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ABSTRACT

TRANSCRIPTIONAL LANDSCAPES IN LYMPHOCYTE DEVELOPMENT AND
DIFFERENTIATION: TCF-1 ENFORCES EPIGENETIC IDENTITY IN DEVELOPING T CELLS
AND T-BET RESOLVES FUNCTIONALLY DISTINCT MEMORY B CELLS
John L. Johnson
Michael P. Cancro
An important role of cellular differentiation is to establish distinct and durable cell

subsets that serve different functions over the course of an immune response. Here, |
investigate the problem of cellular differentiation by considering 1) how epigenetic
repression is overcome to establish unique preimmune lymphocyte identity and 2) the
durability of intraclonal and interclonal diversification resulting from an immune
response. The epigenetic states of hematopoietic cells contain cell-type specific
accessible chromatin structures which are developmentally constructed from repressive,
compacted chromatin. However, these structures feature binding sites for lineage-
specific transcription factors, suggesting these factors play a role in their generation. |
used measurements of chromatin accessibility in sequential stages of T cell
development from bone-marrow derived progenitors alongside alternative lymphocyte
lineages to identify the central role that TCF-1 plays in creating T-cell specific chromatin
during differentiation. Genetic deficiency of TCF-1 reduced the accessible T cell
chromatin state and the T cell gene program, whereas the ectopic expression of TCF-1
in fibroblasts caused T cell chromatin to become accessible and T cell genes to be
expressed. These findings demonstrate that TCF-1 can overcome repressive chromatin
to establish a naive T cell identity distinct from other lymphocyte lineages. Despite our
improved understanding of preimmune lymphocyte differentiation, much less is known

about the course of lymphocyte differentiation beyond the naive stage. During immune
iv



responses, some activated B lymphocytes express the transcription factor T-bet, but the
clonal relationship to their T-bet” counterparts and the durability of the T-bet” phenotype
is unclear. | found that T-bet” B cells are generated early after influenza infection and
develop into a persistent memory pool. Immune repertoire profiling of influenza
hemagglutinin-specific T-bet” and T-bet memory B cells demonstrates that most clones
are unique to their respective subset, but lineage tree analysis of the remaining shared
clones shows that T-bet" clones can stably bifurcate from T-bet cells. Further, genetic
fate-mapping indicates that T-bet expression in B cells is stable. Together, these and
other findings suggest that T-bet” B cells are a distinct and durable memory subset and

uniquely contribute to the anti-viral humoral response.
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CHAPTER 1: Overview of cellular differentiation

1.1 Cellular differentiation in the immune system and embryology

The theme of the 8" Midwinter Conference of Immunologists, held in California in
1969, was the Regulation of Cellular Differentiation in the Immune System. Seminal
discoveries made in the 1960s shed light on the importance of cooperation between two
distinct populations of lymphocytes, B and T cells, in the function of the adaptive immune
response. One can only speculate that the organizers felt it worthwhile to provoke new
patterns of thought on the matter by exploring connections to more established
disciplines. In fact, Ray Owen chaired the first session on “Principles of Cellular
Differentiation” with only two speakers: Clifford Grobstein (from UCSD) and Robert
Auerbach (from University of Wisconsin, Madison). The session was reported as
providing a “very fruitful interaction between two speakers disciplined in embryology and
an audience who were specialists in immunology (1).” These fruitful interactions included
discussion of the replication of the differentiated state, the different phases of cellular
development, and mechanisms of communication. Parallels were drawn between
embryonic development and the cellular interactions of thymus and bone marrow
derived lymphocytes as well as the stem cell concept in antibody formation; that is,
restrictive differentiation, environmental responsiveness, and cell multipotentiality. In his
closing remark, Grobstein noted, “both disciplines seek answers to similar questions of
differentiation, for example, the kind of regulation that occurs in cells ... the nature of the

cue...and the steps in the instructive pathway (1).”

The intertwining of embryology and immunology has not faltered; it has instead

grown stronger with the continued discovery of important and distinct lymphocyte
1



subsets and the increasing appreciation for the epigenetic control of immune cell
differentiation, even serving at times as a model for metazoan development. Therefore,
the purpose of this overview is to accomplish a number of objectives: 1) to frame current
problems in lymphocyte differentiation in the time-tested framework of embryology 2) to
highlight the importance of studying lymphocyte differentiation, and 3) to describe the

systems | will use to investigate two aspects of lymphocyte differentiation.

