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From the Editors

We’d like to thank all authors for their tremendous efforts in producing chapters for this
book which are comprehensive and state-of-the-art. For more than twenty years there was a
degree of consensus about how we understand and depict the diversification of hematopoietic
cells. However, the field seems to have arrived recently at an important turning point, and there
is a plethora of new maps for hematopoiesis — a recent commentary said “the latest research
will necessitate revision of textbook accounts of the generation of blood cells”. As can be seen
in this book, there is now a variety of subtly — and not so subtly — different views of the
pathways that hematopoietic stem cells follow in order to generate each of the various types of
blood cells. At present, the different maps and viewpoints can but sit alongside one other,
allowing our readers to weigh up the experimental evidence for and against each one. Clearly
there is still much exciting work still to be done both to arrive at a consensus and to fill in the
many missing details.

Geoffrey Brown Rhodri Ceredig
College of Medical and Dental Sciences National University of Ireland
University of Birmingham Galway
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Foreword

When the Editors of this fine book kindly asked me to write a Foreword my first reaction
was one of gloomy introspection. The word ‘Hematopoiesis’ reminded me that 1 have
reached such an advanced age that my professional life has covered almost the entire period
that is sometimes called ‘hematology without the microscope’, a time in the development of
the field that encompasses the origins of so many of the remarkable advances that are
described in this new work.

Blood was rarely mentioned when I was a medical student in the 1950’s, and any
hematology that was picked up along the way was largely self-taught. Since an extremely
battered copy of my only teacher of the time, the 6 edition of Muir’s Textbook of Pathology,
published in 1951, is still on my shelves I decided to consult the section on hematopoiesis.
The short and uninformative account dealt mainly with the controversy about the
monophyletic and dualistic (or pluralistic) theories of the origin of blood cells, a discussion
which left me no wiser then than it does today. Even as a raw medical student these
arguments seemed more philosophical than physiological; surely, I thought, we all start out as
a single cell.

The controversy about the origins of the cells of the blood dominated the work of the
great morphologists from the end of the 19" until the middle of the 20" century. Paul Ehrlich,
whose work on the morphological description of blood cells was so seminal, believed that,
based on their appearances, the various cells of the blood arise from different and distinct
progenitors. However, early in the 20" century other distinguished morphologists were
attracted to the monophyletic theory. For the next 40 years there was a bitter schism between
those who held this view and the dualists; their opposing ideas were the subject of the kind of
vitriolic attacks on the work of their colleagues that would never be published in today’s
rather turgid scientific journals.

The scene finally changed in the late 1950°s when it was found that animals can be
protected against otherwise lethal doses of irradiation by grafting hematopoietic cells into
irradiated recipients. It was later found that the latter develop macroscopic nodules in their
spleens and that each nodule, or colony, originates from a single cell. Furthermore, using
cells with marked chromosomes from donor animals it was confirmed that the same stem cell,
termed a colony-forming unit in spleen, or CFU-S, could give rise to granulocytes,
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monocytes, and erythrocytes. In the late 1960’s the development of in vitro culture
techniques, in which blood-cell development could be studied using conditioned media or
humoral factors, made it possible to study the various phases of development of individual
lineages. Work along these lines rapidly led to the current model of the existence of
pluripotential stem cells and their commitment to different blood cell progenitors which
follow distinct developmental pathways, and to the identification of some of the regulatory
factors involved.

By the late 1970’s, hematopoiesis, like many other branches of hematology, had reached
a stage at which it was custom built for remarkable new developments in molecular and cell
biology and cytogenetics. Over the next 30 years there was major progress in this field. Many
of the genes involved in both normal and abnormal haematopoiesis were found and their
regulatory regions defined. A variety of different transcription factors were purified and their
genes also isolated, and at least some of their complex interactions at different stages of
hematopoiesis were clarified. There were many valuable clinical consequences of this work,
both for diagnosis and treatment of hematological disorders.

In the frenetic few years since the completion of the human genome project there have
been further rapid developments in the technology for studying hematopoiesis, including
proteomics and, of particular importance, methylomics and a variety of related techniques for
analyzing the role of epigenetic factors in the complex issues of commitment and
differentiation. While these reductionist approaches are continuing to throw up valuable
information, like all fields of modern biology they are also uncovering layer upon layer of
complexity. It may take the rest of this century, and the use of more holistic approaches
arising from systems biology, before the complete story can be told.

The current model of hematopoiesis has recently been questioned again following some
fascinating new discoveries. Indeed, it has been suggested that this new information may
necessitate a complete revision of textbook accounts of the process of the generation of blood
cells. For this reason, if no other, the editors of this fine book have done a considerable
service in amassing such an excellent team of scientists to summarize some of the very recent
developments in this exciting and fast moving field.

Having lived through this remarkable period in the development of hematology one
cannot help wondering whether, in view of these very recent discoveries, we may be
returning to a period of controversy similar to that which dogged the field for the first half of
the 20™ century. But at least we can rest assured that those involved will behave in a much
more gentlemanly way should such a situation arise, at least in their published work.

D.J. Weatherall
Oxford
September 2008
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Chapter 1

Gene Regulatory Networks Directing
Cell Fates within the
Hematopoietic System”

Damien Reynaud®, David W. Lancki', Jagan M. R. Pongubala’, Aryeh

Warmflash?, Aaron R. Dinner® and Harinder Singh'™
'Department of Molecular Genetics and Cell Biology, Howard Hughes Medical Institute
*Department of Physics
*Department of Chemistry
The University of Chicago, Chicago, IL USA 60637
Tel: 773-702-3607; Fax: 773-702-3611

Abstract

We review a new developmental framework for the hierarchical relationships among
the various lineages of the hematopoietic system in the context of the underlying gene
regulatory networks that orchestrate distinct cell fates. These regulatory networks or
circuits comprise of transcription factors, chromatin modifying complexes and miRNAs.
Molecular principles and mechanisms of action underlying the functions of such
regulatory molecules in the activation and repression of alternate lineage gene expression
programs are emphasized. Finally, we discuss mathematical models that can be used to
gain an analytical appreciation of the architectures of gene regulatory networks and their
developmental dynamics.

** Correspondence to: Prof. Harinder Singh, Department of Molecular Genetics and Cell Biology, Howard Hughes
Medical Institute, The University of Chicago, Chicago, IL USA 60637
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Introduction

The hematopoietic system represents a powerful model for exploring gene regulatory
networks (molecular circuits) that enable a stem cell to generate diverse blood and immune
cell types including erythrocytes, megakaryocytes, granulocytes, macrophages, dendritic
cells, natural killer cells, and B and T lymphocytes. Self-renewing multipotent hematopoietic
stem cells (HSC) enable the life-long production of blood and immune cells. The relatively
quiescent HSC generates a series of hierarchically organized progenitors that undergo
extensive proliferation as they progressively restrict their developmental potential and induce
the expression of lineage-specific genes eventually culminating in the generation of mature
functional progeny. The various intermediates through which multipotent hematopoietic
progenitors give rise to lineage-restricted precursors have been delineated by prospective
isolation using flow cytometry and determining lineage potential by transplantation in vivo or
culture in vitro. Such analyses have led to the formulation of differing lineage relationships
within the hematopoietic system (see below). Nevertheless, these lineage relationships can
provide clues about the existence of regulatory factors that may antagonize each other’s
actions to direct alternative cell fates. They can be also used to probe the evolutionary origins
of more recently emerged lineages such as the B and T lymphocytes of the adaptive immune
system. Molecular analyses have paved the way for the assembly of gene regulatory networks
that direct various cell fate choices within the hematopoietic system. These networks
comprise of transcription factors, chromatin-modifying complexes, regulatory micro-RNAs
(miRNAs) and developmental signaling pathways.

In this chapter, we will review our current understanding of the molecular circuits and
principles that govern the specification of distinct cell fates within the hematopoietic system.
We will particularly focus on increasing evidence suggesting that both innate (myeloid
lineages) and adaptive (lymphoid lineages) cells of the immune system can arise from a
shared lymphoid-primed multipotent progenitor (LMPP). Based on specific examples, we
will attempt to highlight the architecture of the gene regulatory networks underlying cell fate
determination and the molecular mechanisms used to drive lineage-specific patterns of gene
expression. Finally, we will discuss the use of mathematical modeling to develop an
analytical perspective of these developmental circuits.

The Classical Developmental Model
of the Hematopoietic System

Historically, hematopoiesis had been viewed as a purely stochastic process by which
lineage restriction of progenitors occurred randomly (1). This view began to change with the
prospective isolation of intermediates based on surface markers and analysis of
developmental potential using various in vitro and transplantation assays. Such analyses
uncovered a hierarchical architecture underlying the hematopoietic system. Notably, during
the past decade, the Weissman laboratory pursued this experimental paradigm to isolate and
characterize a series of developmental intermediates including long-term and short-term HSC



Gene Regulatory Networks Directing Cell Fates within the Hematopoietic System 3

(denoted LT- and ST-HSC), multipotent progenitors (MPPs) as well as a series of progenitors
with more restricted differentiation potentials such as (i) the common myeloid progenitors
(CMP) (2) and (ii) the common lymphoid progenitors (CLP) (3), (iii) the myelomonocytic
progenitors (GMP) and (iv) the megakaryocyte/erythrocyte progenitors (MEP) (2).

Analysis of the developmental potential of these discrete developmental intermediates
led to a consolidation of the classical model of hematopoiesis (Figure 1A). Importantly, this
classical model places the multipotent progenitor MPP at a pivotal juncture. MPPs retain
multi-lineage potential but can no longer self-renew and therefore effect long-term
reconstitution of the hematopoietic system upon transplantation in lethally irradiated hosts.
The classical model invokes an initial segregation of the erythro-myeloid and lymphoid
developmental potentials. Supported by the isolation of CMPs and CLPs, this view is also
appealing from the standpoint that B and T lymphoid cells undergo an exceptional
developmental process involving assembly of their antigen receptor genes through somatic
DNA rearrangements. This enables the adaptive cells of the immune system (B and T cells)
to express vast repertoires of antigen receptors unlike their innate cell (myeloid) counterparts.
This model was supported by molecular analysis of gene expression patterns in these
progenitors at a single cell level. HSC and multipotent progenitors were shown to be
“primed” for multi-lineage gene expression programs (4). The subsequent progenitor subsets
revealed more restricted patterns of gene expression that appeared to be consistent with their
progressively restricted developmental potentials. For example HSCs, MPPs, and CMPs have
been shown to co-express granulo-monocytic and erythro-megakaryocytic genes, but this
mixed lineage pattern is resolved in the downstream progenitors, GMPs and MEPs (5). Multi-
lineage gene expression patterns may represent the establishment of transcriptional poised
states of alternate lineage genes via chromatin modifications. Alternatively, these patterns
could reflect oscillatory fluctuating states of competing genetic programs within a single
progenitor.

Although the classical model has proven to be valuable in the analysis of genes that
regulate hematopoiesis, it could not be easily reconciled with some of the experimental data
(6). Analysis of fetal hematopoiesis in mutant embryos lacking the transcription factor PU.1
revealed a multi-lineage defect in the generation of lymphocytic (B and T), monocytic and
granulocytic progenitors, while erythropoiesis and megakaryopoiesis was unaffected (7). This
result, since confirmed in adult hematopoiesis (8) supported the existence of a common
intermediate that generates both innate (granulocytic and macrophage) and adaptive (B and
T-lymphoid) cells. Consistent with this view, several reports have highlighted the close
developmental relationship between cells of the innate and adaptive immune system through
the isolation of B/macrophage progenitors (9) or the analysis of mixed-lineage (myeloid/B
cell) leukemias. The classical model of hematopoiesis has also been challenged from the
standpoint that the CLP may not represent a physiologically relevant intermediate for the
generation of T cells in the thymus. A recent study has demonstrated that T-lineage
precursors can arise independently of CLPs (10) and that the earliest thymic progenitors
(ETP) maintain granulocytic-macrophage potential (11, 12). Taken together, this
experimental evidence challenges the central role of CLPs as key intermediates in the
development of lymphocytes and instead argues for the existence a shared progenitor that
gives rise to all lineages of the immune system (innate as well as adaptive).
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B. Revised model

LT-HSC ?O

2

Figure 1. Classical and revised models of hematopoiesis depicting the various intermediates and lineage
relationships.

Although the classical model has proven to be valuable in the analysis of genes that
regulate hematopoiesis, it could not be easily reconciled with some of the experimental data
(6). Analysis of fetal hematopoiesis in mutant embryos lacking the transcription factor PU.1
revealed a multi-lineage defect in the generation of lymphocytic (B and T), monocytic and
granulocytic progenitors, while erythropoiesis and megakaryopoiesis was unaffected (7). This
result, since confirmed in adult hematopoiesis (8) supported the existence of a common
intermediate that generates both innate (granulocytic and macrophage) and adaptive (B and
T-lymphoid) cells. Consistent with this view, several reports have highlighted the close
developmental relationship between cells of the innate and adaptive immune system through
the isolation of B/macrophage progenitors (9) or the analysis of mixed-lineage (myeloid/B
cell) leukemias. The classical model of hematopoiesis has also been challenged from the
standpoint that the CLP may not represent a physiologically relevant intermediate for the
generation of T cells in the thymus. A recent study has demonstrated that T-lineage
precursors can arise independently of CLPs (10) and that the earliest thymic progenitors
(ETP) maintain granulocytic-macrophage potential (11, 12). Taken together, this
experimental evidence challenges the central role of CLPs as key intermediates in the
development of lymphocytes and instead argues for the existence a shared progenitor that
gives rise to all lineages of the immune system (innate as well as adaptive).
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Towards a Revised Model
of the Hematopoietic System

Using mice carrying a GFP gene knocked into the Ragl locus, the Kincade group
demonstrated that specification of lymphoid cell fates is initiated earlier in the developmental
hierarchy than proposed by the classical model of hematopoiesis (13). RAG1" cells isolated
in the Lin™ c¢-Kit" Scal™ (LSK) compartment (denoted ELP) displayed a strong lymphoid
differentiation potential and residual granulocytic- macrophage potential. Based on FIt3
receptor expression, Jacobsen and colleagues reported that the MPP compartment can be
divided into a subset of erythro-megakaryocytic progenitors (F1t37) and a subset of lympho-
myeloid progenitors (Flt3", denoted LMPP) (14). Although the functional characterization of
the LMPP population has been challenged (15) subsequent sub-fractioning of this population
based on VCAM expression appears to confirm the existence of a progenitor exhibiting a
lympho-myeloid developmental potential (16). These results have led to a revised proposal
for lineage relationships in hematopoiesis (Figure 1B).

The revised model envisions an initial segregation between erythro-myeloid and lympho-
myeloid lineages within the multipotent progenitor compartment (MPP). The transcription
factors PU.1 and GATAI1 appear to play key roles in establishing this developmental
bifurcation. PU.1 and GATAI have been shown to physically interact and functionally
antagonize one another in the context of regulating erythroid or myeloid target genes (17,
18). Analysis of mice deficient for the chromatin remodeler Mi-2? 3 also suggests a function
for this factor at this developmental juncture (19). Loss of Mi-2? perturbs the HSC
compartment and results in an increase in the generation of erythroid precursors at the
expense of the other lineages. Interplay between Mi-2p3? and GATAI1 could explain this
phenotype (20). Alternatively, Mi-23? could interact with Ikaros transcription factors to
repress erythroid developmental potential and promote lympho-myeloid fates (21, 22).
Finally the bHLH transcription factor E2A also participates in this developmental bifurcation
as it promotes the generation of LMPPs from HSCs (23). The revised model for
hematopoiesis proposes that the innate (myeloid) and adaptive (lymphoid) lineages of the
immune system arise from a common progenitor. Based on this developmental relationship,
we predict that these lineages will share not only transcription factors such as PU.1 but
deploy common regulatory circuits to control their differentiation.

Alternate Lineage Restriction
and Cell Fate Specification

From a molecular standpoint, the restriction of developmental potentials and the
induction of lineage-specific gene expression programs (cell fate specification) are two
intertwined and progressive processes. These processes have been thoroughly analyzed in the
context of B cell development. In this lineage, cell fate specification is initiated within the
LMPP by the induction of genes such as Ragl and Dntt (13, 24) by the transcription factors
Ikaros and E2A (22, 23, 25). The subsequent induction of a B cell specific program of gene
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expression is associated with a progressive repression of alternate lineage genes. This gradual
process imposes a B-lymphoid “bias” rather than true cell fate commitment as these early
stages of development retain residual granulocytic-macrophage potentials (26). Molecularly,
this process of restriction seems to require the sequential and concerted action of several
transcription factors including Ikaros, E2A, EBF and Pax5 (23, 25, 27, 28). Ultimately, this
process culminates at the pro-B cell stage where the B cell fate is sealed by the self-
reinforcing loop between EBF and Pax5 (27). The same progressive process appears to occur
during neutrophil and macrophage cell fate specification controlled respectively by the
primary determinants PU.1 and C/EBP? a (29).

Cell Cycle Regulation, Multi-Lineage Priming
and Differentiation of HSC

In the HSC compartment, the decision to self-renew or differentiate is intimately coupled
to the regulators of the cell cycle. Several reports have demonstrated the functional role of
cell-cycle regulators such as p16/Ink4A, p21cipl/wafl, c-Myc and PTEN in controlling self-
renewal of HSC versus their differentiation (30, 31). In most cases, it is assumed that
molecules involved in the establishment of quiescence are required for self-renewal whereas
those promoting entry into the cell cycle and division with differentiation. However, it is
important to note that the molecular mechanisms underlying HSC self-renewal or
differentiation remain largely obscure. Key transcription factors regulating multi-lineage
“priming” can also influence the cell fate dynamics in the HSC compartment. Interestingly,
disruption of this priming phenomenon induces opposite consequences within HSCs. PU.1
appears to be required for the stem cell function while C/EBP? o favors differentiation, in
that loss of the former reduces HSC number whereas loss of the latter results in an expansion
of HSC (8, 32). These results suggest that key transcriptional regulators dictating cell fate
choices within the hematopoietic system are also important in controlling self-renewal
dynamics of HSC.

Molecular Principles Underlying Cell
Fate Determination

The concentration or activity states of key transcription factors appear to play an
important role in cell fate determination within the hematopoietic system. Graded levels of
PU.1 have been shown to regulate B versus macrophage development, as a low concentration
of PU.1 induces B cell development while a 4-5 fold higher concentration drives macrophage
differentiation and actively blocks B cell development (33). Similarly, in the B lineage,
coordination of isotype switching with plasma cell differentiation is controlled by the kinetics
of accumulation and the graded expression of the transcription factor IRF-4 (34). The
molecular bases of such actions of transcription factors that involve concentration dependent
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regulation of alternate cell fate choice or discrete developmental transitions remain to be
elucidated.

