedi et al. 2012).
In the face of a new challenge or extracellular
environment, the presence of new cytokine sig-
nals is propagated through available cytokine re-
ceptorsand cytoplasmic signaling eventsinto the
nucleus. These events induce expression of tran-
scription factors with varying degrees of intrinsic
ability to modify the chromatin environment
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(Vahedi et al. 2012). Although branding tran-
scription factors to “master” regulators attracted
a lot of attention among T-cell biologists
(Rothenberg 2014), we propose to set aside the
semantics and what the words “pioneer” or
“master” may imply. Identifying T-helper-spe-
cific transcription factors with an intrinsic abil-
ity to bind silent chromatin and consequently
alter T-cell fate has an important implication
for understanding T-cell plasticity.

INTEGRATING GENOMIC DATASETS FOR
A BETTER UNDERSTANDING OF SUBSETS

Deciphering mechanisms of CD4" T-cell plas-
ticity requires a more precise definition of these

same subsets (Fig. 1). We argue that this is be-
cause populations of cells may appear to fit into
a certain subset based on traditional measures
(i.e., flow cytometry), but is actually composed
of cells with different histories of cytokine ex-
posure that has been imprinted onto the chro-
matin. These differences may not be immedi-
ately apparent, but may have major influence on
cellular function in the right context. Highly
parametric multidimensional measurements of
T cells by mass or flow cytometry has revealed
an overwhelming number of subpopulations in
any given subset during an immune response
(Newell et al. 2012; Gaudilliere et al. 2014;
O’Gorman et al. 2015). The challenge remains
in determining whether these states are transi-

Figure 1. CD4" T-cell plasticity regulated by transcription factors (TF) that control the accessible chromatin.
The process of differentiation lowers the potential of the cell to differentiate to other lineages as visualized by
Waddington’s landscape. The cell eventually becomes committed to a lineage and resides in the valleys of
accessible chromatin. New signaling events, through T-cell receptor (TCR) signaling and extracellular receptors,
are propagated to the nucleus through the appropriate cytoplasmic machinery. This causes the expression of
transcription factors that modulate chromatin accessibility to allow for the cell to obtain new cell identity and
function. Epigenetic regulatory mechanisms such as DNA methylation and histone modifications can either

enhance or inhibit this process.
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tory or stable and to determine their functional
status or disease relevance.

Integrating epigenetic measurements is an
attractive solution for more precise definitions
of cell identity. The relative stability of cell iden-
tity conferred by epigenetic mechanisms at the
genome-wide level makes this possible. Chro-
matin accessibility measurements by DNase I
hypersensitivity or the new and robust assay
ATAC-seq has provided an excellent foundation
of cell identity. A remarkable example is a recent
comparison of chromatin accessibility land-
scapes in innate and adaptive T cells revealing
similarity and differences in these two distinct
cell types (Shih et al. 2016).

SINGLE-CELL HETEROGENEITY

Although not a novel observation, cellular het-
erogeneity in once seemingly homogenous
populations is even more apparent with the ad-
vent of new technologies to take single-cell mea-
surements. Variability in canonical subsets may
help fill gaps in proposed links between certain
CD4 subsets and disease. Heterogeneity may
not be ultimately meaningful in most tissue sys-
tems in multicellular organisms, as a certain
level of homeostasis is required. However, the
immune system is one environment in which
cellular heterogeneity is of higher priority.
Rare cells with the ability to respond to ever-
changing pathogens provide the edge necessary
to overcome these pathogens. Indeed, heteroge-
neity of the lymphocyte compartment encoded
in the diverse antigen receptor repertoire has
granted us a mechanism that ensures a small
proportion of the lymphocyte population will
have the means of recognition for nearly any
new pathogen. Much attention is being focused
on deconstructing the signaling and epigenetic
mechanisms that give rise to variability and to
assess the impact of that variability in the host
immune response. As a result of recent geno-
mics tools such as single-cell RNA-seq (Kolod-
ziejczyk et al. 2015) and ATAC-seq (Buenrostro
et al. 2015) together with revolutionary single-
cell proteomics, we are poised to improve our
understanding of cell identity from a single-cell
perspective.

LINEAGE TRACING IS IMPORTANT
IN DETERMINING PAST, PRESENT,
AND FUTURE

We posit that snapshot measurements of the
CD4 compartment in response to an immune
stimulus does not allow us to adequately resolve
multiple underlying populations at the epige-
netic level. As discussed above, the influence of
previous cytokine exposure can be recorded in
the chromatin. Understanding how this history
may influence future behavior and how a seem-
ingly homogenous population of cells might
diverge in response to new stimuli is critically
important. If the goal is to understand the tran-
scriptional circuitry that leads to polarized sub-
sets of CD4 T cells, it stands to reason that
understanding how these epigenetics states cor-
responds to function is of equal importance.
Addressing these questions will not only require
an integration of genomics and phenotypic
data, but also better methods of lineage tracing.
The advent of CRISPR-Cas9 brings the ability to
genetically track cells in an ongoing manner and
to serve as signposts from which we can take our
snapshot measurements of the cell to under-
stand its trajectory (McKenna et al. 2016).

CONCLUDING REMARKS

Initiated by the application of microarrays, the
last decade unraveled the battery of transcrip-
tion factors essential in T-helper-cell differenti-
ation. Yet, we have limited knowledge about the
efficacy of these proteins on the chromatin and
their relative ability to alter the accessibility
landscapes and ultimately T-cell fate in the pe-
riphery. Novel techniques in genomics, epige-
nomics, proteomics, single-cell biology, and
gene editing together with computational tech-
niques developed for data integration can help
us fill these gaps. Understanding the mecha-
nisms underlying plasticity in CD4" T cells
will provide us with the opportunity to tailor
the CD4 " responses for better vaccination and
to reinvigorate T-cell responses in chronic in-
fection and cancer. Overcoming the stable and
defined chromatin state through the expression
of transcription factors with effectuating prop-
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erties can potentially overcome mechanisms of
inhibition and allows new signals—and fates—
to be propagated to the nucleus to ultimately
control the outcome of the immune response.
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