The central theme of this dissertation is the cellular differentiation of the
lymphocytes of the adaptive immune system, both in their initial pre-immune
development and in their further antigen-experienced specialization. Comparisons will be
made in this overview to the developmental process occurring in embryogenesis, as this
is a tradition of thought extending back to Aristotle and greatly enhanced by brilliant
minds that followed. For both embryogenesis and the adaptive immune system, the
process of cellular differentiation is fundamental for the establishment of proper function
and form. In each process, a group of apparently homogenous cells becomes
permanently transformed in character and acquires a specialized function. In
gastrulation, the inner cell mass of the blastocyst forms the nervous system, the
notochord, the integument, and the gut. In hematopoiesis, stem cells form myeloid cells,
erythrocytes, granulocytes, and the T and B lymphocytes of the adaptive immune
system. In both cases, all of the parts contain specific types of cells, in the correct
proportions and position relative to one another, and carrying out the proper specialized
function. Therefore, the form of the question has remained the same in both processes
of development: to what extent and by what process do cells differentiate from their

progenitors and from each other?



1.2 Cellular differentiation, regional specification, and morphogenesis

Cell differentiation is the expression of gene products by a population of cells that
are different than those made by their progenitors and different from those made by
other populations of cells. Differentiation pervades nearly every aspect of multicellular
organisms occurring not only in the embryo, but also in the continual process of tissue
repair and homeostasis. Cell differentiation is a complex process requiring genetic and
epigenetic mechanisms of gene control, and embryonic development has laid the
conceptual groundwork, defined terms, and provided a framework for exploring these

mechanisms in all forms of differentiation.

Other developmental processes occur in the embryo but have more limited
parallels to lymphocyte differentiation. They are important, and | will touch on them
briefly. In early development, the core problem is regional specification. This is the
process whereby cells in certain regions of the embryo are turned onto certain pathways
of development. The most obvious parallel in the development of the adaptive immune
system is the regional specification that occurs when lymphocyte precursors enter the
thymus and are specified to become T lymphocytes. Whether a type of regional
specification occurs in the peripheral lymphatics during the lifetime of mature
lymphocytes is an interesting question, but not one that will be addressed in this
dissertation. Regional specification is not to be confused with cell differentiation, as

these are both important but distinct problems.

The developmental process of least concern to us, because it has the least
obvious parallel, is morphogenesis or the creation of form. This term is used to describe

the cell and tissue movements that shape the organism. However, leukocytes are unique

3



in that cells operate more or less as individual, mobile units. As such, comparisons made
of lymphocyte movements to the behavior of tissues would have to be made at an
abstract level. However, lymphocytes clearly demonstrate coordinated behaviors such
as the orderly trafficking of immature T lymphocytes through thymic structures during
development or the aggregation of mature B cells in follicles in peripheral lymphatics.
Although the mechanical and physical components of morphogenesis are not as directly
applicable to lymphocytes, the chemically directed components of this process are more
closely shared. Despite the importance of morphogenesis in embryonic development,

morphogenesis is largely the consequence of cellular differentiation.

1.3 Cellular differentiation is a developmental hierarchy

In embryogenesis, the parts to be developed in the basic body plan are not
specified all at once but are formed as a hierarchy of developmental choices. Perhaps
not surprisingly, a developmental hierarchy also exists in hematopoiesis. Figure 1
illustrates the subdivisions of the developmental choices made during hematopoiesis.
Setting aside discussions about details of the diagram, the familiar cell-types the
developed immune system are found at the bottom of the tree. These cell-types are
preceded by a series of prior commitment choices. At each of these a choice is made
between increasingly restricted alternative states arising from a subdivision of an earlier
less committed progenitor. Every decision is made among a small number of alternatives
and a new state of commitment is adopted with further restriction of potency. Upon
reaching terminal differentiation, potential has been exhausted, and the cell persists in
its final state until its death. The difficulty of deducing the arrangement of these fate

decisions lies in the largely covert nature of the cell state that can only be uncovered by



experimentally probing for remaining lineage potential. Despite this difficulty, the
organization of cell fate choices into a hierarchy has provided a useful framework for
understanding the gene control mechanisms of differentiation, and these molecular

mechanisms will be discussed below.

r/\\
\¢//LT HSC
. ST-HSC
!
I "MPP 1
I @ CMP ‘ LMPP 1

1 r w |

00@

RBC MK Gn

Figure 1. The hierarchy of development in hematopoiesis.