As discussed above multi-potent cells exhibit low levels of mixed-lineage gene
expression patterns (4, 5). Therefore, cell fate determination involves the resolution of mixed-
lineage gene expression patterns by the concerted activation as well as repression of subsets
of lineage-specific genes. This likely involves recurring use of counter-acting pairs of
transcription factors that can activate as well as repress alternate lineage programs of gene
expression (Figure 2).
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/
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- % PUT  p—
MEP AN C/EBPa —||:;f'”'1
h o
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Figure 2. The revised model of hematopoiesis depicting counteracting pairs of transcription factors
underlying various binary cell fate choices.

Competition between transcription factors that regulate alternate cell fates has been
proposed as a molecular mechanism for initiating and resolving mixed lineage states based on
studies demonstrating the antagonism between PU.1 and GATA-1 (35). This model was
initially based on the physical interaction between PU.1 and GATA-1 and their ability to
inhibit each other’s transcriptional activation properties (17, 18). Such antagonistic interplay
is thought to be responsible for the segregation between lympho-myeloid and erythro-
megakaryocytic developmental potentials (see above and Figure 2). Paradoxically, we note
that the PU.1 and GATA proteins can also function in a synergistic manner to regulate cell
fate choice. Whereas, PU.1 and GATA-2 function in an antagonistic manner to regulate
macrophage development, they function synergistically to specify the mast cell fate (36).
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Figure 3. A gene regulatory network regulating macrophage versus neutrophil cell fate choice. The three
planes represent different components of the network and comprise transcription factors, miRNAs and
chromatin modifying complexes. Signaling inputs into the network by the cytokines G-CSF and GM-CSF are
indicated. Positive and negative regulatory inputs in the network are indicated by arrowheads or T-junctions
respectively. Solid lines depict regulatory interactions that have been experimentally demonstrated from a
molecular standpoint.

The relative order of induction of shared transcription factors is another key principle
underlying cell fate determination. This principle has been illustrated by the analysis of
C/EBP? o, and GATA-2 in the context of generation of eosinophils versus basophils (37) and
C/EBP? oo and PU.1 in the cell fate choice involving neutrophil versus macrophage
differentiation (29). In both cases, the relative order of induction of the two lineage
determining transcription factors has been shown to regulate a binary cell fate choice. Thus
induction of PU.1 before C/EBP? a promotes macrophage differentiation from a bi-potential
GMP whereas the induction of C/EBP? a before PU.1 promotes neutrophil development (29,
38). This analysis has been extended by uncovering a novel regulatory sub-circuit comprised
of counter antagonistic repressors (secondary determinants) Egr-1,2/Nab-2 and Gfi-1 (29). In
turn, this has enabled the assembly and mathematical modeling of a simple gene regulatory
network whose architectural features are likely to be widely shared (Figure 3). In support of
this contention the adoption of erythroid versus megakaryocytic cell fate by MEPs involves
GATA-1 as a primary determinant and the transcription factors EKLF and Fli-1 as a pair of
counter-acting secondary determinants (39).
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Figure 4. A gene regulatory network regulating B lymphoid versus myeloid cell fate choice. Signaling inputs
into the network by the cytokines FIt3L and IL-7 are indicated. See legend to Figure 3 for additional details.

Cell fate determination involves self-reinforcing feed forward and feedback regulatory
loops. Furthermore, the induction of lineage-specific programs of gene expression is brought
about by the coordinated actions of multiple transcription factors. These aspects of cell fate
determination have also been particularly well characterized in the context of B cell
development. During B cell fate specification, multiple regulatory inputs such as PU.1'°,
E2A, Ikaros, FIt3L and IL-7R? are able to induce the initial expression of the transcription
factor EBF that is a primary B cell fate determinant (Figure 4). EBF then induces the
transcription factor Pax5, a secondary B cell fate determinant that feeds-back to sustain the
expression of the EBF gene (40). This regulatory network leads to the generation of a self-
reinforcing loop between EBF and Pax5, and enables commitment to the B cell fate (27). An
important feature of this network is the cooperative or synergistic interplay of the fore-
mentioned transcription factors in the activation of lineage-specific genes. The mb-1 gene in
B-lineage cells has been used as a model system to analyze the molecular mechanisms that
govern the expression of cell type specific genes. The mb-1 gene encodes for Ig? o (CD79a),
a protein that is required for the assembly and signaling functions of the pre-B and B cell
receptors. The developmental activation of this gene is regulated by the sequential and
concerted action of multiple transcription factors. EBF and E2A collaborate with a non-B-cell
specific transcription factor Runx1 to initiate mb-1 gene activation by targeting epigenetic
modifications including DNA de-methylation at the promoter (41). Subsequent to these DNA
and chromatin modifications Pax5 along with Ets proteins bind to the promoter to activate the
mb-1 gene. Such sequential and concerted interplay of multiple transcription is thought to be
a general mechanism that likely underlies the activation of additional B-lineage specific
genes such as those encoding the surrogate light chains ?A5 and VpreB (42).
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Micro-RNAnNnas: New Players Involved
in Cell Fate Determination

Micro-RNA molecules (miRNAs) are a new class of non-coding RNAs. They constitute
a recently discovered group of regulators that can control gene expression programs at the
level of transcription, RNA stability or translation. They provide a rapid and highly versatile
mode of regulation in the context of cell fate determination (43, 44). miRNAs have been
shown to play important roles in hematopoiesis involving erythroid, myeloid and B
lymphocyte development (45-47). Recent reports have begun to uncover the interplay
between miRNAs and lineage determining transcription factors (Figures 3 and 4).
Transcription factors regulate the expression of miRNA genes during lineage specification
and in turn miRNAs target mRNAs encoding lineage determining transcription factors. This
leads to the generation of feedback loops between these two classes of regulatory molecules.
Thus, it appears that a new type of sub-circuit composed of miRNAs can be super-imposed
on the ones previously comprised of transcription factors. An important example of this type
of regulation emerges from the analysis of cell fate determination involving neutrophils and
macrophages. In addition to the cross-antagonism through the sub-circuit comprised of Gfi-1
and the Egr’s, PU.1 and C/EBP? a appear to also compete through antagonist miRNAs
(miRNA-223 and miRNA-424) with the interplay of a common transcription factor, Nuclear
Factor I (NFI-A) (48, 49) (Figure 3). This mode of regulation appears to fine-tune the
expression of lineage determining transcription factors in the context of cell fate
determination.

Epigenetic Modifications and Changes in Nuclear
Compartmentalization during Cell
Fate Determination

Epigenetic modifications play a crucial role in the activation and repression of lineage-
specific patterns of gene expression. They can also generate stable and heritable changes in
gene expression. This mode of regulation involves DNA methylation and an extensive series
of covalent modifications of histone tails (50). The latter modifications include diverse marks
such as acetylation, methylation, phosphorylation, SUMOylation and ubiquitylation.
Ubiquitous enzymatic complexes, including DNA methyltransferases (DNMTs), histone
acetyltransferases (HATS), histone deacetylases (HDACs), histone methyltransferases
(HMTs) and histone demethylases (HDMs) catalyze these diverse histone modifications.
Several studies have demonstrated that lineage determining transcription factors are able to
recruit such complexes to specific loci during cell fate specification leading to gene
activation or repression. Such mechanisms of action have been documented for transcription
factors including GATAI1 in erythropoiesis (51) or PU.1 in the context of myelopoiesis (52).
Interestingly many transcriptional regulators appear to be bi-functional as they are able to
recruit both activating and repressing chromatin-modifying complexes. Thus Ikaros has been
to shown to interact with and recruit both the SWI/SNF activator as well as the NURD
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repressor complexes. How a given transcription factor can recruit alternate chromatin-
modifying complexes on different target genes remains an intriguing problem to be solved? .

Regulated nuclear compartmentalization has been proposed as another mechanism of
gene regulation during cell fate specification (53-55). During B cell development
immunoglobulin genes have been shown to re-position away from the nuclear lamina as they
undergo transcriptional activation and DNA rearrangement. It will be important to explore if
such a mechanism applies to larger sets of lineage-specific genes both in the context of their
activation in the relevant lineage and their repression in alternate lineages.

Extrinsic Signhaling Inputs
and Cell Fate Determination

Regulation of hematopoiesis also involves extrinsic signaling inputs. The requirement for
cytokines and their instructive potential in cell fate determination has been debated over the
years. Interestingly a distinction can be made between myeloid and lymphoid cytokines. Thus
the receptors of the myeloid cytokines (GM-CSF, G-CSF and M-CSF) appear not to be
essential for myeloid differentiation (56) yet they have an important role in controlling the
proliferation of myeloid progenitors during normal and stress-induced hematopoiesis. In
contrast, a requirement for the receptors of lymphoid cytokines (FIt3 and IL-7) during
lymphocyte differentiation has been documented (57). In B cell development, the nature of
the FIt3 input remains to be fully elucidated. In contrast IL-7R signaling has been shown to
regulate the developmental induction of the EBF gene, the primary determinant of this
lineage (40). Thus IL-7 signaling drives differentiation and proliferation of pro-B cells and
rearrangement of immunoglobulin heavy chain loci. Later in the developmental sequence, IL-
7 signaling has to be attenuated to allow rearrangement of the immunoglobulin light chain
loci (58). Interestingly modulation of IL-7 signaling at this pre-B cell stage of development
appears to be regulated by a change of chemokine- receptor expression, enabling B cell
precursors to move away from the IL-7 expressing stromal cells (59). The B-cell
developmental pathway nicely illustrates how cell fate determination and subsequent
differentiation processes are regulated by the interplay between the extrinsic components of
the micro-environment such as cytokines, chemokines or adhesion molecules and the intrinsic
components i.e., transcription factors. The importance of micro-environmental “niches” for
the self-renewal of HSCs has been documented (60). It remains to be determined if such
niches and signaling inputs are required for other multipotent or lineage-restricted
progenitors.

Mathematical Modeling of Hematopoietic Gene
Regulatory Networks

Although our understanding of the molecular details of how gene regulatory networks
govern cell fate choices is still expanding, sufficient data are now available to begin
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meaningfully modeling these developmental circuits. Such studies can provide information
about whether the various pair wise interactions between transcription factors and genes give
rise to the observed dynamics at the systems level. Indeed, the complex nature of responses to
perturbations often makes it difficult to interpret experiments that probe hematopoietic
development by perturbing it. The value of mathematical models is not that they are always
right, but instead that they frame hypotheses for experimentally distinguishing between
alternate mechanisms. Even predictions that are not borne out contribute to understanding
and enable refinement of a unified conceptual framework that is increasingly needed as the
conventional picture of hematopoietic development as a series of simple irreversible binary
cell fate choices is replaced by the probabilistic one detailed above (Figure 1).

Advancing theoretical methods for faithfully representing molecular events involved in
gene expression, including the statistics of fluctuations (noise), is at the forefront of research
at the interface between the biological and physical sciences. However, traditional chemical
kinetic methods are also proving to be useful in the analysis of experimentally assembled
networks. In such an approach, a network is represented mathematically by a set of
differential equations that describe how the expression levels of participating species evolve
in an average sense. The advantage to such an approach is that there are well-defined means
for determining the fixed points of the differential equations, which correspond to
combinations of expression levels that do not change in time. Stable fixed points (or
“attractors”) are robust to perturbations and correspond to well-defined (but not necessarily
mature) cell types. Unstable fixed points are not readily observable in experiments but are
important because they define the boundaries (in expression levels) between developmental
states. Once identified, one can assess the sensitivity of the fixed points to the parameters of
the model, and trends can often be connected directly with experimentally observed
behaviors or exploited to make predictions that can be used to validate the model
experimentally.

A. X B. Xi—Xo

X Y Yi—Y>

direct indirect

Figure 5. Common elementary network motifs giving rise to bistability. (A) Autoactivation. (B) Mutual
repression (counter-antagonism).
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Mathematical details are presented elsewhere (29). Here, we try to develop the reader’s
intuition by considering common elementary gene regulatory network motifs (see (61) for
more extensive discussions). We show how these models can help elucidate many of the
basic features of cell fate decisions. We then discuss how these motifs contribute, often in
combination with each other, to specific hematopoietic cell fate decisions and show how they
can be used to understand counterintuitive results in cellular reprogramming experiments. A
key idea is that the effects of perturbations depend on both their extent and their timing.

Because most, if not all, elementary cell fate decisions are binary in nature, gene
regulatory network motifs that support bistability (i.e., have two attractors under the same
conditions) are ubiquitous. Such motifs typically involve some form of positive feedback.
One of the simplest motifs giving rise to bistability is autoactivation, in which a protein can
activate its own expression directly or indirectly through upregulating one of its activators
(Figure 5A). Autoactivation ensures that high expression of the protein is self-reinforcing.
Similarly, if the protein is not present, it cannot activate its own transcription so a state with
low expression is stable as well. Models of this motif thus have three fixed points: two stable
points in which the gene is effectively either on or off and an unstable point which separates
the basins of attraction for these stable states. Functionally, this module “remembers” a past
stimulus to maintain a stable cell fate in the absence of inducing signal. If the gene begins in
the off state, once a signal has induced it to high expression, this state will be self-sustaining
even in the absence of the signal. This form of memory is known as “hysteresis” and is a
hallmark of bistable systems. Well-characterized examples of autoactivating circuits are those
that determine whether E. coli and yeast transition from a (default) state in which a nutrient is
not metabolized to one in which it is (62, 63).

Another network motif that can govern a decision between two alternate cell fates is that
of two mutually repressing transcription factors. To model a generic bistable switch that can
be employed in studying cell fate decisions, we consider a circuit where two primary
determinants (X1 and Y1) each activate a single secondary regulator (X2 and Y2) (Figure
5B). It is well-known that this motif can have two stable states: each of which has one
secondary gene on and the other off. The unstable fixed point separating them has balanced
expression of the competing factors. This behavior derives from the fact that, if one
secondary determinant is more strongly expressed, even transiently, it can overwhelm the
other and progressively repress it. This ensures that lineage inappropriate genes are not
misexpressed. The classic example of such a motif is the mutual repression of Cro and cl,
which governs the lysis-lysogeny decision in bacteriophage ? A (64). What is less appreciated
is that, when the primary determinants are expressed at low levels, the cross-antagonism is
sufficiently weak that neither secondary determinant can overwhelm the other, and a mixed
lineage gene expression pattern with balanced secondary determinants becomes the only
stable state. This is in agreement with experiments described above which have revealed that
progenitors promiscuously transcribe genes representative of a variety of lineages at low
levels (“transcriptional priming”).

Interestingly, this model provides a unified means for viewing both cell fate decisions in
which a population randomly partitions into two lineages (a stochastic mechanism) and ones
in which populations are directed toward competing lineages by environmental cues (a
deterministic or instructive mechanism). If both secondary determinants are upregulated
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simultaneously to similar extents in a progenitor state with a mixed pattern of gene
expression, the progenitor state will be destabilized without being biased towards either
terminal cell fate and stochastic fluctuations will determine which fate is ultimately adopted.
On the other hand, if X1 and X2 are increased prior to Y1 and Y2 in Figure 5B, then cells
will remain in the X-associated lineage even if Y1 and Y2 are subsequently increased. Such
commitment following an instructive cue is another example of hysteresis.

While the idea that the attractors of the dynamics of gene regulatory networks correspond
to the stable cell fates observed in an organism was introduced many years ago, specific
molecular realizations are just now beginning to be elucidated due to advances in both theory
and experiment. The auto-activation model is most applicable to situations in which a cell
must “remember” exposure to a stimulus after that stimulus is no longer present. This model
has been used to explain how T cells maintain their cell fate choice after transient exposure to
an instructive signal. In this case, the autoactivating protein is GATA-3 and the instructive
signal that controls its expression is the cytokine IL-4 (65). If IL-4 is present during
activation, cells upregulate GATA-3 and adopt the Th2 lineage rather than the Thl lineage.
The former is then stable even in the absence of IL-4. Autoactivation also plays a role in the
decision between the erythroid and myeloid lineages. Here it helps ensure the stability of
these lineages following the cell fate decision, which is governed by mutual repression (66)
(discussed further below).

The mutual repression model is applicable to a wide variety of binary decisions made
between mutually exclusive cell states. In the hematopoietic system, different types of
myeloid cells (macrophages and neutrophils) develop from a common progenitor. The
primary and secondary cell fate determinants for the macrophage fate are PU.1 and Egr-2,
respectively, while those for the neutrophil lineage are C/EBP? o and Gfi-1 (Figure 6A). The
main difference between this network and the basic one in Figure 5A is that the secondary
determinant for the neutrophil lineage (Gfi-1) is thought to repress the primary cell fate
determinant for the other (PU.1) (29, 67). This interaction breaks the symmetry in the
network and complicates the analysis, but the dynamics are qualitatively similar to those
described above (29).

The regulation of the expression of a macrophage-specific gene (c-fms) downstream of
PU.1 and Egr-2 has been described in detail (68) and can therefore serve as a model for how
the primary and secondary cell fate determinants jointly regulate genes further downstream.
The c-fms gene is first induced at low levels by the presence of PU.1 and later at higher
levels by Egr-2. Interestingly, C/EBP?, a, the primary cell fate determinant for the neutrophil
lineage, also serves as an activator for this macrophage gene. In fact, this observation is part
of a larger paradox concerning myeloid development. Counter-intuitively, differentiated cells
express high levels of primary cell fate determinants from both lineages and binding sites for
both of these proteins are found in the regulatory regions of lineage specific downstream
genes (29). The model reveals that increasing the levels of both primary cell fate
determinants destabilizes the mixed lineage progenitor and forces differentiation to one of the
terminal two cell fates. Thus, increasing the expression of both primary cell fate determinants
can be used as a strategy for both lineage commitment and stochastic specification (29).

A model that was similar but also included positive autoregulation for each of the
secondary cell fate determinants (X and Y activate their own production) was introduced to
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study an earlier developmental decision in the hematopoietic system, that between the
myeloid and erythroid lineages (66). This model also has stable states corresponding to the
progenitor and terminal cell fates, and the behavior in this case is qualitatively similar.
However, the auto-activation alters the dynamics quantitatively during lineage commitment
(66). Furthermore, the autoactivation could serve to ensure that the terminal cell fates are
robust to stochastic fluctuations, which are not treated in these simple models.

Recently, there has been increased interest in the robustness and plasticity of cell fate
decisions. As a cell progresses down a developmental pathway what alternatives are available
and when does commitment to a given cell fate become irreversible? These questions can be
explicitly probed by “reprogramming” experiments in which the expression of a transcription
factor known to promote the development of an alternate lineage is enforced (69-74). These
experiments suggest that common myeloid and lymphoid progenitors (as defined by cell
surface proteins) and even differentiated cells that arise from them are surprisingly plastic
and can be readily made to produce alternate lineages.

Although most reprogramming experiments are clearly consistent with regulatory
relationships established by independent means (69, 70, 73), some yield counterintuitive
results. In particular, Graf and co-workers showed that forced expression of the neutrophil
promoting transcription factor (C/EBP?) ) in B and T lymphocyte precursors converted
these cells into macrophages rather than neutrophils (71, 72). To understand these
reprogramming experiments, we have expanded the myeloid network considered in (29) to
include key cell fate determinants for the B cell lineage (75-80) (Figure 6A). A similar
analysis can be performed for the T cell case by including GATA-3, Notch, and HEB, but the
qualitative conclusions are the same (data not shown).

The combined lymphoid-myeloid network in Figure 6A has stable fixed points
corresponding to the B cell, neutrophil, and macrophage cell fates. We simulated experiments
in which C/EBP? o, was induced in a progenitor cell that would have adopted the B cell fate
if left unperturbed. Parameters were set to those that produce B cells (Figure 6B) and the rate
of synthesis or concentration of C/EBP? a was spiked at various points along this pathway to
simulate the enforced expression. When the rate of C/EBP? o synthesis was spiked very early
in development, neutrophils resulted (Figure 6C). However, if the cell was allowed to
proceed along the B cell pathway, suddenly increasing the C/EBP? o rate of synthesis
produced macrophages (Figure 6D). In the first case, both Egr-2 and Gfi-1 were at low
concentrations when the enforced expression was initiated, such that C/EBP? a promoted the
neutrophil pathway at the expense of the macrophage pathway. In To understand the second
case, note that PU.1 is obligate for the development of both myeloid and lymphoid lineages.
Once PU.1 activates Egr-2since the Egr-2 had been activated by PU.1, the latter is obligate
for development of lymphoid as well as myeloid cells, subsequent activation expression of
C/EBP? a0 could cannot activate induce Gfi-1. However, since, in the model C/EBP? o
represses several B cell specific genesantagonizes the B-lineage regulators Pax-5 and E2A,
the re-programmed B-lineage cells default to a macrophage fate.

These results are summarized in Figure 6E. Early induction of C/EBP? a in sufficient
quantities reprograms lymphocytes to neutrophils, and later induction reprograms them to
macrophages.
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Figure 6. Developmental dynamics of a gene regulatory network that orchestrates B-lymphoid versus
myeloid cell fates. (A) Schematic of the network subjected to mathematical modeling. Small arrows indicate
genes with a non-zero rate of default synthesis. (B through D) Time series for key cell fate determinants. The
concentrations shown are for the B lineage gene EBF (maroon, dashed-dotted lines), the macrophage gene
Egr (blue, solid lines), and the neutrophil gene Gfi-1 (gold, dashed lines). (B) Time course for unperturbed
development of a B lymphocyte. (C and D) The rate of C/EBP? a synthesis is artificially increased by a unit
amount at time (C) t=0.3 or (D) t=0.6. (E) “Phase” diagram for reprogramming. The final cell fate is shown
as a function of the timing and magnitude of the spike in C/EBPa? synthesis. The equations are of the same
form and the parameters for each gene are the same as those used in (29) with the exception of the activation
of EBF, which required a different form to account for the integration of signals from PU.1, IL7R, and E2A.
See Warmflash and Dinner (82) for additional details.

However, as cells develop along the lymphocyte pathways, it becomes increasingly
difficult to divert cells to myeloid fates. In considering these results, it is important to note
that Gfi-1 is expressed in lymphocytes (81). However, the model only requires that the levels
of Egr be sufficiently high that the Egr-Gfi cross-antagonism gives rise to a bistable switch
biased to the macrophage promoting side immediately following the enforced C/EBP? a
expression.

In summary, mathematical modeling reveals that lymphocyte development biases the
myeloid bistable switch to the macrophage promoting side, so that induction of myeloid
genes (even neutrophil promoting ones) can force the cell to adopt a macrophage fate. This
mechanism is consistent with the finding that PU.1 is necessary to reprogram lymphocyte
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progenitors to macrophages but not to downregulate lymphocyte specific genes (71, 72).
C/EBP? « itself causes the downregulation of these genes, but PU.1 is necessary to bias the
switch to the macrophage side. The results of the modeling could be tested by performing
similar reprogramming experiments in which the levels of Egr-1,2 or Gfi-1 were perturbed
either through genetic knockouts or enforced expression. For example, in the case in which
Gfi-1 expression was enforced, we would expect the switch to be biased to the neutrophil
side and C/EBP? a to reprogram B cell progenitors to neutrophils.

Conclusion

Hematopoiesis is a leading system in developmental biology, not only from the
standpoint of analyzing stem cell function but also the elucidation of gene regulatory
networks that orchestrate cell fate determination. Considerable progress is being made in
experimentally assembling cell fate determination circuits comprised of transcription factors
and miRNAs and in their theoretical analysis. Future work will lead to establishment of
comprehensive regulatory networks in which the target genes of each transcription factor and
miRNA will be determined. Such networks will provide the molecular underpinnings for the
developmental lineage relationships that to date have been exclusively explored by isolating
hematopoietic progenitors and examining their developmental potential by transplantation or
in vitro culture. These networks can also be used to predict the outcomes of lineage
reprogramming experiments and to rationally design scalable approaches for generating large
numbers of specific hematopoietic cell types from embryonic or induced pluripotent stem
cells (iPS) for therapeutic purposes.
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Abstract

Hematopoietic stem cells (HSC) continuously replenish all types of blood cells
through a series of lineage restriction steps that results in the progressive loss of
differentiation potential to other cell lineages. This chapter focuses on the recent
advances in understanding one of the earliest differentiation steps in HSC maturation, the
diversification of the lymphoid and myeloid cell lineages, which make up the two major
branches of hematopoietic cells. We will discuss the progress in identifying and
characterizing progenitor populations that are downstream of HSCs. Prospective isolation
of cell populations at the various maturational stages is a key in understanding the
sequential biological events that take place during the course of differentiation of HSC
into each hematopoietic cell type. The role of transcription factors, cytokines, and bone
marrow microenvironments in lymphoid versus myeloid cell fate decisions will also be
discussed.
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Introduction

Hematopoiesis is the process of blood cell formation. Blood cells are categorized into
two lineages, lymphoid and myeloid. Lymphoid lineage cells, or lymphocytes, include T, B,
and NK cells. Other cell types, such as megakaryocytes (Meg) and erythrocytes (E), as well
as granulocytes (G) and macrophages (M) belong to the myeloid lineage "2 The isolation and
characterization of HSCs in mouse bone marrow and fetal liver provided definitive proof that
lymphoid and myeloid lineage cells have a common origin **. By transplanting a single HSC
into a lethally irradiated recipient mouse, long-term reconstitution of both the lymphoid and
the myeloid compartment was achieved >, demonstrating that the HSC is the common
ancestor of all blood cell types. HSCs are highly enriched in the lineage marker (Lin) Sca-
1*c-Kit Thy-1.1'" fraction of the bone marrow **°, and are defined by the following criteria *:
(i) a long-term self-renewal ability, measured by sustained blood cell production upon
transplantation into recipients, (ii) a high proliferative capacity, indicated by the formation of
dense spleen colonies known as colony forming units-spleen (CFU-S), which consist of
mature myeloid lineage cells as well as self-renewing progenitors (revealed by intravenous
transfer into irradiated hosts), and (iii) the ability to differentiate into all hematopoietic cell

types.

Maturation of Hematopoietic Stem Cells

Hematopoiesis is a tightly regulated program. HSCs must balance self-renewal and
differentiation in order to sustain the production of all lymphoid and myeloid lineage cells for
the entire lifespan of an animal. Characterization of progenitor populations downstream of
HSCs has led to insights into the sequential events that occur during development into each
cell lineage. The hierarchical relationship between hematopoietic progenitors and mature
blood cells has been and continues to be an area of intense investigation. The emergence of
monoclonal antibody technology in conjunction with fluorescence-activated cell sorting
(FACS) has provided investigators with a means to define and purify distinct progenitor
subsets on the basis of their surface markers "'°. The ability to isolate pure progenitor
populations for use in blood cell differentiation assays has led to a more refined
understanding of lineage-specific differentiation and construction of a conceptual
hematopoietic tree !¢,

The initial response of HSCs to the earliest differentiation signals is their gradual loss of
self-renewal ability. This self-renewal ability sub-divides the steady state HSC pool into two
populations: long-term (LT) and short-term (ST) reconstituting HSCs *!*'7. LT-HSCs have
life-long self-renewal ability and contribute to long-term multi-lineage reconstitution of
irradiated hosts upon transplantation. In contrast, ST-HSCs have limited self-renewal ability
and can only support reconstitution of the hematopoietic system for about 6 weeks *'*!8. ST-
HSCs give rise to multi-potent progenitors (MPPs) '*. MPPs can support the generation of all
the mature blood cell types, but maintain no obvious self-renewal capacity, and as a
consequence can only support hematopoiesis transiently *'®. Furthermore, it has been
demonstrated that these aforementioned progenitor populations form a sequential
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developmental lineage, namely LT-HSC = ST-HSC > MPP > All of these cells are
included in the c-Kit"Lineage Sca-1" (KLS) bone marrow fraction '®'°. The lack of self-
renewal activity, along with their ability to give rise to lineage-restricted oligo-potent
progenitors, has led to the speculation that the first step of lineage-restriction during blood
cell development occurs in MPPs (see Figure 1).

)

HSC
* Multipotent

MPP
Myeloid Lymphoid
committed committed
CLP \

cmP \
MegE GM T cell precursor
committed committed in thymus
MEP GMP ETP
Platelet Granulocyte *
Red blood cell Macrophage NK cell B cell T cell

Figure 1 Classical hematopoietic tree proposed after identification of CLPs and CMPs.

Identification of Lymphoid and Myeloid Lineage
Restricted Progenitors and the “Classical” Model
of Hematopoiesis

Once HSCs differentiate into MPPs, which have no life-long self-renewal potential,
MPPs start to lose multi-potent differentiation potential. Lymphoid and myeloid lineage
segregation during early hematopoiesis was demonstrated through the discovery of common
lymphoid progenitors (CLPs) and common myeloid progenitors (CMPs). These cells have
differentiation potentials restricted to all of the cell types within their respective lineage at a
clonal level (Figure 1) 2**!. Because of the indispensable role of IL-7/IL-7R signaling in both
T and B cell development ****, CLPs were identified by virtue of expression of IL-7Ra. on
primitive hematopoietic progenitors, defined as IL-7RaLinSca-17c-Kit'Thy-1.1" *°. By
excluding the cell surface markers that identified HSCs and CLPs, such as Sca-1 and IL-7Ra,
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CMPs were similarly isolated and defined as CD34 FcyRII/IIT"°IL-7R o LinSca-1"c-Kit Thy-
1.1° 2. CMPs give rise to megakaryocyte/erythroid (MegE) restricted and
macrophage/granulocyte (GM) restricted bipotent progenitors, defined as CD34 FcyRII/IITI®
IL-7RoLin'Sca-1¢c-Kit'Thy-1.1"  and CD34 FcyRII/III'IL-7Ra Lin Sca-17¢c-Kit Thy-1.1",
respectively 2!, Identification of these lineage-restricted progenitors separated the lymphoid
and myeloid lineages on the progenitor level ' It has been suggested that CLPs and CMPs
are generated symmetrically from a single MPP 2. This model formed the basis of the
“classical” model of hematopoiesis, where the divergence of the lymphoid and myeloid
lineage represents the first step of irreversible lineage commitment from HSCs (Figure 1)
1424 However, careful characterization of MPPs has led to revision of the “classical” model.

Revision to the “Classical” Model: Asymmetrical
Lymphoid and Myeloid Lineage Segregation
at the MPP Stage

Studies of fetal hematopoiesis have revealed that the divergence of the lymphoid and
myeloid lineages might not be as simplistic as first thought. Although the fetal counterpart of
the adult CMP has been identified *°, the existence of lymphoid committed progenitors has
yet to be demonstrated in fetal liver. Adult phenotypic CLPs are present in the fetal liver;
however, these cells can give rise to macrophages in addition to T and B lymphocytes *.
While no T/B bi-potent readout was observed for fetal liver progenitors at a clonal level,
progenitors with only T/B/GM, T/GM, and B/GM differentiation potential were present *.
Because of these findings, it is speculated that clear lymphoid and myeloid lineage
segregation does not occur during fetal hematopoietic differentiation. It is unclear whether
the differences observed between fetal and adult hematopoiesis are due to different intrinsic
mechanisms in fetal and adult progenitors, or because fetal and adult progenitors develop in
different microenvironments (fetal liver versus bone marrow). It is also possible that the
different models proposed are simply due to the inability at the present time to isolate the
adult counterpart of developmental intermediates in the fetal liver, and vice versa.

Further characterization of the MPP population in the bone marrow provided higher
resolution to the hematopoietic tree and a revision to the “classical” model. These studies also
suggested that a more similar differentiation program occurs during fetal and adult
hematopoiesis. Heterogeneity of the MPP population defined as FlIt3" KLS has been
suggested *'°. Indeed, the MPP population defined as Flt3"Thy-1.1- KLS can be divided into
the three sub-populations based on Flt3 and VCAM-1 expression (FIt3°VCAM-1,
FI3"VCAM-1" and FIt3"VCAM-1") %%’ Analysis of these three MPP sub-populations
indicates a lymphoid and myeloid lineage branching point and a step-wise lineage restriction
process toward lymphoid lineage commitment (Figure 2) '°. The most immature
FIt3°VCAM-1" MPPs have full multi-potent differentiation potential which is not the case
for the other two MPP subpopulations. Therefore, FIt3°°VCAM-1" MPPs are truly “classical”
MPPs by this definition. The next FIt3"VCAM-1" MPPs can give rise to GM cells and
lymphocytes as efficiently as F1t3°VCAM-1* MPPs **. However, FIt3"VCAM-1" MPPs have
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a significantly lower MegE potential, both in vitro and in vivo. In addition, FIt3°°VCAM-1"
MPPs, but not FIt3™VCAM-1" MPPs, can give rise to CMPs, suggesting that the
FIt3°VCAM-1" MPP population is at the myeloid lineage branch point *. The third
FIt3"VCAM-1" MPPs have significantly lower GM and almost no MegE potential with
higher lymphoid potential comparable to the other MPP sub-fractions *%°. Although MegE
potential may not be completely silenced in the FIt3"VCAM-1" MPP population *, the
differential potentials of the three MPP subpopulations described above suggest that MPPs
first lose MegE and then GM potential before establishing lymphoid lineage commitment at
the CLP stage.
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Figure 2. A revised hematopoietic tree.

This hematopoietic tree is based on the in vivo differentiation potential of MPP subsets.

Which Bone Marrow Cell Population Travels
to the Thymus to Become T Cells?

The presence and necessity of a clear diversification of the lymphoid and myeloid
lineages prior to T lineage commitment in adult thymus has been a long-standing argument
(for example in *"). In the “classical” model, progenitors first lose myeloid potential and then
lose B, NK and dendritic cell differentiation potential at the onset of T lineage commitment .
Since multiple bone marrow populations can transit to the thymus and initiate T cell
development *, it may not be possible to draw a single developmental pathway from HSCs to



30 Motonari Kondo, Thomas F. O’Brien and Anne Y. Lai

T cells **** The most immature thymocytes in the adult thymus are defined as c-
Kit"Flt3"CD44"CD25 and named early T cell progenitors (ETPs) ***¢. These cells maintain
GM (or just macrophage) potential and have significantly lower levels of B cell potential
3738 It has been suggested that early lymphoid progenitors (ELPs), lymphoid-primed
multipotent progenitors (LMPPs) and/or CCR9" MPPs are precursors of ETPs in bone
marrow and the primary source of T cell progenitors under physiological conditions **3*4°,
Presumably, B cell potential in thymic immigrants is immediately shut down by the
engagement of Notch signaling, whereas NK cell, dendritic cell, and GM (or M) potential are
not affected by Notch. As we will discuss in a later section, extracellular stimuli from the
microenvironments where progenitors reside may influence their lineage choice. Functions of
Notch in this aspect were not previously investigated very well because of the lack of
appropriate experimental systems. The establishment of bone marrow stromal cells
transfected with Notch ligands, such as OP9-DL1 cells, has made it possible to address the T
cell potential of bone marrow and thymic progenitors by in vitro cultures more easily *'. The
use of the OP9-DL1 co-culture system has recently revealed a hidden Notch function during
megakaryocyte development from HSCs *2. Therefore, our current understanding of various
aspect of hematopoietic differentiation may change in the future as new assay systems
become available and as new genetically modified mice are generated.

For a cell to be considered a T cell precursor that has arrived from the bone marrow,
three requirements need to be fulfilled. These are the cell: (i) can leave the bone marrow to
enter the periphery (into the blood); (ii) can home to the thymus efficiently; and (iii) has a
high T cell developmental potential. The original thought that CLPs were the candidate
“physiological” T cell precursors was based on their intrinsic T cell differentiation potential
2. However, the role of CLPs as the common progenitor to both T and B cells in the
physiological setting became uncertain when sustained T cell development was observed in
Ikaros deficient mice, even though these mice lack B cell development or CLPs in bone
marrow . However, since CLPs are present in the blood from wild type mice, it is still
possible that CLPs can be T cell precursors under physiological conditions ***°. Although
CLPs maintain high T cell differentiation potential both in vitro and in vivo if they are placed
in the appropriate environment for T cell development, CLPs seem to have less efficient
thymic homing capacity than MPPs '**’. Therefore, it is most likely that MPPs, rather than
CLPs, are the major thymic immigrants from bone marrow. This example reminds us that it is
necessary to be cautious when we interpret experimental data. The use of different
experimental systems often generates different results. Furthermore, the use of different
markers in defining the same cell population by different laboratories may also result in
conflicting results as mentioned in *.

Lineage Priming in Progenitors Prior
to Lineage Commitment

Gene expression analyses of various progenitor types at the single cell level suggest that

primitive progenitors co-express genes specific for multiple lineages prior to further lineage

44,45

restrictions . Therefore, promiscuous expression of lineage-specific genes, or lineage
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priming, has been thought to be important for maintaining the differentiation plasticity of
developing progenitors as well as HSCs. For example, single CLPs co-express T lineage
related (pre-Ta. and GATA3) and B lineage related (EBF and Pax5) genes **. Similarly,
CMPs co-express genes for both MegE and GM lineages including B-globin and PU.1 *.
More lineage-restricted progenitors, however, do not express genes of cell lineages for which
they have lost potential **. The role and the importance of this “promiscuous” gene
expression prior to specific lineage commitment are not clear. Perhaps, promiscuous gene
expression helps progenitors maintain their multipotency. The promiscuous gene expression
in progenitors is likely a result of an open chromosomal structure at lineage specific gene loci
4 Therefore once progenitors commit to certain lineage, the cells must progressively silence
the expression of genes associated with differentiation into alternate cell types, and must
initiate the expression of genes that will ultimately contribute to the functionality of the
mature cell.