The formation of blood cells occurs by a process of progressive determination and fate
restriction. The property of self-renewal is lost at the onset of differentiation, but
hematopoietic progenitors initially maintain their pluripotency for all subsequent lineages.
As differentiation proceeds alternative fate choices are gradually lost as cells commit to
a lineage. The hematopoietic system is therefore built up as a result of a hierarchy of
decisions and several fate choices will be made before the cells differentiate into the
mature cell types shown at the bottom. The mechanisms underlying this process are
discussed in Chapter 2. For some cell-types, such as B and T cells, further differentiation
will occur after encountering antigen in an immune response and this will be discussed
in Chapter 3.



1.4 Differentiation is organized at the genetic level by transcription factors

The process of restrictive differentiation that occurs during both embryogenesis
and hematopoiesis is the consequence of the regulatory system controlling gene
expression. Differentiation is the establishment of a new regulatory state that can be
thought of as the cumulative activity of particular sets of DNA-binding transcription
factors coordinating their activity at non-coding DNA and determining gene expression.
Regulatory states are interpreted by the DNA sequence elements composed of clusters
of transcription factor binding sites called cis-regulatory modules (CRM) or enhancers. It
is the binding of a transcription factor to a CRM that allows the transcription factor to
modulate the expression of nearby target genes, and the integration of all transcription
factors at the CRM produces a unique regulatory output. However, the availability of a
CRM for binding by the transcription factor, and therefore the contribution of the CRM to
the regulatory state, is controlled by the proteins that package DNA, collectively called
chromatin. The regulatory state encoding the prior cell identity can therefore be made
irrecoverable by two mechanisms: 1) transcription factors acting in the prior regulatory
state either cease to be expressed or 2) the previously available CRMs are made
inaccessible by the closing and compaction of chromatin. These mechanisms provide
directionality to differentiation, allowing signaling inputs to activate transcription factors
on the newly accessible chromatin and not at previously active chromatin. Thus,
restrictive differentiation is a consequence of the interplay between transcription factors,

DNA sequence elements known as CRMs, and the chromatin.

The hierarchical and ordered nature of development is also the consequence of

the integration of transcription factor activity at chromatin-controlled CRMs. The



interpretation of the current regulatory state at the available CRMs results in a regulatory
output that may induce new transcription factors or other regulatory genes. The addition
of transcription factors to a regulatory state specifies new modes of gene regulation that
can have multiple outcomes: 1) the process of differentiation continues by inducing the
expression of additional lineage-related regulatory genes or transcription factors, 2) the
cell is made competent for an alternative lineage by becoming receptive to new signal
inputs, or 3) the developmental process ends without inducing new transcription factors
and by expressing structural genes associated with terminal differentiation. Thus, the
contribution of transcription factors to differentiation is inextricable from the
developmental sequence because their activity is dependent on the developmental
history of the cell to establish a responsive regulatory state and to prime the chromatin

for action at appropriate CRMs.

However, cellular differentiation is rarely the result of the expression of a single
gene. Thomas Hunt Morgan used the term “gene battery” in 1934 to refer to the
functionally related effector genes that are coordinately expressed in a given cell type
upon differentiation. The CRMs regulating these gene batteries share lineage-specific
transcription factor binding sites, but the chromatin is often closed at these CRMs. How
is the cell-type specific accessibility at these gene batteries established during
development? Recent research has demonstrated that lineage-specific transcription
factors known as Pioneer Transcription Factors (PTFs) or Lineage-Determining
Transcription Factors (LDTFs) establish accessible chromatin at the CRMs of their
corresponding lineage through positive interactions with the normally repressive
chromatin (2, 3). LDTFs add new modes of regulation to the already existing regulatory

state by acting on the “tabula rasa” of the chromatin to create de novo accessibility and
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establish competent and active CRMs. Because LDTFs are not inhibited by closed
chromatin they can reprogram cells or cause trans-determination when ectopically
expressed, and their identification has opened the door for new therapeutic options
involving cellular engineering through the manipulation of cell identity. Identifying the

LDTFs acting in T cell development will the focus of chapter 2.