Given the potential importance of promiscuous gene expression in maintaining
multipotency in hematopoietic progenitors, it is interesting to note that HSCs express
multiple myeloid affiliated genes but rarely express lymphoid related genes *'*7=!. Therefore,
identification of the cell population that initiates expression of lymphoid-affiliated genes
would be a first step in understanding the molecular regulation of lymphoid lineage
commitment. In general, when we first observe expression of lymphoid genes, we say that
lymphocyte development is primed (lymphoid lineage priming).

Expression analyses of a set of lymphoid and myeloid genes suggest that neither
FIt3°°VCAM-1" nor FIt3"VCAM-1" MPPs express appreciable levels of lymphoid-related
genes. If these VCAM-1" MPPs are cultured in vitro, RAG1 expression is promptly up-
regulated by day one ***%. Expression of other lymphoid related genes, such as IL-7Ra. and
EBF is observed next ?°. Therefore, RAG1 is one of the earliest genes expressed by
lymphoid-primed hematopoietic progenitors. Expression of all of these three genes is
observed in FIt3"VCAM-1" MPPs %, suggesting that lymphoid lineage priming occurs at this
FIt3""VCAM-1" MPP stage. Jacobsen’s group has demonstrated that F1t3" KLS cells have no
MegE potential but are fully able to differentiate along the GM and lymphoid lineages; this
combination of differentiation potentials is also seen for FIt3"VCAM-1" MPPs **. Since the
expression of both lymphoid and myeloid related genes is observed in Flt3" KLS cells at a
high frequency, Flt3" KLS cells were named lymphoid-primed MPPs (LMPPs) **. This
clearly suggests that the LMPP activity is enriched in the FIt3™VCAM-1- MPP population.

In addition to conventional phenotyping with cell surface markers by FACS, gene-
marking methods with reporter genes, such as GFP, have been widely used to delineate cell
populations. The advantage of this method is that one can prospectively isolate cells with or
without expression of genes of interest in combination with other surface markers by FACS.
One of the earliest studies to use gene-marking methods to identify and purify unique
populations in the KLS fraction was done with RAG1-GFP knock-in mice, in which GFP
cDNA is inserted into the RAGI gene locus >*. Therefore, RAG1 expression can be
monitored by GFP on FACS. Kincade’s group showed that RAG1 (GFP)" cells exist in the
KLS subset **. These RAG1" KLS cells have high lymphoid and low myeloid differentiation
potential, and are therefore named ELPs . ELPs also express multiple lymphoid affiliated
genes such as TdT, IL-7Ra, and EBF in addition to RAG1 ***°, suggesting that ELPs and
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FIt3"VCAM-1" MPPs (including LMPPs) may be largely overlapping. Our recent data
suggest that ~50% of FIt3"VCAM-1" MPPs are positive for RAG1 (GFP) in RAG1-GFP KI
mice, demonstrating that the ELP population is indeed a part of the FIt3"VCAM-1" MPP (and
LMPP) population (cite blood paper?)(ref 52). Understanding the molecular mechanism that
promotes the transition from RAG1™ to RAG1" FIt3"VCAM-1- MPP may provide important
insight into the earliest stage of lymphoid lineage differentiation.

Transcriptional Regulation
in Cell Fate Determination

Transcription and/or nuclear factors are charged with the dual responsibility of activating
and repressing gene expression. To activate a gene, transcription factors either recruit other
co-activators which associate with chromatin remodeling molecules to make specific gene
loci more accessible to the transcriptional machinery, or interfere with constitutive repressors
at the site of transcription. When acting as repressors, transcription factors can recruit other
co-repressors, and can associate with chromatin remodeling enzymes to make particular gene
loci less accessible to the transcriptional machinery *°. Cross antagonism between lineage-
specific transcription factors has been suggested as one of the main mechanisms that directs
cell fate decisions or lineage outcomes in progenitors . For example, the transcription
factors GATA1 and PU.1, which are involved in MegE and GM differentiation, respectively,
have antagonistic effects in directing MegE versus GM cell fates in CMPs through direct
physical interaction ***. GATAI antagonizes PU.1 by disrupting its interaction with c-jun,
an essential co-activator for its function **. PU.1 in turn inhibits the DNA binding ability of
GATALI to prevent the transcriptional activation of downstream targets °>*°. In addition to
functional antagonism, cross-antagonistic effects of transcription factors on the transcription
level have also been demonstrated. For example, C/EBPp, which is important in activating
genes involved in eosinophil differentiation, also represses expression of the gene, Friend of
GATA-1 (FOG) . Down-regulation of FOG expression is critical in driving loss of
multipotency in progenitors and commitment to the eosinophil lineage °'.

After lineage commitment is established, lineage-specific transcription factors function to
repress the activation of alternative cell lineage programs, in addition to promoting lineage
specific maturation events. For example, Pax5, a B lineage specific transcription factor,
promotes V to DJ rearrangement of the IgH locus ®, and up-regulates expression of genes
that encode essential components of the BCR signaling complex, such as CD19 and Blnk *.
Pax5 also inhibits the transcription of myeloid affiliated genes, such as that encoding the
monocyte colony-stimulating factor (M-CSF) receptor, by directly binding to major
transcription start sites ®*. In addition, Pax5 can antagonize ectopically introduced myeloid
specific C/EBPa. to prevent lineage conversion of lymphoid progenitors . In Pax5 deficient
mice, B cell developmental progression is blocked at Pro-B stage. Pax5” pro-B cells
promiscuously express multiple non-B lineage affiliated genes, and can undergo de-
differentiation and give rise to multiple cell types of the lymphoid and myeloid lineages as
well as osteoclasts **%7. These studies highlight the dual role of lineage specific transcription
factors in maintaining the identity of lineage-committed progenitors.
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In addition to cross-transcriptional and functional antagonism, the dosage of lineage-
specific transcription factors in progenitors of multiple lineages can influence the lineage
outcome. PU.1, in addition to its involvement in myeloid differentiation, is also indispensable
for B lineage differentiation ®*. Introduction of a low dose of PU.1 into PU.1 deficient fetal
liver progenitors induced B cell differentiation. Conversely, a high dosage of PU.1
expression in fetal liver progenitors preferentially drove macrophage differentiation .
Similarly, dosage effects of PU.1 and C/EBPa have implications in macrophage Versus
granulocytic cell fate in the case of GM bipotent progenitors "°. Whilst a low level of PU.1
maintains a mixed lineage gene expression pattern and bi-potency in GM progenitors, a high
level of PU.1 is necessary to drive maturation towards the macrophage cell fate ’'. Expression
of C/EBPa in PU.1 low GM progenitors is critical to direct a granulocytic cell fate. A
threshold of expression level of ectopically introduced C/EBPa has also been shown to re-
initiate the suppressed myeloid potential in immature B cell progenitors 72,

Recently, it has also been suggested that cell fate decisions can be influenced by the
order of gene expression of transcription factors that are up-regulated in progenitors .
Ectopic introduction of C/EBPa into lymphoid committed CLPs induces lineage conversion
and differentiation into GMPs. Subsequent introduction of GATA2 into these C/EBPa’
GMPs results in further maturation into eosinophils °. However, if GATA2 is first
introduced into CLPs followed by C/EBPa., CLPs will instead differentiate into mast cells ”°.
These results illustrate the importance of the timing of lineage-specific transcription factor
expression to the activation of the differentiation program for each cell lineage. The hierarchy
of lineage-specific gene expression may have implications in lymphoid and myeloid lineage
specification of HSCs. Early expression of lymphoid specific genes, which are normally
absent in HSCs, may exert a negative effect on the self-renewal ability of HSCs or their
multi-lineage differentiation capacity.

At present, it remains unclear how lineage specific transcription factors cross-interact to
direct lymphoid vs. myeloid lineage cell fate within MPPs. In addition, it is unclear whether a
transcription factor exists that activates the pan-lymphoid lineage differentiation program at
the expense of myeloid differentiation. While transcription factors such as Ikaros and PU.1
appear to be very important regulators at the early stages of lymphocyte development ",
these factors are also critically involved in myeloid lineage differentiation . Gene
expression profiling of MPP subsets will facilitate the discovery of novel transcription factors
and other molecular components that are involved in regulating lineage decisions during
early hematopoiesis.

Insights into Lineage Commitment
from Lineage Conversion

In general, cellular differentiation has been considered unidirectional. Therefore, once a
cell has made a lineage-decision, this maturation process is irreversible ''"’®. It seems that this
notion is still true under physiological conditions. However, introduction of exogenous genes
can uncover the hidden differentiation potential(s) of progenitors. One classical example is
“lineage conversion” from lymphoid to myeloid lineage in CLPs by stimulation with IL-2 or
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granulocyte-macrophage colony-stimulating factor (GM-CSF) through exogenously
expressed IL-2 receptor(R) or the receptor for GM-CSF 7. This myeloid, more specifically,
GM differentiation from CLPs is mediated by the transcription factor C/EBPa, which is up-
regulated after exogenous cytokine stimulation . Introduction of C/EBPa into CLPs is
sufficient to induce GM differentiation. Ectopic IL-2 stimulation cannot initiate lineage
conversion from T and B lineage committed progenitors, such as DN3/4 cells in the thymus
and pro-B cells in the bone marrow, respectively °>"’. However, ectopic C/EBPa. can initiate
the reprogramming of these committed progenitors to macrophages '*’®. Similarly,
ectopically expressed GATA-1, a MegE lineage-affiliated transcription factor, can induce
erythroid lineage cell differentiation in CLPs °. Therefore, coordinated expression of
cytokine receptors and transcription factors needs to be tightly regulated prior to the onset of
oligo-potent lymphoid lineage and subsequent mono-potent T and B lineage commitment
during lymphocyte development.

In contrast to lineage conversion from lymphoid to myeloid fates, very few examples of
reprogramming from myeloid to lymphoid fates have been reported. The mouse pre-B cell
line 70Z/3 that can spontaneously change to a macrophage-like cell type can reverse back to
a pre-B phenotype upon introduction of E2A *°. Another example is the initiation of CD19"
pro-B cell development from CMPs (and from GMPs at a much lower efficiency) by
exogenous introduction of EBF, although the conversion efficiency is very low (1 in 800) ®'.
It is possible that other lymphoid-related transcription factors can efficiently reprogram
myeloid progenitors to lymphocytes. But one may also assume that myeloid progenitors
might be resistant to reprogramming to the lymphoid lineage once they have committed to the
myeloid lineage. The step-wise and progressive loss of myeloid differentiation potential
during lymphoid differntiation described above (Figure 2) suggest that the choice of
lymphoid lineage by HSCs may be possible only when HSCs/MPPs do not receive any
myeloid differentiation cue prior to lymphoid lineage commitment. Much more intense
studies are necessary to clarify this issue.

What is the possible explanation for the relative ease of inducing lineage conversion
from lymphoid to myeloid but not vice versa? It may be said that myeloid cell development
needs fewer transcriptional inputs for their terminal differentiation output. This, in turn, may
mean that the myeloid differentiation program is the default pathway in hematopoietic
development. Then, what are the transcription factors that actually initiate lymphoid lineage
differentiation or promote lymphoid lineage commitment? One possibility is that some T or B
lymphocyte specific, but not pan-lymphoid, transcription factors play a major role in
lymphoid lineage commitment. Pro-B cells have already committed to the B lineage.
However, pro-B cells in which the Pax5 gene has been conditionally deleted reacquire multi-
lineage differentiation and give rise to myeloid cells (macrophages) in in vitro cultures **.
CLPs also express Pax5 at a low level, which is immediately down-regulated if lineage
conversion is initiated by ectopic IL-2 stimulation %. Forced Pax5 expression can block IL-2-
mediated lineage conversion in CLPs ®°, suggesting that Pax5 has a role in blocking myeloid
lineage potential in addition to B lineage specification ** as mentioned above and in other
chapters (see chapters 5 and 10). EBF, another B lineage specific transcription factor, also
antagonizes myeloid lineage differentiation *'**. T cell counterparts of EBF and Pax5,
however, have not been documented.
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GATA-3 is indispensable for T cell development *°. However, ectopic GATA-3
expression in HSCs results in one wave of MegE development and inhibition of the self-
renewal potential of HSCs and other lineage development in vivo *¢. Signaling through
Notchl is essential for intrathymic T cell development *’. It seems that Notch signaling may
not be necessary for the stage transition from DN1 (or early T-cell progenitors, ETPs) to DN2
8 Rather, Notch signaling is indispensable for the maintenance of CD25" DN2 and DN3
cells “'"*¥. Pax5” pro-B cells give rise to T cells with Notch stimulation. Upon engagement of
Notch signaling, Pax5” pro-B cells promptly down-regulate expression of B cell specific
genes and up-regulate T cell related genes including GATA-3 *°. However, it was shown
recently that even after the engagement of Notch, thymocytes such as DN2 cells still possess
macrophage differentiation potential *’>*. Therefore, the mechanisms that silence myeloid
potential in T cell progenitors and B cell progenitors might be different. This issue is
discussed in more detail in other chapters (see chapters 5 and 6).

A requirement for multiple transcription factors for cell reprogramming has been
reported. As mentioned in the previous section, Akashi’s group demonstrated that ordered
expression of C/EBPa and GATA-2 determines the cell types upon reprogramming of CLPs
3. A more drastic example is the induction of macrophage-like cells from fibroblasts by the
ectopic expression of PU.1 and C/EBPa. °'. Recently, it was shown that pluripotent cells,
namely inducible pluripotent stem (iPS) cells, can be derived from fibroblasts and other
terminally differentiated cells by ectopic expression of a set of transcription factors, Oct4,
Sox2, KIf4 and c-Myc *. The combination of transcription factors necessary for the
generation of iPS cells may vary with different target cells. Interestingly, the set of four
transcription factors described above is sufficient for the generation of iPS cells from
immature B cells but not from terminally differentiated mature B cells *>. Reprogramming of
mature B cells required the introduction of an additional transcription factor, C/EBPa. Since
C/EBPa antagonizes Pax5 function and deletion of Pax5 from mature B cells leads to loss of
B lineage commitment status '>**, immature cells may respond well to the four transcription
factors and give rise to iPS cells. Since iPS cells have pluripotent differentiation potential, all
types of blood cells can be generated from iPS cells derived from mature B cells. Therefore
future studies may provide more clear evidence of when and what genes are necessary for
lymphoid and myeloid lineage specification and commitment, possibly by searching for
combinations of transcription factors that can change the phenotype of cells from one lineage
to another.

Initiation of the Lymphocyte Developmental
Program in the MPP Population

In the previous section, we discussed the regulation of lymphoid and myeloid lineage
commitment. Prior to commitment of HSCs and MPPs to a certain lineage, promiscuous
expression of genes affiliated with multiple cell lineages is observed **. As multiple myeloid-
affiliated genes are expressed by HSCs, myeloid lineage priming has already occurred at the
HSC stage. However, expression of lymphoid-related genes is first evident at the
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FIt3""VCAM-1" MPPs (or LMPPs), after MegE potential is extinguished 2*. Then what are the
genes that play a role in initiating lymphoid lineage priming?

The requirement for several lineage-specific transcription factors in lymphopoiesis was
determined using conventional and conditional knockout studies. B cell development, for
example, requires the expression of PU.1, Ikaros, EBF, E2A, Pax5, and Bcll1. Ablation of
any of these factors, by targeted gene knockout, results in a severe defect in B cell
development **. Advances in understanding the molecular mechanisms of lymphoid lineage
specification and commitment are largely dependent on the phenotypic characterizations of
bone marrow populations that are at different maturational stages. Recent progress in sub-
fractionation and precise analyses of the differentiation potentials of hematopoietic and
lymphoid progenitors makes it possible to re-define the true nature of the phenotypes of gene
knock-out mice that were previously established *°.

The first line of Tkaros knockout mice was established by deleting a part of exon 3
and exon 4. This resulted in the generation of a dominant negative form of Ikaros
(TkarosPVPN) %97 'No mature lymphocyte populations were observed in IkarosPVPN
suggesting a critical role of Ikaros (and Ikaros family proteins) in lymphocyte development
%7 Since Ikaros family proteins including Ikaros and Aiolos share a common C-terminal
DNA-binding domain, the dominant negative form of Ikaros may have interfered with the
functions of other Ikaros family proteins. In fact, the next line of Ikaros knockout mice, in
which exon 7 was deleted (Ikaros null mice), had a milder phenotype than Ikaros®V°N mice
in terms of lymphocyte development *°. The KLS bone marrow fraction of cells from GFP
reporter transgenic mice driven by the promoter and regulatory elements in the Ikaros gene *®
was subdivided into two populations, namely GFP™#'° and GFP" °. GFP™¢"° KLS and GFP"
KLS cells express FIt3 at negative to low and high levels, respectively. This suggests that in
Ikaros reporter mice the GFP™&'° KLS population is composed of HSCs and Flt3°VCAM-1*
MPPs that have multi-potent differentiation potential, whereas GFP™ KLS cells include
FIt3"VCAM-1" and FIt3"VCAM-1- MPPs *® which overlap significantly with LMPPs
described by Adolfsson and colleagues **. More importantly, although the number of GFP
(Ikaros)™ KLS cells in the absence of Ikaros (on the Ikaros null background) was not
significantly changed, expression of lymphoid affiliated genes such as RAG1 and IL-7Ra
was diminished, suggesting that Ikaros plays a role in lymphoid lineage priming *°.

Another transcription factor that plays a role in lymphoid lineage priming and/or
commitment is PU.1. PU.1 is a member of the ETS transcription factor family and is the
product of the Spil oncogene '°*!°'. PU.1 is necessary for GM cell (especially macrophage)
and lymphocyte development, but not for MegE cell development ®*!9%1% Since PU.1
deficient mice die within 48 hrs after birth, the generation of a conditional PU.1 deficient
mouse was necessary to analyze the requirement of PU.1 in adult hematopoiesis. Since PU.1
is also necessary for the self-renewal potential of HSCs '™, a precise role for PU.1 in
lymphoid lineage priming is unclear. Loss of CLPs, CMPs and GMPs, but not MEPs was
observed after the deletion of PU.1 in all hematopoietic cells of adult mice '*, suggesting
that PU.1 is required for the generation and/or maintenance of GM and lymphoid progenitors.
As mentioned above, high and low levels of PU.1 expression induce macrophage and B cell
development, respectively, from MPPs in in vitro cultures ®. In accordance with this
functional requirement of PU.1 in different lineages, GM cells express higher levels of PU.1

mice,
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than B cells judging by GFP expression levels in PU.1-GFP reporter mice '>. PU.1
expression is up-regulated at the LMPP stage, presumably in the FIt3"VCAM-1" population,
suggesting a functional requirement for PU.1 in lymphoid lineage priming '°°. Much higher
PU.1 expression is observed in CMPs. PU.1 expression is further up-regulated in GMPs but
is almost completely shut off in MEPs '9!%  Although PU.l regulates IL-7Ro gene
expression in lymphoid progenitors '/, myeloid progenitors that express higher levels of
PU.1 do not express IL-7Ra. 2. Therefore, other transcription/nuclear factors must cooperate
with PU.1 in lymphoid lineage priming. Since PU.1 and GATA-1 functionally antagonize
each other **°*!1% the loss of MegE potential at the FIt3"VCAM-1" or LMPP population
may rely on PU.1 up-regulation.

Recently, an involvement of E2A in lymphoid lineage priming has been reported *°. E2A
is a member of E-box family proteins which play various roles at multiple stages of T and B
cell development '%°. Kee and colleagues found that the number of VCAM-1" MPPs (or FIt3"
LMPPs) is significantly reduced in the absence of E2A °°. Importantly, LMPPs, defined by
their cell surface phenotype, in E2A deficient mice lack expression of lymphoid-related genes
such as RAG1 and IL-7Ra *°. However, PU.1 and Ikaros expression is normal in E2A
deficient LMPPs. E2A is widely expressed, including in HSCs ''°. In fact, gene expression in
HSCs is altered in the absence of E2A *°. Therefore, E2A may be a prerequisite for global
lymphoid-related gene expression, but it cannot be a determinant or the trigger of lymphoid
lineage priming at the LMPP stage. The combination and ordered expression of E2A, Ikaros,
PU.1, and other transcription factors might be the key to initiation of the lymphocyte
developmental program prior to lymphoid lineage commitment. E2A, Tkaros and PU.1 have
roles in T and/or B cell development. From gene targeting studies, various other transcription
factors are known to be involved in T and B cell development. These transcription factors
play a role in lymphoid lineage priming in collaboration with other transcription factors.

Many transcription factors form complexes with other nuclear factors to regulate
chromosomal structures. In part, this explains how a transcription factor turns on (and off) in
a vast number of genes. For example, Ikaros actually has dual roles as a transcriptional
activator and repressor. The latter role is evident in that Ikaros co-localizes to foci of
pericentromeric heterochromatin with some transcriptionally inactive genes ''!. This
suppressive function of Ikaros might be dependent on its association with components of the
nucleosome remodeling deacetylase (NuRD) complex ''2. In fact, targeted disruption of Mi-
2B, a SNF2-like ATPase in the NuRD complex leads to up-regulation of some genes that are
normally silenced in HSCs, including lymphoid lineage affiliated RAG1 '". Further
investigations of the regulation of global gene expression in MPPs are necessary and will
help us to better understand lymphoid lineage priming.

Stochastic and Instructive Roles of Cytokines
iIn Hematopoietic Differentiation

Precise characterization of hematopoietic progenitors has been possible since the
development of semi-solid cultures using agar or methylcellulose; these require the presence
of cytokines, either derived from conditional medium from cell cultures or as recombinant
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proteins ''*. B cell culture systems have been also developed by culturing bone marrow cells
with either primary bone marrow stromal cells or established stromal cell lines ''>!''®. Under
optimal conditions, both lymphoid and myeloid potential in progenitors can be examined in
liquid, semi-solid and stromal cell cultures.

The cDNAs of various cytokines have been cloned based on the unique supportive role
of each cytokine, as revealed by the formation of a specific type of colony in methylcellulose.
Historically, these cytokines were called colony-stimulating factors (CSFs). For example,
erythropoietin (EPO) supports and is indispensable for erythroid colony formation by bone
marrow cells in vitro ''7. More strikingly, EPO or EPO receptor deficient mice die at E13.5
due to severe anemia , and demonstrate a fundamental role of EPO during erythropoiesis.
Similarly, GM-CSF was identified and its cDNA was cloned based on its ability to support
GM colony formation from bone marrow cells ''*,

Two different modes of action of cytokines in regulating lineage commitment have been
proposed, namely stochastic and instructive "°. Several studies with gene modified mice have
indicated that the role of cytokines in lineage commitment (or specification) is stochastic (or
supportive) rather than instructive ''*'?2. Although lineage-specific cytokines exist, in many
cases lineage specificity is due to the lineage specific expression of the cytokine receptors,
rather than the transduction of unique differentiation signals. For example, while signaling
through the thrombopoietin (TPO) receptor is indispensable for megakaryocyte
differentiation, replacement of the cytoplasmic region of TPO receptor with that of the
granulocyte colony stimulating factor (G-CSF) receptor supports normal megakaryopoiesis
and platelet formation '**. Similarly, swapping the cytoplasmic domains of G-CSF receptor
for those of the EPO receptor does not preferentially drive erythoid differentiation at the
expense of granulopoiesis in mice ''**. These results suggest that different cytokine
receptors can deliver the same signals to support the maturation of multiple cell lineages.

A supportive rather than instructive role of cytokine receptor signaling is also illustrated
by studies of the effects of CSFs on myeloid cell differentiation. IL-3 (multi-CSF), GM-CSF,
M-CSF, and G-CSF can potently stimulate hematopoietic progenitors to undergo GM
differentiation in vitro. However, animals deficient in GM-CSF do not have major
perturbations in hematopoiesis '*>. M-CSF and G-CSF deficient mice have reduced, but not a
complete absence of circulating monocytes and neutrophils, respectively '*°. Monocytes and
neutrophils are still present in the absence of G-CSF, GM-CSF and M-CSF '?. These results
suggest that CSFs are not involved in providing lineage specific signals in HSCs or MPPs to
promote GM differentiation, but rather are involved in the steady state survival and/or
expansion of progenitors in vivo. These cytokines may be necessary for terminal maturation
stages rather than the commitment stage. The role of cytokines in promoting the survival of
developing hematopoietic progenitors was further demonstrated when the anti-apoptotic
factor Bcl-xL was over-expressed in EPO deficient mice, which was sufficient to rescue
erythroid differentiation in the absence of EPO '**. Similarly, enforced expression of Bcl-2
can relieve the blockade of T cell maturation in mice deficient with IL-7Ra or v, the
components of the IL-7 receptor complex 213,

Though the role of cytokines in survival and proliferation of hematopoietic progenitors is
well documented, there are also examples of the involvement of cytokines in lineage
specification or differentiation events. Study of the role of IL-7 receptor signaling in B cell
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development has revealed its function in the differentiation of this cell lineage. While Bcl-2
over-expression can reverse the T cell developmental blockade in IL-7Ra deficient mice as
mentioned above, B cell development is not rescued '**. IL-7 is also not involved in lymphoid
specification or commitment, as IL-7 deficient mice do not have a decreased number of CLPs
31 Rather, it has been shown that IL-7 receptor signaling can directly regulate
immunoglobulin gene rearrangement via STATS at the pro-B cell stage after B lineage
commitment '*2. More recently, it has also been shown that IL-7 stimulation is important in
maintaining EBF expression, a transcription factor indispensable for B cell development, in
pre-pro-B cells '*113*13% This is critical for maintaining B cell differentiation potential and
progression of pre-pro-B cells to the pro-B cell stage "',

There are also examples of instructive effects of cytokines in determining cell fate
decisions in oligopotent hematopoietic progenitors. As mentioned previously, stimulation of
IL-2 through ectopically expressed IL-2 receptor in CLPs can convert cell fate from
lymphoid to myeloid "’. Similarly, GM-CSF receptor signaling cannot substitute for signals
delivered by IL-7 in lymphoid progenitors, but instead redirects CLPs to the myeloid cell
lineage '*°. More recently, G-CSF has also been shown to up-regulate the level of expression
of C/EBPa, a transcription factor critical for granulopoiesis, to specify granulocyte cell fate
in GM bipotent progenitors '°. It remains unclear at this moment, however, whether
stimulation by extrinsic factors is involved in the determination of lymphoid versus myeloid
cell fate by MPPs.

Influence of Bone Marrow Microenvironments
in Lymphoid and Myeloid Lineage Differentiation

Microenvironments, also known as niches, are specialized spatial structures or cellular
components where HSCs or progenitor cells are localized so that they can receive the critical
stimuli that support their differentiation and function '**'*°. Bone marrow is present in the
bone cavity and is, therefore, surrounded by hard cortical bone. Osteoblasts are present at the
marginal (endosteal) area between bones and marrow and are present in the HSC niche %!,
These osteoblasts express adhesion molecules such as N-cadherin and VCAM-1, which
function to retain HSCs in their niche '**'**, Osteoblasts also provide important signals to
keep HSCs in a quiescent and undifferentiated state through various factors such as
angiopoietin ¥, and Jagged-1 '*!, respectively. It is postulated that HSCs migrate away from
their niche into the core of bone marrow upon differentiation '**. There is another type of
HSC niche, namely a vascular niche that is formed by the endosteum '’. The vascular niche
contains reticular cells that secrete CXCL12, which contributes to promoting HSC
maintenance '**. The interaction of HSCs with niche forming cells is necessary for HSCs to
maintain their self-renewal potential. Specialized niches have also been shown to support
different developmental stages of B cell differentiation in bone marrow '*. While
CXCL12/SDF-1a expressing cells in the bone marrow form the niche for pre-pro-B cells,
pro-B cells are preferentially localized with IL-7 producing stromal cells that are distinct
from those secreting SDF-1a. '*°. Thus, the bone marrow microenvironment is composed of
heterogenous cell populations, which may be the key to regulation of homoeostasis of
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lymphoid and myeloid cell numbers in vivo. Recently, we demonstrated that lymphoid-biased
MPPs are localized to a different region of the bone marrow than the more primitive MPPs.
Disruption of the specific localization of lymphoid-biased MPPs allows them to regain
myeloid lineage differentiation potential. These results strongly suggest that the localization
of MPPs has implications to lineage specification and commitment, and that distinct
microenvironments that support exclusively lymphoid or myeloid lineage differentiation do
exist. More investigations are necessary to carefully define and characterize these distinct
bone marrow microenvironments.

In the steady state, the numbers of hematopoietic cells in the periphery are stable. On
some occasions, however, the pattern of hematopoiesis changes drastically. At the early
phase of a microbial infection, there is a massive production of granulocytes (mostly
neutrophils), leading to neutrophilia '*". This emergency granulopoiesis is important in
defense against pathogens because patients with impairment of emergency granulopoiesis are
extremely susceptible to bacterial infection '*®. Invasion of pathogens is recognized by cells
that are involved in innate immunity. These cells produce pro-inflammatory cytokines such
as GM-CSF, IL-3, etc that enhance granulopoiesis. At the same time, mainly by the action of
TNFa, immature B cells leave the bone marrow such that more space is made presumably for
further granulopoiesis '**'*°. Notably, the amount of available SDF-1 in the bone marrow is
reduced after TNFo. administration in vivo '*°, suggesting that inflammatory cytokines affect
the bone marrow microenvironment. Presumably when SDF-1 levels in the bone marrow
decrease, there is both a reduction in immature B cell retention and mobilization of
developing B cells. Various inflammatory cytokines are known to induce HSC mobilization
151 Since SDF-1 plays a crucial role in HSC retention in the bone marrow % HSC
mobilization might occur via a similar mechanism. It seems that myeloid progenitors and
lymphoid progenitors compete within the limited space in bone cavity '*. If this is the case,
the numbers of lymphoid and myeloid progenitors would correlate with the numbers of
putative lymphoid and myeloid niches, respectively, and such maintain homeostasis as to the
number of mature hematopoietic cells in vivo.

While several extrinsic factors have been identified in regulating hematopoietic
differentiation, it is equally important to understand the signaling pathways that are involved.
One of the MAP kinase pathways, the MEK/ERK pathway seems to be necessary for proper
myeloid differentiation, most likely at the onset of myeloid lineage commitment '**. Various
stimuli can activate the MEK/ERK pathway '». Since constitutive activation of the
MEK/ERK pathway negatively affects the lymphoid lineage choice of MPPs '*, activation of
the MEK/ERK pathway might be uniquely provided by bone marrow stromal cells that form
the putative myeloid niche. It is important to uncover roles of bone marrow
microenvironments in hemato/lymphopoiesis in order to fully understand the regulation of
homeostasis in the hematopoietic system.
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Conclusion

Subfractionation and characterization of bone marrow and fetal liver progenitors have
been instrumental in advancing the understanding of hematopoiesis. These studies enabled
the identification of many critical lineage- and stage-specific transcription factors involved in
cell differentiation, and we are beginning to understand the role of extrinsic factors and
microenvironments during this differentiation process. However, most in vivo studies
completed thus far untilizes the bone marrow transplantation method, which may introduce
variables that affect the physiological differentiation potentials of progenitors. To examine
the biological potential of bone marrow and fetal liver progenitor cells in vivo, we injected
the cells of interest into irradiated mice, which presumably have more space in the bone
marrow compared to non-irradiated mice.

However, after total body irradiation, massive systemic inflammation is observed.
Therefore, some data obtained using this experimental approach may not be readily
integrated into the hematopoietic tree at the steady state even if the data were obtained in an
in vivo setting. Effects of the bone marrow microenvironment on lymphoid and myeloid
specification/commitment during the steady state and specialized conditions, such as
inflammation, are not new concepts, but have yet to be extensively investigated by
researchers in the field of hematology and immunology. We have tried to better understand
the molecular regulation of lineage commitment at the cellular and molecular levels, mainly
by focusing on hematopoietic progenitors.

To this end, it may be time to consider the influence of extracellular factors on the
lineage choice by MPPs. In addition, we also need to clarify the key transcription or nuclear
factors that play a role in specification and/or commitment to the lymphoid and myeloid
lineages. Although we have made significant advances in understanding the mechanisms that
are responsible for regulating lymphoid and myeloid lineage commitment, significant efforts
are still required to answer these long-standing questions in hematology and developmental
immunology. FACS has become an indispensable tool for analyzing hematopoietic cell
populations. However; other technical breakthroughs may be necessary to provide us with
new insights into this field. We believe these advancements are coming soon.
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Abstract

In this chapter we discuss the current understanding of the development of myeloid
cells from hematopoietic stem cells (HSC), step-wise to their mature forms: granulocytes
and monocytes. We delineate the characteristics of mature myeloid cells and show which
transcription factors are necessary for their appearance. We also describe cytokines,
signal transduction pathways and microRNAs (miRNAs) which modulate expression and
activities of transcription factors that drive myeloid differentiation of HSC.

Introduction

The focus of this chapter is on myeloid cells, that is, granulocytes, monocytes and their
immature forms. Despite there being a plethora of information regarding cellular signaling,
and although the key regulators of the process of differentiation to the mature forms have
been identified, as summarized in Fig 1, we are far from fully understanding how
myelopoiesis works.

2 Correspondence to: Prof. George Studzinski, Department of Pathology and Laboratory Medicine, UMDNI-New
Jersey Medical School, Newark, NJ 07103, USA, Tel: 973-972-5869; Fax: 973-972-7293, E-mail
studzins@umdnj.edu



54 George P. Studzinski and Ewa Marcinkowska

—GATA-1
—PU.1

HsC LT sT mep
HSC Hsc

MEP

ane N

\—PU.l
._)L_/ — —GATA-1 /

1 [] [] ] T T T T T

LT ST EPLM LP LT ST EPLM GMP Eos

HSC HsC

—GATA-1

S

HSC Hsc
—pU1 Neut —C/EBP:
—C/EBPB
—GATA-1 —PU.1
/“— —GATA-2 —GATA-1
—GATA-2
L L] L] L] L] L] T 1
LT ST EPLM GMP Mono LT ST EPLM GMP Neut
HSC HsC HSC Hsc

Figure 1. The principal factors in granulocytic and monocytic differentiation.

Cell fate during hematopoiesis is governed by spatiotemporal fluctuations in transcription factor
concentrations, which either cooperate or compete in regard to driving target gene expression. The sequence
of fluctuations of the transcription factors currently considered the most important for the differentiation of
megakaryocyte and erythrocyte progenitors (MEPs), lymphocyte progenitors, and cells of the myeloid
lineage is presented as a series of graphs. Arbitrary units are assigned to the abundance levels of these
transcription factors; they do not reflect real protein concentrations, but indicate changes that drive the
differentiation process. Further, the choice of one differentiation pathway option does not totally preclude
other options, as lymphocyte progenitors still retain myeloid differentiation potential [1,2]. LT-HSCs, long-
term reconstituting HSCs; ST-HSCs, short-term reconstituting HSCs; EPLM, early progenitor with lymphoid
and myeloid potentials; LP, lymphoid progenitor; GMP, granulocyte and monocyte progenitor, Mono,
monocyte; Eos, eosinophil; Neut, neutrophil. (This diagram is based on and modified from references [3] and

(4D

As shown in the Figure 1, a current emphasis is on the role of transcription factors, and
although many of these participate, there is evidence that some have critical roles in lineage
selection. In a wider context, discussed in detail in chapter 10 [5,6], a currently accepted
model of hematopoiesis posits that differentiation of particular blood cell lineages consists of
sequential losses and the appearance of specific lineage potentials, which are driven by
asymmetric cell divisions and spatiotemporal fluctuations in transcription factor
concentrations. It is now well established in the murine model that mature neutrophils and
macrophages develop in a step-wise manner from lymphoid-myeloid progenitors (LMPs),
which have already lost the potential to become platelets and erythrocytes, but are still able to
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become lymphocytes [5,7]. Initially, through asymmetric divisions the long-term
reconstituting hematopoietic stem cells (LT-HSCs) self-renew and give rise to short-term
reconstituting HSCs (ST-HSCs), which in turn lose self-renewal capacity, but still possess the
ability to initiate differentiation into all hematopoietic lineages [8]. LT-HSCs, which retain
their capacity for self-renewal, can be defined by the absence of CD34 and low expression of
FMS-like tyrosine kinase-3 receptor (Flt-3; CD135). ST-HSCs have high expression of CD34
and low expression of CD135, and at this stage they either differentiate to megakaryocyte-
erythrocyte progenitors (MEPs) with low expression of CD135, or LMPs, in which CD135
expression is high [9,10]. At this stage of lineage commitment the PU.1 transcription factor
seems to be the key player. PU.1 is present at moderate levels in HSCs and in LMPs, while
its expression decreases in MEPs [11]. PU.1 levels rise in cells undergoing the myeloid
pathway of differentiation, and a high expression level favors monocyte development, while
a medium level determines granulopoiesis [12]. In contrast, entrance into the megakaryocyte
and erythrocyte pathway requires the GATA-1 transcription factor, which competes with
PU.1 for DNA binding [13]. In cells that enter the myeloid pathway PU.1 expression is
accompanied by transient expression of CCAAT/enhancer binding protein oo (C/EBPa), but
the expression of GATA-1 and GATA-2 transcription factors cannot be detected [14]. These
two GATA factors re-emerge at later stages of granulopoiesis, but not in lymphoid
development. C/EBPa also reappears, and its presence favors granulocytic over lymphocytic
development [3], by competition with Pax5, which seems crucial for expansion of
lymphocytes, particularly B lymphocytes. The cells that still express PU.1 together with a
second wave of C/EBPa will become granulocytes, while a subsequent decrease in C/EBPa
[3,14] and increased levels of C/EBPP together with a continuously high level of PU.1 will
lead to monocyte and macrophage development [15,16]. Additionally, at the late stages of
granulopoiesis another member of C/EBP family, C/EBPs¢, is up-regulated and leads to
neutrophil differentiation [17]. However, when the wave of C/EBPa is followed by
expression of GATA-2 granulocyte precursors become redirected to the eosinophilic lineage
[14].