Questions of mechanism have remained at the forefront of the field since the
advent of molecular biology in the 1980s, and for good reason. The models of genetic
control proposed by Jacob and Monod in 1961 (4) and Britten and Davidson in 1969 (5)
cannot be adequately tested at the cellular level. Advanced molecular techniques such
as microarrays and next generation sequencing have only intensified the investigation
into the molecular workings of differentiation. However, the questions being addressed
by these tools were the questions initially proposed by earlier embryologists. The basic
observation of development is the cell is the fundamental unit by which biological
systems are organized at the organismal level. As such, breaking down any cellular
system, such as the immune system, requires an understanding of the differentiative
events at the cellular level. Without this framework, making sense of the molecular
mechanisms driving differentiation would not be possible. For that reason, | will discuss
two additional embryological concepts, albeit familiar to an immunologist, that will be

explored in chapter 3.

1.5 Additional embryological concepts: the fate map and clonal analysis

The first of these concepts is the fate map. Fate mapping is fundamental to
embryology and just as important to immunology. Regional specification is the core

problem of embryonic development and the fate map is a diagram indicating what each

8



specified region of the early embryo will turn into. To create a fate map, the trajectory of
the cells must be tracked throughout development. For some organisms, the fate of each
individual cell can be tracked with great precision whereas other organisms tolerate
some degree of cell mixing between adjacent regions and thereby reducing the
resolution of the fate map. As long as the random mixing of cells is minimal, the fate map
tells you what organs and limbs each cell will become and allows faithful cell lineages to
be constructed. To the immunologist, fate mapping can establish critical lineage
relationships that are normally obscure for a number of reasons: 1) the longitudinal study
of immune cell differentiation, especially those located in tissues, is often not possible, 2)
a specific immune response does not develop in isolation as an embryo does but is
surrounded by cells differentiating at various stages from other immune responses, and
3) the terminal fate is normally indistinguishable even while differentiating cells take
different developmental trajectories to the terminal fate. The fate map can also help
determine whether a cell state is stable or merely represents a temporary phenotype,
and this is especially useful for studying lymphocyte differentiation. For both embryology
and immunology, the cell lineage established by fate mapping places the genetic and
epigenetic mechanisms of differentiation into the context of prior and future molecular
events. Thus, the interpretation of experiments on developmental decisions depends on
the fate map. However, fate mapping alone does not provide information on commitment

as it only reveals what will become of cells if left in place.

The second concept, clonal analysis, is related to the fate map, but differs
because it allows us to say something about commitment and determination.
Determination means that a cell is intrinsically committed to develop into a specific cell

type or a structure. To illustrate, a single cell may form cell type A or cell type B, or

9



neither, but the undifferentiated cell could not have been determined if the clone
develops into both cell types. An important consideration to make concerns the inverse
of this principle: if the cell differentiates into one cell type, but not the other, then this
clonal restriction does not mean determination has occurred. However, not all
developmentally significant forms of clonal restriction need occur through an internal,
genetic mechanism of determination. Clonal restriction can also occur by the existence
of an extracellular barrier limiting mixing of unrestricted cells and thereby maintaining
stable and distinct cell identities. Moreover, fate mapping is often done in the embryo by
labelling groups of cells, but the analysis of a clone provides information about the
individual behavior, the resulting lineages, and the contribution of a cell to a particular
structure. This information is particularly important for studying lymphocyte immune
responses as they are typically polyclonal, and clonal analysis can distinguish which

clones contribute to certain effector or memory cell populations.

1.6 Cellular differentiation is central to adaptive immune system function

Why frame the lymphocytes of the adaptive immune system immunology in terms
of embryonic development? Given the importance of the immune system in protecting us
from pathogens, it's no surprise the mammalian immune system relies on cellular
specialization through stable cellular differentiation as the basis of its functional
organization. Therefore, the study of differentiation itself and the mechanisms governing
differentiation, are of upmost concern to an immunologist. As encapsulated in the clonal
selection theory (6), the differentiation of lymphocytes occurs in two phases. The first
phase is the establishment of a preimmune pool of T and B cells bearing clonally

distributed receptors for antigen. At homeostasis, prior to antigen or pathogen exposure,
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the cells of the immune system develop from the progressive determination of post-
embryonic stem cells according to control principles similar to those in operation during
organismal development. The development of the embryo is a self-directed, hierarchical
process, and similarly the immune system differentiates according to an internally
regulated and genetically encoded developmental hierarchy. As such, both
developmental programs are conducted without much regard to the outside world. The
precise gene regulation necessary for this process of differentiation is supported by the
regulated packaging and post-translational modification of chromatin and histones
directed by lineage-specific transcription factors. In chapter 2, | explore the lineage-
specific transcription factors guiding chromatin accessibility and chromatin modifications
in the context of the developmental sequence that transforms uncommitted

hematopoietic progenitors to mature, preimmune T cells.