The current knowledge of precisely what signals cause changes in the expression and
activity of transcription factors, and further details of the transcriptional control of myeloid
lineage selection and maintenance, will be discussed below. It is important to note, however,
that since normal human material is difficult to obtain and study, the preponderance of data
has been obtained in murine systems and from analysis of alterations in human leukemic
cells. While attempts are being made to unify the picture, not all current models may apply to
normal human hematopoiesis.

The Mature Myeloid Phenotype

The process of differentiation leads to the acquisition of functional properties by the
terminally differentiated cells. In order to comprehend the individual steps, it is useful to be
acquainted with the characteristics of these mature end products.

Granulocytes and monocytes are white blood cells that are very important for innate
immunity. Their early development occurs initially in the yolk-sac, then in the dorsal aorta,
fetal liver and spleen and finally in a bone marrow of adult organisms [18]. As mentioned
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above, development is driven by a sequential emergence of transcription factors [3], but
requires also parallel signals provided by cytokines, growth factors and their receptors [19].

Granulocytes constitute the majority of leukocytes and there are approximately 2.5-
7.5x10° of them in each liter of human blood. The term “granulocytes” refers to three
lineages of cells, neutrophils being most numerous (2.5-7 x 10%), eosinophils less numerous
(0.4-4x10%/L), and basophils the rarest (0.1-1x10%/L). The nomenclature is based on
differences in cytoplasmic granules and in nuclear staining patterns, but they also differ in
their physiological roles. Neutrophils constitute the major phagocytic force of the immune
system; eosinophils fight parasitic infections, and basophils are important regulators of the
inflammatory response. The turnover of neutrophils in the organism is very rapid, since these
cells are short-lived: their half-life in circulating blood is 6-10 hours. In appropriate
circumstances they enter inflamed tissues, where they can persist for some more days before
they die by apoptosis [20].

The number of monocytes in circulating blood is much lower than that of granulocytes,
usually less than 1 x 10°/L. They phagocytose pathogens and other solid particles, and later
may present ingested antigens to lymphocytes, thus linking the innate and acquired immune
systems. Monocytes persist longer than granulocytes, several days in circulating blood and
even months in tissues, where they further differentiate into macrophages [20].

This comparison shows that in vivo the production of granulocytes must greatly
outnumber that of monocytes. In perfectly functioning organisms this production is precisely
regulated and occurs in the right proportions.

The Most Characteristic Proteins Expressed
in Granulocytes and Monocytes

Neutrophils store their most characteristic proteins in cytoplasmic secretory vesicles and
in granules [21]. Secretory vesicles contain a range of adhesion molecules, receptors for
many different cytokines and chemotactic agents, while the granules contain various
antibacterial proteins and enzymes. The ability to pre-form all of the proteins that are
necessary to the inflammation process, to store them intracellularly and to empty the stores in
response to appropriate signals allows the neutrophils to respond quickly, and to minimize
potential tissue damage during inflammation [21]. In order to achieve this effect, neutrophils
must be able to activate transcription factors that drive the production of stored proteins at
different stages of their differentiation. There are dozens of proteins contained in secretory
vesicles and granules, including adhesion molecules such as L-selectin, CD11b, CD1S8;
receptors for tumor necrosis factor (TNF), interferon a (IFNa), transforming growth factor
beta (TGFB) and many chemokine receptors. The most characteristic antibacterial proteins
are defensins, lysozyme and lactoferrin, while proteases are represented by elastase,
gelatinase, collagenase and cathepsin G [21].

Eosinophils are believed to be the major anti-parasitic forces of the organism. Their
granules contain four of the most characteristic proteins: eosinophil peroxidase, major basic
protein (MBP), eosinophil cationic protein (ECP) and eosinophil-derived neurotoxin (EDN)
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[22]. As ECP and EDN are ribonucleases, members of the RNase A family with proven
activity against respiratory syncytial virus, an antiviral role has been attributed to eosinophils
as well [22].

Basophils posses high-affinity receptors for immunoglobulin E (FceR-I), which allow
them to release mediators of inflammation in response to immunoglobulin of this class [23].
Their granules contain pre-formed mediators of inflammation that are released immediately,
such as histamine, heparin or TNFa [20]. These cells are also able to produce some later
mediators of inflammation, such as interleukins 4 and 13 (IL-4 and IL-13), which induce T
helper cell differentiation to the type 2 (Th2) phenotype [24]. In this regard, basophils also
constitute a link between innate and acquired immunity.

Monocytes are not abundant, but are very important cells capable of presenting antigens
via their MHC class II molecules. Their population in peripheral blood is heterogenous and
consists of two main subsets of cells. The larger one (80-95%) is defined by the presence of
CD14, and absence of CD16, while the remaining monocytes have low expression of CD14
and high CD16 [25]. MHC-II molecules are present on cells of both populations, but the level
of expression is higher on the second subset, making them more efficient in antigen
presentation. Moreover monocytes that belong to this first and more abundant subset carry
two receptors on their surface: CD32 (FcyR-II) and CD64 (FcyR-I) [26], and are potent
phagocytes which is important to the innate immune response. All these cells contain
monocyte-specific esterase (MSE) [27], localized in the endoplasmic reticulum [28], and
myeloperoxidase (MPO) [26] enclosed in granules [29]. Monocytes migrate to tissues, where
they differentiate to macrophages, and some to dendritic cells [25].

Transcription Factors in Developmental Steps
from Hematopoietic Stem Cell to Granulocytes
and Monocytes

As illustrated in Figure 1 the preponderance of current data suggests that lineage
selection within the myeloid cell series depends on the appropriate levels of key transcription
factors. C/EBPa and PU.1 work in concert with a variety of other factors which include other
members of the C/EBP family, as well as components of the transcription factor AP-1, VDR,
RXR and RAR, EGR-1/2, and perhaps AML-1. The latter factors modulate the effects of the
key regulators such as C/EBPs, and may have a greater role in lineage maintenance, rather
than in their initiation. Also of importance are the CCAAT displacement protein (CDP) and
members of the homeobox (HOX) family of transcription factors, the levels of which must be
reduced for differentiation to proceed.
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Box 1. PU.1 Transcription Factor

PU.1 belongs to the Ets family of transcription factors. Proteins that belong to this family
share a unique DNA binding domain with a winged helix-turn-helix structure [30] and
recognize a consensus sequence of GGAA/T in the target DNA. PU.1 is expressed in
hematopoietic cells, predominantly in B lymphocytic and myeloid lineages [31,32], but is
down-regulated in cells undergoing erythroid differentiation [32]. The PU.1 gene is an
oncogene, because in mice viral activation of its 5° flanking region, which results in
continued expression of PU.1, causes the onset of erythroleukemia [31,32]. The PU.1 protein
has a transactivation domain at its N-terminus, followed by a protease-sensitive domain, and
by a DNA binding domain located at the C-terminus. PU.1 is an interacting partner for many
other transcription factors and signaling proteins. The N-terminal part of PU.1 interacts with
the C-terminal portion of the basal transcription factor TFIID or with the pocket of
retinoblastoma (Rb) protein, while the C-terminal part can interact with C/EBPJ, heat shock
protein (Hsp) 90, CREB binding protein and some other proteins [32]. PU.1 directly regulates
transcription of numerous genes which encode proteins characteristic of B lymphocytes,
monocytes and granulocytes. In B lymphocytes it regulates the expression of heavy and light
chains of immunoglobulin, CD20, MHC class II and Bruton’s tyrosine kinase [32]. In cells
undergoing myeloid differentiation, PU.1 up-regulates transcription of characteristic proteins
such as: receptors for the granulocyte, macrophage and granulocyte-macrophage colony-
stimulating factors (G-CSF, M-CSF and GM-CSF), scavenger receptors, CD11b, CD11c and
CD18, lysozyme, MPO, EDN, FcyR and many others [32]. It is noteworthy that PU.1 also
regulates its own expression. Disruption of the PU.1 gene in mice is lethal. PU.1-deficient
embryos have normal numbers of megakaryocytes and proerythroblasts, but their
myelopoiesis is blocked at a very early stage. Fetal livers of such animals do not contain
myeloid progenitors: granulocyte, macrophage, granulocyte-macrophage and granulocyte-
erythroid-megakaryocyte-monocyte colony-forming units (CFU-G, CFU-M, CFU-GM and
CFU-GEMM) [31].

CCAAT Enhancer-Binding Proteins are Master
Regulators of Myelopoiesis

C/EBPa is one of the master regulators of myeloid lineage selection. Its expression
predominates in immature cells and granulocytes, but declines in developing
monocytes/macrophages (Fig 1). Initially, it may stabilize myeloid lineage commitment by
cross inhibition of Pax5 expression, a transcription factor necessary for the B lymphoid
lineage [33]. C/EBPa inhibits the G1 to S phase cell cycle progression in a variety of cell
types, and suggested mechanisms include direct binding to cyclin-dependent kinases 2/4 and
induction of their inhibitor p21°P* [34], as well as a direct binding of E2F1 and repression of
the c-myc gene [35]. Importantly, C/EBPa binds and activates the PU.1 promoter, of
particular importance for myelopoiesis, as discussed above (Box 1). There are multiple target
genes for C/EBP transcription factors, but in myeloid cells the most important ones seem to
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be those encoding G-CSF, M-CSF and GM-CSF receptors, CD14, lysozyme, MPO,
lactoferrin, elastase and collagenase [36].

The role of C/EBPf in myelopoiesis is less well established than that of C/EBPa., though
it has a clear role in macrophage function [37]. In some murine systems C/EBPf can
compensate for the loss of C/EBPa [38], and may promote myeloid cell proliferation of all
lineages [39]. In human cells, however, evidence has been provided that C/EBPf is required
for 1a,25-dihydroxyvitamin Ds-induced monocytic differentiation of leukemic cells [15,40].
It has also been suggested that an increased level of C/EBPf relative to that of C/EBPa can
redirect malignant cells from an aborted granulocytic pathway to normal monocytic
differentiation [41]. Further studies are needed to determine if the role of C/EBP is specific
to a particular cell context. It has been also shown in mouse models that enforced expression
of either C/EBPa or C/EBPf in differentiated B or T lymphocytes can reprogram these cells
to macrophages, thus indicating the importance of these transcription factors to expression of
genes typical of myeloid cells, and their capacity to cross-inhibit the activity of Pax5 [42,43].
Interestingly, the transcription factor PU.1 converted committed T cell progenitors into
myeloid dendritic cells in this system [43]. It should be stressed that myeloid potential
remains active for a long time in lymphocyte lineage, since in the mouse thymus even the T-
cell progenitors that have already lost B-cell potential still retain the ability to become
macrophages [1,2].

Box 2. C/EBP Family of Transcription Factors

C/EBPs are a family of basic leucine zipper transcription factors with similar, modular
structures. C/EBPs contain an activation domain, a DNA-binding basic domain and a leucine-
rich dimerization domain [44]. There is substantial sequence homology among all C/EBP
isoforms in the C-terminal portion containing DNA-binding region, which is followed by a
dimerization motif. The dimerization domain is a heptad of leucine repeats that intercalate
with repeats of the dimer partner, forming a coiled coil of alpha-helices in parallel
orientation. The C/EBPs form dimers prior to the binding to the consensus sequence 5’-
TT/GNNGNAAT/G-3’ in DNA. The most variable portion of C/EBP isoforms is the N-
terminal part, which contains activation domains that interact with components of the basal
transcription apparatus to stimulate transcription [45]. There are six genes encoding C/EBP
family members, and, due to a leaky ribosomal scanning mechanism, two different products
of C/EBPa, three products of C/EBPJ and four products of C/EBPe genes are translated [45].
Because the activation domains are at the N-termini of these proteins, the different protein
products have different transcriptional activities, and some isoforms that lack the entire
activation domain exert inhibitory functions [45], presumably by a dominant negative
mechanism. Initially, it was believed that the only physiological role of C/EBP proteins is to
regulate gene expression by binding to the common sequence in regulatory regions of many
gene promoters. However, later studies showed another level of gene expression regulation
through protein:protein interactions of C/EBPs with other proteins that are important to cell
cycle and proliferation, such as cdk2, cdk4, the Rb protein and the E2F transcription factors
[46-48]. E2F transcription factors drive transcription of the genes that are necessary for the
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transition from the G1 to the S phase of the cell cycle. When C/EBP transcription factors bind
to E2Fs, the latter are sequestered from the promoters of their target genes, which arrests cell
cycle progression. At this stage tumor suppressor protein Rb comes into play. When this
protein binds to a C/EBP protein its transcriptional activity is enhanced, which usually results
in the transcription of differentiation-related genes. Still one more level of regulation can be
achieved by means of post-translational modifications of C/EBP family members, such as
phosphorylation [49,50].

Many experiments have shown that C/EBPe is crucial and indispensable for the terminal
stages of granulopoiesis. The most striking results come from murine knockout models.
C/EBPe-deficient mice display defects in granulocyte development; they have an increased
number of granulocyte progenitors, but their neutrophils are defective in chemotaxis,
superoxide production, release of granule contents and bactericidal activity [51]. These mice
die at the age of 3-5 months because of opportunistic infections. The neutrophils of these
mice do not contain characteristic proteins, such as lactoferrin, gelatinase and collagenase
and are not able to up-regulate granulocyte colony-stimulating factor (G-CSF) receptors, but
contain elastase, lysozyme and myeloperoxidase [17,52]. The eosinophils are also deficient in
the most characteristic proteins: EPO and MBP [52]. However, C/EBPs itself is not sufficient
to induce expression of genes encoding secondary granule contents and requires cooperation
of C/EBPa, GATA-1 and PU.1, which are expressed during granulopoiesis [52]. It is
noteworthy that patients suffering from the rare disorder, neutrophil-specific granule
deficiency, carry a mutation in the C/EBPe gene resulting in a loss of the full-length protein
[53]. Another level of regulation of granulopoiesis by C/EBPeg is achieved by its interaction
with E2F1 and Rb proteins. By binding E2F1, C/EBPg sequesters it from the promoters of
genes that are necessary for cell cycle progression. On the other hand, when C/EBP¢ interacts
with Rb in cells during granulopoiesis, this interaction enhances the transcriptional activity of
C/EBPe [54], in contrast to C/EBPB-Rb association in monocytic differentiation, which
inhibits C/EBPJ activity [40].

Other transcription factors cooperate with the above in the expression of proteins that are
characteristic of white blood cells. For example, the integrin chains CD11d and CD18 require
Sp1 for their expression [55,56]. Attenuation of the activities of C/EBP transcription factors
is mediated by the CCAAT displacement protein (CDP). It has been documented that this
protein, when over-expressed, inhibits C/EBPe-mediated granulocytic differentiation [57].
As an example, one of the myeloid-specific genes that is negatively regulated by CDP is
lactoferrin [58].

Another group of genes that may interfere with myeloid differentiation is the Homeobox
(HOX) gene family. These genes are in principle master regulators of embryonic
development, but they continue to be expressed in some tissues in post-natal life [59]. Human
HSCs express HOXA and HOXB genes which are normally down-regulated at later stages of
differentiation [60], but their over-expression leads to excessive proliferation of progenitor
cells, as has been shown for HOXA10 [61]. Interesting mechanistic studies showed that
HOXAI10 represses the gp91-phox and p67-phox promoters in immature myeloid cells and
SHP2 tyrosine phosphatases act directly on HOXA10 to permit DNA binding [62,63].
Conversely, tyrosine phosphorylation of HOXA9 increases binding and activation of phox
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genes in maturing myeloid cells [64]. Other studies showed that the inability to switch off the
HOXA9 gene, caused by chromosomal translocation which produces a fusion-gene between
nucleoporin and HOXAY9, leads to the onset of human acute myeloid leukemia [65], while
over-expression of HOXB8 inhibits myeloid differentiation of murine cells [66] and produces
myeloid leukemia in mice [67]. Also of interest is the report that HOXB7 is induced during
la,25-dihydroxyvitamin Ds-driven monocytic differentiation of HL60 cells, and its over-
expression inhibits neutrophilic differentiation [68]. HOX target genes in mammals are
multiple, and apart from the phox genes it is not clear which of them are involved in
hematopoiesis, but the most likely are those encoding cell adhesion molecules and proteins
that regulate the cell cycle [69].

Also important to the hematopoietic developmental pathways are members of the
Kruppel-like family (KLF) of transcription factors. In particular, KLF4/GKLF, one of the
small group of genes which can re-program mature cells back to pluripotent stem cells,
termed induced pluripotent stem cells (iPS) [70], has recently been reported to promote
monocytic differentiation in a lineage-specific manner [71]. Interestingly, KLF4 is a target of
PU.1 and can activate a monocyte-specific promoter which appears to contribute to the
development of the morphologic and functional characteristics of the mature monocyte.

Ligand-Responsive Nuclear Receptors Enhance
Myeloid Differentiation

It is not clear how retinoic acid receptors (RARs) and the vitamin D receptor (VDR) are
involved in the terminal stages of granulocyte and monocyte development. RARa is
expressed during myelopoiesis, and a reciprocal t(15;17) translocation, that fuses the PML
and RARa genes impairs function of the RARa protein, causes arrest of granulocytic
differentiation and initiates acute promyelocytic leukemia [72], which can, to a degree, be
corrected by high concentrations of retinoic acid. However, RARa-deficient mice have
normal numbers of neutrophils in their blood and in hematopoietic organs [73]. Some
experimental data suggest that the unoccupied RARo antagonizes granulocytic
differentiation, whereas the ligand-occupied receptor enhances it [73]. Thus, RARo-null
mice lack this negative regulator of differentiation, yet their phenotype does not resemble
vitamin A-deficiency or receptor mutation.