In the second phase of lymphocyte differentiation, sufficient antigen receptor
occupancy causes the activation of the lymphocyte, initiates mitosis, and primes the cell
to receive differentiative signals. The response is not random; activated lymphocytes
differentiate according to the circumstances of the infectious challenge and the type of
pathogen encountered. Although stereotyped responses exist, new subsets of cells are
still discovered as techniques are developed that afford more precise resolution.
Accordingly, chapter 3 addresses the extent to which lymphocytes, particularly memory
B cells, develop into multiple subsets in response to infection, and interrogates the

differentiative relationship between these subsets.

The concepts discussed in this overview have been adapted from Jonathan Slack’s
From Egg to Embryo (7) and Eric Davidson’'s The Regulatory Genome: Gene Regulatory

Networks in Development and Evolution (8).
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CHAPTER 2: TCF-1 ESTABLISHES T CELL EPIGENETIC IDENTITY

2.1 PREFACE
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2.2 INTRODUCTION

2.2.1 The diversity of blood cells develops from hematopoietic progenitors

Eukaryotic organisms express genes in incredibly diverse patterns that are
necessary for biological complexity (10). This transcriptional diversity is largely controlled
by the interactions between transcription factors and their cognate DNA binding sites
within accessible chromatin regions. However, eukaryotic genomes are compacted to fit
over a meter of DNA within the limited volume of the nucleus and this compaction is
inherently repressive to processes that require access to the DNA sequence (11).
Despite the inherently repressive state of chromatin, a number of lineage-instructive
transcription factors alone or in cooperation with their partners can access a subset of
their binding sites even if it is partially occluded by nucleosomes, recruiting chromatin-
remodeling enzymes and exposing the underlying DNA. The distinctive collection of
such accessible sequences controls the transcriptional output of a cell type and

determines its functional characteristics (12).

Hematopoiesis is an excellent system for studying lineage-instructive
transcription factors and their roles in establishing chromatin accessibility as the
differentiation of the diverse and well-defined cell-types of the blood is continuous
throughout life. Hematopoiesis originates primarily in the fetal liver but is relocated to the
bone marrow at birth, serving as the source of hematopoiesis through adult life (13). The
process of hematopoiesis begins with the hematopoietic stem cell (HSC) (14) that is
subdivided by lifespan into two major cell subsets. Long-lived HSCs (LT-HSCs) are self-
renewing and can generate all the major lineages of the blood through asymmetric

division, whereas short-term HSCs (ST-HSCs) generate all blood lineages but self-
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renew only for approximately eight weeks (15). A mixture of LT-HSCs and ST-HSCs can
be distinguished by the absence of surface markers expressed on mature cell types
(Lineage, or Lin), and the presence of Sca-1 and the cytokine receptor Kit (LSK, Lin
Sca1*Kit"). Further, the SLAM marker CD150 more definitively identifies LT-HSCs within

the LSK compartment (16).

As in other developmental systems, hematopoiesis follows a developmental
hierarchy in which lineage potential and self-renewal is lost as cells differentiate. Thus,
LT-HSCs give rise to ST-HSCs with diminished capacity for self-renewal and ST-HSCs
in turn give rise to multipotent progenitors (MPPs) which have no capacity for self-
renewal but are multipotent (17). At this point, a fate choice is available, and the cell
either continues differentiation towards an erythrocyte lineage or the myeloid and
lymphoid lineage depending on cytokine cues. Cell that lose megakaryocyte potential
but retain lymphoid and myeloid potential are thus named lymphoid-primed MPPs
(LMPPs) (18). The LMPP subset expresses FIt3 and gives rise to the common lymphoid
progenitor (CLP) that was originally thought to be lymphoid restricted, but actually
retains significant myeloid cell potential (19). The cell surface marker Ly6D further
differentiates CLPs into those with restricted potential for the B lineage (LyD" CLPs)
versus those with T, NK, B, and DC potential (20). However, many developmental
decisions at this early stage are still plastic and not yet fully determined. For instance, a
subset of common myeloid progenitors (CMP) expressing FIt3, but lacking CD150
expression possesses T cell potential that can be revealed using single cell assays in
vitro under T-inductive conditions (21). Despite possessing this T cell potential, this
subset does not have the ability to home to the thymus (21), the site of T cell