Similarly, VDR is expressed in human cells undergoing monocytic differentiation and in
experimental models 1a,25-dihydroxyvitamin Ds;, the natural ligand of VDR, induces
differentiation of GMPs towards monocytes [74]. Moreover, in patients with vitamin D
resistant rickets (type II), who have defective VDRs resulting from various mutations,
myeloid progenitors are resistant to 1o.,25-dihydroxyvitamin Ds-induced differentiation [75].
However since VDR-null mice show no defects in hematopoiesis [76], it is possible that
VDR is not essential for the development of monocytes and macrophages, if this finding can
be applied to humans.
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Box 3. RAR and VDR Nucelar Receptors

RARa and VDR belong to the super-family of nuclear receptors, which consists of the
receptors for thyroid and steroid hormones, retinoids, 1a,25-dihydroxyvitamin D; and some
receptors with unknown ligands. RARa is a nuclear receptor for all-trans retinoic acid (RA)
and 9-cis retinoic acid, and there are two other related receptors (RARB and RARy). All
nuclear receptors show structural and functional similarities which reflect their evolutional
relationships [77]. They are composed of five domains designated A to E. The N-terminal,
highly variable A/B domain has ligand-independent transactivation function. The DNA
binding domain C is the most conserved domain within the family of nuclear receptors. It
contains two zinc-fingers and confers the ability to recognize specific sequences in target
gene promoters [78]. Region D is variable and serves as a flexible joint, which allows
rotation of the neighboring domains. Domain E, the ligand binding domain, is conserved
within receptors that have the same ligand, but varies between receptors with various ligands.
In addition to ligand binding, the E domain is responsible for the receptor dimerization and
the ligand-dependent transactivation, and is composed of 12 a-helices which create a ligand-
binding cavity formed by hydrophobic amino acids. Subsequent to binding of the ligand,
helix 12 shifts its position and becomes accessible to the co-activators [77]. Nuclear receptors
regulate transcription by binding to specific hormone response elements (HREs) in promoters
of target genes. HREs usually are bipartite, composed of two hexameric core sequences,
configured as palindromes, inverted palindromes or direct repeats [78]. The response
elements for RAR receptors are usually composed of two directly repeated AGGTCA half-
sites, separated by five nucleotides (so called DRS) [79]. In the case of VDR the most
common responsive elements (VDREs), designated DR3, consist of two six-base elements,
with the consensus sequence AGGTCA, that are separated by a spacer of three nucleotides.
Another type of VDRE, named IP9, is composed of two inverted palindromic consensus
sequences separated by a nine-base spacer [80].

RARa complexes with RXR and the complex has two main functions. In the absence of
a ligand, the heterodimer binds co-repressors that interact with histone deacetylases, leading
to silencing of target genes, while after ligand binding, the RAR/RXR heterodimer interacts
with a large protein complex containing the transcriptional co-activators with histone
acetyltransferase activity, which unfolds and exposes the DNA helix for transcription [73].
VDR, after ligation with 1a,25-dihydroxyvitamin D3 and dimerization with RXR, binds to a
VDRE in the proximal, or sometimes distal, promoter regions of target genes [81]. In the case
of DR3 type VDRE, when RXR binds to 5’ half-site and the VDR to 3°, the regulation of
gene transcription is positive, while a changed polarity of the VDR/RXR-VDRE complex
results in negative regulation [80]. In general, for up-regulation of gene transcription VDR
recruits coactivators with histone acetyltransferase activity, while for the transcriptional
repression VDR recruits corepressors with histone deacetylase activity, which prevents
chromatin decondensation [80].
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Lineage—Specific Myeloid Growth Factors Ensure
Survival and Proliferation

Although lineage commitment is principally driven by an intrinsically regulated
emergence of transcription factors, a variety of growth factors are needed to ensure the
survival and proliferation of myeloid cells at all stages of their development. The presence of
these growth factors can also influence the relative abundance of cells of different lineages by
supporting the differentiation of progenitor cells to a specific cell type [19]. The principal
myeloid-specific growth factors are the granulocyte-macrophage colony stimulating factor
(GM-CSF), which supports the survival and proliferation of granulocyte and monocyte
progenitor (GMP) cells and their progeny, the macrophage colony stimulating factor (M-
CSF) which targets monocytes and macrophages, and among the granulocytes, granulocyte
colony stimulating factor (G-CSF), interleukin-5 (IL-5), and the stem-cell factor (SCF),
which support neutrophils, eosinophils, and basophils or mast cells, respectively [82]. G-CSF
is of considerable importance in the therapy of human diseases, so there is a wealth of
knowledge regarding its properties. For instance, this cytokine facilitates the release of
neutrophils from the bone marrow, and enhances their functional capacities such as
phagocytosis and generation of superoxide anions. G-CSF production, increased in
inflammation, is stimulated by cytokines such as TNFa, IL-1 and IL-6, all of which can be
secreted by activated monocytes [83].

In order to react to CSFs, cells have to recognize these growth factors by their cognate
surface receptors, which belong to a large cytokine-receptor super-family. These are
transmembrane proteins that share some common features. Most CSF receptors are composed
of homo- or heterodimers, while some are composed of three chains [84]. The heterodimeric
receptors can be grouped into four subfamilies which share a common B-chain, y-chain,
gp130 chain or gpl40 chain [84]. The receptors within a particular group have a similar
signaling unit, but specific extracellular ligand-binding domains [19]. Ligand binding results
in a dimerization of the specific receptor and induces a conformational change which usually
activates Janus kinases (JAKs), which are constitutively associated with the receptors.
Activated JAKs autophoshorylate themselves and phosphorylate cytokine receptors at
tyrosine residues, which leads to the activation of secondary signaling molecules [84].
Activated JAKs directly interact with transcription factors named signal transducers and
activators of transcription (STATs) and induce their phosphorylation, dimerization and
translocation to the cell nucleus [85,86]. Some new data suggest that JAKs are not the only
activators of STATSs, and in some instances, such as signaling from the IL-3 receptor, Src
kinases participate in signal transduction [84]. Seven genes encoding STAT proteins are
known, but more isoforms are generated by alternative splicing and proteolytic cleavage [86].
There are multiple target genes, that are mostly STAT isoform-specific and many of them are
involved in regulation of cell proliferation and survival [84]. Cytokine receptors can also
activate the Ras/MAPK [87] and phosphatidylinositol 3-kinase (PI3K) [88] pathways. G-
CSF is representative of cytokines that activate these two pathways through their receptors.
The signals transmitted through mitogen activated protein kinases/extracellular-signal
regulated kinases (MAPK/Erk) and MAPK/p38 signal transduction modules are necessary for
cell proliferation in response to G-CSF [89], while activation of PI3K is necessary for
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neutrophil migration [90]. These signals are then transmitted to an overlapping group of
differentiation-related transcription factors, which modulate the expression of the cell cycle
and cell survival regulators, as well as proteins essential to the function of the mature
myeloid cells. For instance, the promoters of all three myeloid CSF receptors have binding
sites for C/EBP and PU.1 transcription factors, an arrangement that is likely to be of
developmental significance [91].

Intracellular Signaling Pathways Modulate
the Activity of Master Regulators

It was recently reported that C/EBPa., one of the key regulators of myeloid differentiation
discussed above, can form a heterodimer with a member of the AP-1 transcription factor
complex, which may then contribute to monocytic lineage development [92]. This can offer a
rationale for the earlier observations in model systems that the MAPK pathways are involved
in monocytic differentiation. First, several laboratories demonstrated that activated Erk1/2
MAP kinases contribute to 1a,25-dihydroxyvitamin Ds-induced monocytic differentiation of
human leukemia HL60 cells [93-97]. Then the JNK pathway branch of MAPK signaling was
shown to enhance this form of differentiation [98]. Both of these pathways activate the AP-1
transcription factor by up-regulating the expression of its components such as c-fos and c-jun.
The importance of AP-1 for monocytic differentiation was then further established by
experiments based on a dominant negative strategy using AP-1 oligonucleotide decoys,
which showed the requirement for the AP-1 complex in this system [99]. These experiments
were complemented by a similar approach, using C/EBP decoys, which demonstrated that
members of the C/EBP family of transcription factors are also required for optimal
differentiation [40], and this was also linked to phosphorylation of C/EBPJ by the MEK/Erk
pathway [15]. Thus, Friedman’s suggestion [3] of a transcription factor binding DNA site
consisting of AP-1 and C/EBP half sites could explain a number of disparate findings
discussed above, and provide a basis for the influence of MAPK signaling on transcription
factors critical for monocytic differentiation.

Another, perhaps complementary, way in which c-jun can influence differentiation
lineage choice is its role as a co-activator for the transcriptional activity of PU.1 [100]. It has
been found that an interaction between c-jun and PU-1 favors myeloid lineage, whereas
GATA-1 binding to PU.1 displaces c-jun from PU.1 leading to erythroid differentiation (Fig
2). Although an active JNK was not found to be required for c-jun participation in these
events [100], other studies found that the JNK pathway can stabilize c-jun and thus increase
its cellular abundance [98,101]. In this way the JNK pathway can also enhance monocytic
differentiation. Conversely, displacement of c-jun from PU.1 by the fusion protein AML-
ETO, the result of the chromosomal translocation t(8:21), interferes with normal
differentiation, resulting in the development of a form of AML, exemplified by the Kasumi-1
human leukemia cell line [102].
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Figure 2. PU.1 and GATA-1 compete in cell fate determination.

High levels of PU.1 favor transcription of monocyte-related genes. Transcriptional activity of PU.1 is
enhanced by its interaction with c-jun through the winged region of the DNA-binding domain. However, an
excess of GATA-1 causes disruption of PU.1/c-jun complexes and represses transcription of PU.1-dependent
genes. GATA-1 then activates GATA-1-dependent genes, which are important for erythroid differentiation.
This diagram is based on and modified from reference [4].

There is evidence that the PI3K/AKT pathway also plays a role in monocytic
differentiation perhaps by ensuring the survival of differentiating cells. First, it has been
reported that PI3K activation is necessary for 1a,25-dihydroxyvitamin Ds-induced monocytic
differentiation of HL60 [103] and THP-1 cells [104]. The proposed mechanism linked PI3K
signal transduction pathway with the action of VDR, indicating a physical interaction of these
proteins [104]. It has been shown that the inhibition of PI3K pathway impairs the function of
monocytes, through disruption of the mechanisms responsible for cell adherence and the
response to lipopolysaccharide (LPS) [105], FcyR- and mannose receptor-mediated
phagocytosis, and for the oxidative burst [106]. Activation of PI3K/AKT pathway has an
anti-apoptotic action in human leukemia HL60 cells induced to differentiate with 1a,25-
dihydroxyvitamin D3 [107,108] which may contribute to the relatively high survival potential
of monocytes.

More recently, hKSR2, a novel regulator of Ras signaling [109,110], has been reported to
participate in the control of monocytic cell survival [111]. The survival-enhancing action of
hKSR2 is due, at least in part, to its ability to increase the expression of the anti—apoptotic
protein Bcl-2. An interesting question is whether this effect can be found in cells which do
not have an activated Ras oncogene, as the studies to date have been performed only in HL60
cells, which harbor the activated N-Ras [112]. Another question is whether hKSR2 signals
cell survival via a pathway that includes AKT, described above. A summary of the signal
transduction pathways that are involved in myeloid differentiation of HL60 cells is shown in
Figure 3.
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Figure 3. Signal transduction pathways contributing to myeloid differentiation.

This scheme highlights some of the pathways which may contribute to the signaling of myeloid
differentiation and to the differentiation-associated increase in cell survival potential. The AP-1 transcription
factor family is activated by at least two branches of MAPK cascades, directly (e.g. c-jun) or indirectly (e.g.
c-fos), while the C/EBPp transcription factor can be activated by Erk1/2 [49,50]. The role of p38 MAPK is
unclear at this time. The kinase suppressor of Ras 1 (KSR1) can facilitate Raf-1 signaling [113,114], while
KSR2 and AKT participate in mechanisms that increase cell survival under adverse conditions [108]. JAK
kinases are constitutively associated with the CSF receptors. Upon activation and oligomerization of these
receptors JAKs become activated by autophosphorylation. Activated JAKs directly interact with STATS,
induce their phosphorylation, dimerization and translocation to the cell nucleus, where STAT-target genes
are regulated [85,86].

Control of Monomyelopoiesis by MicroRNAs

MicroRNAs repress protein expression at the post-transcriptional level, and are coming
into prominence as regulators of most biological functions, including differentiation and
hematopoiesis [115-118]. One of the earliest reports in this field was the demonstration that
several miRNAs, miR-181, miR-223 and miR-142s, are differentially expressed in
hematopoietic lineages in vivo, and are able to alter the choice of lineage differentiation
[119]. In these studies miR—181 was found to be preferentially expressed in mouse bone
marrow B-lineage cells, and its ectopic expression led to an increased fraction of B
lymphocytes in both tissue culture differentiation assays and in adult mice.

The relevance of miRNAs to myelopoiesis was then quickly demonstrated by the
discovery that miR-223 is specifically activated in RA-induced granulocytic differentiation of
human cells in culture, and that miR-223 is required for optimal differentiation-response to
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RA [120]. Evidence was also obtained for the mechanism of this effect, which centers on the
C/EBPa and nuclear factor I/A (NFI-A) transcription factors as targets for miR-223. It was
proposed that NFI-A, a CCAAT-related binding protein that functions in growth control
[121], competes with C/EBPa for binding to the region that controls miR-223 upregulation
by RA. When NFI-A prevents C/EBPa binding, miR-223 is not expressed and the cells do
not differentiate. It was also found that there is a negative regulatory loop whereby NFI-A is
negatively controlled by miR-223, which explains how expression of miR-223, once initiated
by RA or other signals, can be maintained during granulocytic differentiation.

While this seems to be a convincingly coherent story, a more recent paper provided
evidence that although miR223 is myeloid-specific, it actually negatively regulates progenitor
cell proliferation, granulocytic differentiation and activation [122]. The authors speculated
that the discrepancy from the results of Fazi et al. who, as indicated above, concluded that
miR223 is a positive regulator of granulocytic differentiation [120], could be attributed to
disparate experimental approaches used in their studies. For instance, Fazi et al. utilized over-
expression strategies, while Johnnidis et al. extrapolated from deletion studies. Furthermore,
manipulating cells in different stages of myeloid development may provide different
responses since miRNAs are likely to change expression dynamically during development.
Importantly, these disparate results may illustrate the differences in the roles of miRNAs
between human [120] and murine [122] myeloid lineage development, as already noted in the
report by Ramkisson et al. [123].

In another study that used human cells it was found that in the acute promyelocytic cell
line NB4 retinoic acid up-regulated a number of miRNAs, including miR-107 which targets
NFI-A, and along with miR-223, discussed above, negatively regulates NFI-A [124]. It was
also reported that the RA-induced down-regulation of the Ras gene correlated with activation
of let-7a, and that down-regulation Bcl-2 correlated with the activation of miR-15/miR-16-1,
the known regulators of these genes. Curiously, although a seeming plethora of miRNA
genes up-regulated in response to RA was found in this study, only miR-181b was down-
regulated. Since miRNAs attenuate the expression of coding genes, miR-181b may have a
special role in granulocytic differentiation by removing a barrier to this lineage choice,
perhaps by allowing the appropriate level of expression of C/EBPa.

More recently, involvement of miRNAs in monocytopoiesis was also described, and here
the down-regulation involved three miRNAs, 17-5p, 20a and 106a [125]. In uni-lincage
cultures generated from cord blood CD34" cells incubated with saturating amounts of M-CSF
95% of the cells are monocytes, which become terminally differentiated macrophages during
a 3-4 week period. While these miRNAs are down-regulated, the Runt-related transcription
factor, Runx-1, also known as AML-1, becomes up-regulated at protein but not at mRNA
level, presumably because these miRNAs bind to the 3’UTR of Runx-1 mRNA, and the
decline of 17-5p, 20a and 106a miRNAs unblocks translation of Runx-1 These events also
lead to M-CSFR down-regulation. The authors suggested that the monocytic lineage is
controlled by miRNAs, 17-5p, 20a and 106a, which function to repress Runx-1/AML-1 and
M-CSFR. These culture studies of human cells contrast with in vivo studies of mouse
monocytopoiesis, where knock outs of the miR 17-92 cluster, which includes miRNAs
studied by Fontana et al, do not show defects in granulocytes, monocytes, or T-lymphocytes,
though there is a marked deficiency of pre-B lymphocytes [126]. This raises the possibility
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that there are important differences between human and mouse monocytopoiesis, though the
physiological significance of the cord blood CD34" system may require further validation. In
any case, it seems that miRNAs are not the sole regulators of monocytic differentiation, and it
is likely that miRNAs act as differentiation lineage modulators, rather than direct switches.

Conclusion

Taking all these data together, it is clear that transcription factors such as C/EBPa, f3, €
and PU.1, with contributions from AP-1, EGR1/2, HOX family, and nuclear receptors-
transcription factors RAR and VDR have predominant roles in granulocytic and monocytic
differentiation. Rapid progress in understanding signaling networks and lineage selection
have been hampered by the inherent complexity of the mechanisms involved. However, it can
be assumed that lineage selection depends on the relative amounts of transcription factors
which either cooperate with one another, or perhaps more frequently compete for DNA
binding sites. Protein:protein interactions are also very important for lineage selection. For
instance, GATA-1, which drives erythroid differentiation, can bind to PU.1, which drives
myeloid lineages, and this binding inhibits each other’s transcriptional activity. Thus, the
simple view is that whichever of these transcription factors is present in greater
concentration, this lineage will be favored, whereas the other pathway is inhibited, i.e., if
GATA-I1 is relatively deficient, PU.1 will drive the myelopoiesis at the expense of the
erythropoiesis, and vice versa. Of course, differentiation is further modulated by epigenetic
modifications (Chapter 11) of chromatin and associated proteins by processes such as
phosphorylation, methylation, acetylation, ubiquitinylation, and SUMOylation (eg [127-131]
).

Transcription factor interactions are also dependent on a changing cellular environment,
which is communicated to the transcription machinery by pathways such as the MAPK and
PI3K/AKT cascades, which can elicit gene expression changes at both transcriptional and
post-transcriptional levels. These transcription factors and other regulatory proteins may be
under the control of miRs, but there is still a lack of full information and a flux of ideas how
this control is exerted. Finally, it should be noted that one fundamental difference between
granulocytic and monocytic differentiation is that the former is a form of slow cell death,
whereas the latter entails acquisition of considerable survival potential. In both cases,
however, the cell cycle is gradually arrested. Therefore, genes controlling apoptosis and cell
cycle progression may also need to be fitted into the picture of lineage selection, providing
rich opportunities for further exploration of this exciting facet of cell biology.
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Abstract

Dendritic cells perform some of the most important functions of the immune system.
They were originally named based on their dendritic extensions, and their ability to
activate naive T lymphocytes. However, the diversity of functionally and
developmentally distinct DC subtypes precludeprecludes them from all being categorized
as the one cell type — in the same way immunologists would never lump all lymphocytes
together anymore. Considering their rarity, the pathways of DC development were
previously poorly characterized. However, rRecent studies utilizing progenitor transfer
studies, culture models, or the perturbation of transcription factors, cytokines or signaling
molecules, have unraveled some of their complexity. This review outlines the progress
made in understanding the diversity of the DC family and regulators of their
differentiation. It will also make a case for the importance of single cell studies in light of
evidence for a new model termed ‘graded’ commitment, which is a departure from the
classic binary models of haematopoiesis.
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Introduction

This review will attempt to set the known players in the dendritic cell (DC) development
scene with respect to the location of precursors, their steps in development, the molecular
regulators of their development and their ultimate progeny in various locations in the body. It
is an overlap, but also an extension, of a previously published review [1]. There are some
extended sections on DC classification, phenotypic comparisons, developmental pathways
and technical issues in field of DC development. There are also some thoughts on aspects of
lineage commitment (a model termed ‘graded’ commitment is presented), a tentative idea that
DCs are a ‘3" lineage’ in addition to the myeloid and lymphoid lineages, and descriptions of
new lineage tracing tools for single cells. But first, this review will address some definitions
and questions for creating a context for understanding DC subtype and leukocyte
development, in general.