specification and development (22, 23). This clonal analysis is a good illustration that an
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apparent clonal restriction in vivo does not necessarily coincide with developmental
restriction as potential is determined by both intrinsic genetic mechanisms and external
instructive mechanisms. Therefore, progenitors must possess T lineage potential as well

as the ability to reach the organ of T cell specification to develop into T cells.

2.2.2 T cell development occurs in the thymus

T cell development is unique among the blood lineages because it is completed
in a specialized organ, the thymus, and homing to the thymus from blood-mobilized bone
marrow progenitors is necessary for T lineage specification (24). T cell development
begins when these rare progenitors settle the thymus, but very few are estimated to
reach the thymus each day (25). However, migration to the thymus appears to be a
regulated process and not a stochastic one as not all bone marrow progenitors are
equally capable of thymic settling. For instance, HSCs do not settle the thymus yet hold
profound T cell potential. Conversely, LMPPs and CLPs both settle the thymus and
possess T cell potential (26). However, it is unclear which, if either, are the true
progenitors. Unlike HSCs, both subsets express the chemokine receptors C-chemokine
receptor-7 (CCR7) and C-chemokine receptor-9 (CCR9) which are essential for thymic
settling (27, 28). P-selectin glycoprotein 1 (PSGL) is also necessary for thymic homing

and promotes homing when the thymic niche empties (29, 30).

The inception of T-lineage cells occurs when bone marrow-derived multipotent
precursors seed the thymus and give rise to early thymic progenitors (ETP) (31, 32).
ETPs reside within the CD4 CD8 CD44*CD25Kit" double negative 1 (DN1) subset and
are defined by the absence of lineage-associated markers and CD25 while also

expressing Kit and CD44 (Lin°Kit"CD25"). ETPs are rare, making up 0.01% of
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thymocytes, but can generate all thymic lymphoid populations. However, ETPs are not
determined or developmentally restricted to the T lineage. ETPs must pass through
additional stages of differentiation before becoming mature T cells and they retain
differentiative potential for alternative fates, including NK and myeloid cells, which is

revealed when ETPs are removed from T-inductive signals (33-36).

The potential to develop into alternative fates is gradually lost as T cell
differentiation proceeds, and the process of development is associated with an orderly
trafficking through anatomic structures of the thymus. ETPs migrate from the
corticomedullary junction in the perimedullary cortex to the inner cortex while
differentiating into DN2 cells (CD44*Kit"CD25%) (37). However, DN2 cells are
heterogenous as was first demonstrated by examining the expression of the lymphocyte-
restricted kinase Lck using a GFP reporter (38). Lck” DN2 cells retain DC and NK
lineage potential that is revealed after removing Notch signals whereas Lck™ DN2 cells
do not, even if removed from Notch signals. Thus, a key regulatory event seems to occur
in the DN2 compartment. DN2 heterogeneity is further refined by using the level of Kit
expression with DN2a cells being Kit" and retaining alternative lineage potential whereas
DN2b cells are Kit™ and are firmly committed to T cell development (39). Further, the
regulatory event occurring between DN2a and DN2b that enforces lineage commitment
is the initiation of Bcl11b expression through the combinatorial activity of transcription

factors at the Bcl11b locus (40).

DN2b cells then become DN3 cells, move to the subcapsular zone, and undergo
rearrangement of the T cell receptor (TCR) at the B, y, and & loci as these loci become
accessible and the recombination activating gene 1 (RAG1) and RAG2 are expressed

(41, 42). A small number of developing T cells will rearrange the y and & loci and
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become yd T cells, but most DN3 cells (>95%) will rearrange the 3 locus and continue
development to become conventional a§ T cells (43, 44). Cells rearranging the 8 locus
are held at the B selection checkpoint until a productive, in-frame, recombination of the 3
locus leads to expression of the B chain of the TCR that pairs with a surrogate a chain
(pre-T-a) for trafficking to the cell surface (45). The signaling accompanying this process
causes DN3 cells to downregulate RAG expression and enforce allelic exclusion of the
other 3 chain allele (46). DN3 cells passing 8 selection differentiate into DN4 cells and
undergo a burst of proliferation that replicates the successful 3-chain rearrangement into
multiple daughter cells before the TCR co-receptors CD4 and CD8 are upregulated and
the DN4 cell becomes a CD4"CD8" double positive (DP) cell and migrating back to the
cortex (47). The TCRs are tested for MHC binding in a process of positive selection
wherein DP cells that bind MHC Il become CD4 single positive cells and MHC |l
restricted whereas DP cells that bind MHC | become CD8 single positive cells and MHC
| restricted (48-50). Cells that fail to bind MHC will fail to receive survival signals from the
TCR and therefore ‘die by neglect.” However, binding that is too strong to MHC will
cause the cell to undergo negative selection and undergo apoptosis or possibly
differentiate into regulatory T cells if MHC Il restricted (51). Finally, T cell development
ends in the medulla and fully competent mature T cells emigrate from the thymus by

entering the blood stream (52).

2.2.3 Transcription factors acting in T cell development

Notch1, an evolutionarily conserved signaling pathway involved in multiple
developmental processes, initiates the T cell fate decision when Notch1 on the surface

of bone marrow progenitors settling the thymus interacts with Delta-like Notch ligands on
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the epithelial cells in the thymus (53). Mammals have four Notch homologues, Notch 1-
4, and two families of ligands, Delta-like and Jagged, but the engagement of Notch1 with
Delta-like ligands in the thymus is critical for T cell development. DL-1 and DL-4 both
induce Notch1 signals and induce T cell development, but DL-4 is the most abundant
ligand in the thymus (54). Notch receptors that engage ligand undergo cleavage events
mediated by a metalloprotease and y-secretase to release the intracellular domain of
Notch1 (ICN) for translocation to the nucleus. ICN binds the transcription factor CSL
(CBF1/Su(H)LAGH1), also known as RBPJ (recombination signal combining protein-J),
and recruits mastermind-like (MAML) protein to act as a scaffold for the binding of co-
activators such as p300 and the activation of the T cell gene program (55, 56). Notch
signals and transcriptional activation by ICN is crucial for generating ETPs and ectopic
expression of ICN is sufficient to induce T cell development in bone marrow progenitors
outside the thymus but is also oncogenic (57, 58). Notch1 also represses the
development of alternative fates. For instance, Notch1 inhibits B cell development in the
BM when ICN is ectopically expressed in bone marrow progenitors (59). Removing ETP
or DN2a cells from Notch1 signals allows non-T cell fates to develop indicating that

alternative fates are suppressed by Notch1 signals in early T cell progenitors (60).

The Ets family transcription factor PU.1 is a winged helix-turn-helix transcription
factor critical for establishing a gene regulatory program in bone marrow progenitors
conducive for T cell specification (61). The role of PU.1 in B and myeloid cell
development is well-established, and both lineages highly express PU.1 (62). However,
PU.1 is also expressed in early T cell progenitors in the DN stages but must decline for T
cell commitment to proceed (63). The dose of PU.1 in T cell progenitors strongly

influences fate commitment, and enforced PU.1 expression blocks commitment and
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diverts DN3 thymocytes to the myeloid lineage, but only when Notch1 signaling is
abrogated (63). Thus, while necessary for bone marrow progenitors to initiate T cell
specification, PU.1 must be precisely regulated to remove undue influence on pre-T cells
to develop into alternative fates (64). As such, PU.1 is downregulated at the DN2a and
DN2b transition, and TCF-1 and RUNX1 are important for this repression (65, 66).
However, the mechanisms of the timing of this downregulation are unclear as TCF-1 and

RUNX1 are both expressed highly in ETPs.

Other ubiquitous transcription factors, including E proteins, play an important role
in early T cell development (67). Members of the basic helix-loop-helix family (bHLH), E
proteins regulate transcription in many hematopoietic lineages and are suppressed by ID
proteins that dimerize with E proteins but lack a DNA-binding domain. Two splice
variants of the E2A gene, E12 and E47, are encoded by the Tcfe2a locus and are critical
for early B and T cell development (68). E2A regulates Notch1 transcription in early T
cell progenitors and synergizes with Notch to regulate key T cell genes (69). Another
bHLH member, HEB, is highly expre