The first issue that should be addressed is; what defines a DC as being a DC? The short
answer is there is not yet a clear answer, and the term DC is partly artificially constructed by
us DC researchers. CD11c expression, MHC class II expression, the presence of dendrites,
the ability to process and present antigen, to activate naive T lymphocytes etc. have all been
proposed as key features of DC. But clearly, none of these characteristics in isolation is
unique amongst DC within the entire repertoire of leukocytes — NK cells express CD11c, B
lymphocytes express MHCII, many leukocytes can have dendrites, all cells can process and
present antigen (via MHC class I), and not all DCs can activate naive T lymphocytes. To pool
all of these attributes within the one cell type comes closer, but this is still not perfect. This
review will not attempt to create such a definition, but merely highlight here that the term
‘DC’ is not always the best term for all members that are currently in this family.
Nevertheless, there are some properties emerging that do allow us to group cells by origin,
genetics, evolution and function for a working model of this constructed family of cells.

The second issue is; what makes a subtype a real subtype? Some argue that further and
further micro dissection of leukocytes by phenotype will lead to an infinite diversity of cells
[2]. That’s probably true, technically speaking. One only needs to consider that most cell
surface molecules are expressed not at a fixed level, but in a lognormal distribution — for
example the ‘bell-shaped curve’ expression of most cell surface markers by flow cytometry.
Thus, it has been argued that grouping cells by a common phenotype is artifactual. That could
be true for some cases considering the potentially infinite phenotypic variations one could
give to a cell. However, if a researcher-defined group of cells exhibit a unique set of
functional features — for example, a unique toll-like receptor signature to recognize a
pathogen, distinct location in terms of accessibility to that pathogen, and a unique T
lymphocyte activation outcome — should this cell type be ignored as merely a colour in the
rainbow of immune cells? Moreover, if this cell type has a unique gene expression pattern
compared to other cell subtypes and has a conserved counterpart amongst different species, |
would argue we’re getting closer to a biologically distinct subset of cells that has evolved for
a reason and should not be ignored merely as ‘stamp collecting’.

Presuming there is such thing as a DC subtype, the third issue is; must all cells of one
subtype have a common origin? This question raises the follow-on question of; does one
mean a common cellular origin or a common molecular origin? While not mutually
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exclusive, this distinction is important to make. This issue will be discussed later in the
review, as while the classic binary branching models of hematopoiesis have served us well so
far, there has been a flurry of data to suggest they are simply not accurate.

DC Classifiers

As previously described, DCs can be categorized by some general properties of their life
history[3]. Our group has preferred to classify the DC family by the following criteria (which
has been elaborated upon here, and in a previous review [1]) (Figure 1); first, according to
whether the DCs migrate from the peripheral tissues via the lymphatics to the draining
lymphoid organs (‘migratory’), develop and reside within the lymphoid organs (‘resident’) or
develop in the BM and are circulating in the bloodstream (‘circulating’); second, whether
they are present in the uninfected steady-state or whether they arise with infection or
inflammation (‘inflammatory’); third, whether the DC itself is ‘unactivated’ or ‘activated’
(the latter could result in T lymphocyte activation, tolerisation or other outcomes); fourth,
into the different subtypes; and fifth, either as precursors of DC (Pre-DC) or the DC products
themselves (Figure 1). Each of these classifiers could, in turn, be given more levels of
complexity (e.g. which organ they are resident in, different types of activation, etc), but for
the purpose of this review it will be left there. If one categorises precursors of DCs, or the
DCs themselves within these criteria, placement in the context of the immune system
becomes easier. No doubt there will be brushstrokes to this picture in the future.

Figure 1. The DC classification wheel.
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Pre-DCs versus DCs

Cells just prior to differentiation into MHC class II" DCs are classified as pre-DCs. This
may happen by default in the steady-state, or may require a stimulus as provided by infection
or inflammation [3]. This is an important distinction to make as circulating monocytes and
plasmacytoid cells, which are classed as pre-DCs, also have unique functions in the steady-
state, irrespective of their additional capacity for DC differentiation. Nevertheless, their
ability to generate DCs assigns them a feature that distinguishes them from non-DC antigen-
presenting cells, such as B lymphocytes and macrophages. Other pre-DCs, such as pre-
conventional DCs (pre-cDCs) will differentiate by default in the steady-state (also discussed
later). ‘Developed’ DCs, by contrast, are ‘dendritic’ when freshly isolated, even though their
functional properties can vary widely depending on their environmental exposure.

Migratory

Migratory DCs develop from precursors in the periphery then migrate via the lymphatics
to their draining lymphoid organ. This process is usually accompanied by a type of
‘maturation’, which occurs at a basal rate in the steady-state [4-6] such that once reaching the
lymphoid organ, they have a ‘mature’ DC phenotype [7]. Surprisingly, this process occurs
even in germ-free or toll-like receptor (TLR)-signaling-independent scenarios [8, 9] but can
be enhanced upon infection or inflammation [10-14]. Thus, one cannot simply use major
histocompatibility (MHC) class II levels as the only activation marker to discriminate
‘mature’ steady-state DCs from ‘mature’ pathogen-activated DCs. Such factors that
differentially influence T lymphocyte fate may encompass co-stimulatory molecules and
cytokine production, and must always be taken into account [15]. Langerhans cells and
dermal DCs belong to the ‘migratory’ DC category.

Resident

Lymphoid-tissue resident, or simply ‘resident’ DCs, are located in all lymphoid organs of
the mouse, including the spleen, and are found in an MHC II'™ ‘immature’ state [7], which
allows their clear distinction from the mature MHC II" migratory DC [5]. Resident DCs
include the CD11c" CD45RA MHC II™ conventional DC (¢cDC), which can be further
broken into two broad subsets; the CD8" ¢DC and the CD8™ ¢DC (also known as CD11b"
cDCs) [16, 17]. Most CD8™ ¢DCs also express CD4 but are largely overlapping with those
that don’t [18, 19]. Unlike migratory DC, resident DC appears to be ‘born’ within the
lymphoid organ itself and perform their functions and turn over in situ [1, 3].
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Circulating

While it is clear that some pre-DCs, including plasmacytoid cells (pDCs) and Ly6C™
monocytes, can circulate in blood and extravasate tissues depending on the circumstances,
one should take care not to refer to these as circulating DCs per se. Some evidence suggests
DCs can migrate via the blood into the lymphoid organs [20, 21]. However, CD11c" ¢DC are
actually not found in significant numbers in the blood [22, 23], and only some in bone
marrow (BM) [24]. The majority of CD11c" cells in the blood are B220" pDC, DX5" NK
cells, MHCII™ pre-DC [25], or Ly6C" monocytes (which might also overlap with blood pre-
DC1) [23, 26, 27]. It appears that no freshly isolated cell from mouse blood is a good naive T
lymphocyte activator without prior haematopoietic development [23]. Why this conflicts with
the observation of DCs in human blood [28] is unknown. One potential hypothesis could be
the influence of the specific pathogen-free environment of mice, versus our daily exposure to
microbes.

The Players
Monocytes

Monocytes are a form of pre-DC, but more importantly are part of the mononuclear
phagocyte system (MPS) [29]. They are found in many organs including blood, BM and
spleen. In the steady-state, some monocytes function by patrolling tissues for
damage/inflammation, while others appear to be a reserve to function only upon infection or
inflammation ([30] and references therein). They probably derive from macrophage-DC
precursors (MDP) [31, 32], which, in turn, probably derive from common myeloid
progenitors (CMP) [33]. The Leenen and Geissmann groups [26, 27] recently separated
Ly6C" and Ly6C" monocytes and found they were the mouse equivalents of human CD14"
and CD16"CD14" monocytes, respectively. In both mice and humans, monocytes have the
capacity to differentiate into macrophages in response to M-CSF [34] and into CD11c"
MHCII" DCs in the presence of GM-CSF, with or without IL-4 [3, 35-42]. This DC transition
can occur for both monocyte subsets in vitro, and under some conditions in vivo [26, 27, 43-
45]. However, the precise role of monocytes in DC generation appears to be more complex
than this, and is discussed later.

Plasmacytoids

Plasmacytoid cells, or pDCs [46], are another type of pre-DC in the steady-state and are
found in many tissues of the mouse including blood, thymus, BM, liver, and lymphoid organs
[23, 47-53]. Their best described role is in pathogen surveillance where, upon exposure to
viruses [54], bacteria [49, 55] and certain toll-like receptor (TLR) agonists [56-59], they
produce a host of inflammatory chemokines [60] and cytokines, including a characteristic
type I interferon (IFN) burst. pDCs also have an overlapping role as antigen-presenting cells,
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and express low levels of MHC I, MHC II and costimulatory molecules in the steady state, all
of which are upregulated upon activation [52, 61]. At such time, pDCs acquire dendritic
processes and are thus converted, in some cases [62, 63] but not all, with the ability to
activate T lymphocytes [64, 65]. Collectively, these studies enlist pDCs as crucial mediators
linking the innate and adaptive arms of the immune system.

Langerhans Cells

Langerhans cells (LCs) are stellate DCs that make up 2-4% of total cellularity in the
epidermis[66]. Despite some initial clues about their immune activating role [67-74], and the
popular dogma that LCs are the T lymphocyte-priming DCs for cutaneous infection, clear in
vivo evidence is still lacking. There are several recent insights into LC function including
virus trapping, antigen transport, and in tolerance [4, 75-83].

The origin of LCs has received some attention recently including knowledge that they
can proliferate themselves or develop from skin-resident precursors [84-87]. Upon exposure
to UV light or skin damage, LCs are depleted from skin and replaced by circulating
precursors in a CCR2-dependent process [86] that recruits CCR2" Ly6C"™ monocytes [43].
However, in the absence of inflammation, LCs homeostatically divide or derive from local
precursors.

A monocyte origin of LCs in these circumstances fits with prior evidence, that LCs are
members of the MPS [88-90], that op/op mice (deficient for M-CSF and, thus, monocytes)
have reduced LCs [91], and that LCs can be derived from monocytes with GM-CSF + TGF-f3
[10, 92, 93].

Interstitial DCs

Interstitial DCs are found throughout the body and comprise those found in all peripheral
tissues, excluding the LCs of the epidermis. They include the well-characterised dermal DCs
of the skin [94] and DCs of the mucosae [95, 96]. These DCs share some characteristics with
LCs but also have many differences [97-99]. While there are indications that interstitial DC
are an immune regulating APC based on response to injected antigen or hypersensitivity
responses[100, 101], a role for interstitial DCs during an actual infection has only been
demonstrated after infection with intravaginal HSV-2[76] and Leishmania [102, 103]. Dermal
DCs also appear to be derived locally from as yet unknown precursors [104].

A combination of observations over the last years has highlighted at least 2 interstitial
types of DCs in many organs and their draining lymphoid tissue. Although not
phenotypically correlated across all studies, it appears that there are CDI11b'CD103"
Langerin- DCs and CD11b CD103 Langerin” DCs. Organs of residence include the lung, gut,
kidney, liver and skin, and their draining lymphoid organs [87, 105-111]. In particular,
several lines of evidence identify the CD103" DCs as a migratory cell that shares many
phenotypic similarities to resident CD8" DCs of the spleen including that they are both
CD11b°CD103"CD24", as well as being able to cross-present, amongst others. While there
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is some indirect evidence that these subsets derive from the monocyte subtypes [112],
definitive proof is lacking. In fact, a recent study suggested they do indeed relate
developmentally to splenic CD8" DCs as dermal CD103" DCs did not develop in mice with a
knockout for the transcription factor Batf3 [113]. The development and function of these
cells appear to be part of ongoing studies across many laboratories, and one expects some
exciting findings to emerge about the role of these cells in the immune system (see ‘notes
added in proof: 1°).

Resident CD8* DC

CDS8" ¢DCs have been the focus of many exciting studies over the years. Unlike other
resident cDCs, they are found characteristically in the T cell areas of the spleen and lymph
nodes in the steady-state [114], and probably correspond to the interdigitating cell (IDC) that
had been described previously [115-117]. There are many roles ascribed to this subtype in
tolerance, anti-tumour, anti-viral, and anti-bacterial immunity, as discussed elsewhere [1,
118]. The recently described batf3”’~ mouse was examined as a surrogate “CD8" DC
knockout” and demonstrated their crucial role in virus and tumour clearance, probably via
cross-presentation [113]. Furthermore, the elusive human counterpart to this subtype has been
insinuated to be the rare BDCA3" DC human DCs ([119-123] and discussed in [1]). Clinical
trials that target activity of this subtype in patients could be worth pursuing.

Resident CD8™ cDC

CDS8™ ¢DCs are the most numerous of the resident cDCs in spleen, comprising roughly
80% of the total, but are a minor population in lymph nodes. In contrast to CD8" cDCs in the
T cell areas, CD8  ¢DCs tend to be found in the marginal zones [114, 116, 124], which
appear to be dependent on the CCR6/MIP-3a axis [125, 126]. However, upon stimulation by
lipopolysaccharide (LPS) or other TLR agonists, CD8™ cDCs relocate to the T cell areas of
lymphoid organs [114, 127]. Despite a recent report of their potential importance in yeast
infection [128], other infections where they play an important role is yet to be determined.
Considering their proximity to B lymphocytes, their high numbers in spleen (which is the
lymphoid organ for pathogens circulating in blood), and their preference for CD4" T cell
activation [129-132] one expects future studies might highlight their importance in humoral
immunity to blood-borne pathogens.

Molecular Requirements of DC Development
Cytokines

There are several cytokines that are important for DC development, and some of these
are specific for particular subtypes. Certain cytokines appear to be obligatory for DC
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development, some enhance DC generation and/or survival, while others are produced during
certain infections to boost numbers.

Fms-like tyrosine kinase 3 (FIt3) ligand (FIt3L) is a hematopoietic cytokine that was first
described to have a role for multipotent stem cell and lymphoid differentiation [133, 134].
Genetic knockouts of FIt3L and its associated signaling pathways have the most striking
defects in DC development. FIt3L7" mice have drastically reduced numbers of pDC, ¢cDC and
NK cells [135, 136] and Flt37 mice have a reduced DC compartment, as well as other
lineages, especially early in age [33]. Despite all DC BM progenitors expressing Flt3, it has
recently been proposed that flt3 ligand affects pre-DC differentiation into DCs rather than
numbers of the earlier precursors [33]. The necessity of FL for DC generation in vivo
correlates with the observation that blocking its signaling leads to reduced DC numbers
[137], and that injection of recombinant FL can boost numbers of pDCs and ¢DCs both in
vivo [138, 139] and in in vitro models of DC development (see below) [126, 136, 140, 141].

GM-CSF was originally identified as a cytokine able to promote the generation of
granulocyte and macrophage colonies in soft agar cultures [142]. An important boon for DC
research was the realization that large numbers of MHC II" DC could be generated in vitro
when monocytes or BM were cultured with GM-CSF, with or without IL-4 [35, 39].
However, it did not seem to be required for steady-state pDC or cDC development as mice
deficient for GM-CSF or its receptor have normal numbers and function of pDC and ¢cDC
([143, 144] and my unpublished observations) (see ‘notes added in proof: 2’). Interestingly,
injection of pegylated GM-CSF has no reported effects on pDC or CD8" ¢cDC numbers but
did generate a CD11b" DC population. GM-CSF is also found to enhance pDC and ¢DC
survival in vitro [49]. The most striking role for GM-CSF in vivo is probably during
inflammatory DC generation (discussed later).

Downstream of cytokine signaling are the molecular regulators that ‘instruct’ or ‘permit’
the development of DCs to their respective lineage. A few studies have shed light on the
interplay between members of the JAK/STAT pathway for such an influence. Previously, it
was established that STAT3 was essential for FL-mediated signaling within DC precursors as
stat3”" mice had a severe reduction in DC numbers in the steady-state and in FL cultures of
stat3”~ BM [145]. In contrast, there was no aberrant GM-CSF derived DC development but
macrophage numbers were increased. More recently, Watowich and colleagues describe the
dominance of GM-CSF over FIt3L in generation of particular DC subtypes — GM-CSF
generated myeloid DCs, FIt3L generated ¢cDCs and pDCs, and GM-CSF + FIt3L only
generated myeloid DC. This regulation appeared to relate to GM-CSF-dependent STATS
signaling versus FIt3L-dependent STAT3 signaling[146]. This was a unique study in that it
definitively linked a pathway from cytokine, to signaling molecule to transcription factor.
Similar conclusions were found in the human system, although a thorough characterization of
subsets was not undertaken in that study [147]

IL-6 is well established as an important haematopoietic regulator [148], although the role
for this cytokine in DC development has only recently been questioned. Initial indications
came from the first descriptions of FL BM cultures. The addition of blocking IL-6 antibody
or the use of IL-67~ BM abrogated significant CD11¢" DC generation [140]. IL-6 has also
been implicated in monocyte to DC conversion [149]. In contrast, another study stated that
numbers of splenic pDC and ¢DC in IL-6" mice were unchanged, although data was not
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shown [150]. Rather, the role for IL-6 was suggested to be suppressive in that study as
CD11c¢" MHC II™ cells in the lymph nodes of IL-6"" mice, corresponding to immature ¢cDC
and pDC, had spontaneously developed in vivo into activated MHC II™ cells. Both IL-6 and
FL act through STAT3 so that fits with the STAT3”" data [145]. There may be a more
complex relationship between these factors in DC development that has still to be identified.

G-CSF, a myeloid cytokine that can immobilize haematopoietic progenitors, is a potent
inducer of numbers of pDC, but not cDC. This effect has been observed either when
administered alone or in combination with FL or thrombopoietin [139, 151-153]. Whether
this cytokine exerts its affect by boosting numbers of the early precursors and/or specific
pDC-restricted precursors is not clear.

M-CSF is another myeloid cytokine whose role in DC development is still under debate.
M-CSF null mice (op/op) and M-CSF receptor’~ have severely perturbed monocyte
development in early life and an absence of some macrophage subsets [43, 154-156]. While
total DC numbers are down in these mice [157], it is in accordance with total spleen size and
so probably does not reflect a specific defect in the DC compartment ([158] and David
Vremec, personal communication). Of the DCs that are present, the splenic subtypes are also
in their expected ratio and density and exhibit normal functions (in the assays tested),
suggesting M-CSF is not obligatory for steady-state DC precursors, nor are the precursors
monocytes. However, M-CSF might play a role in the maintenance of the pool of DCs [28]
and in augmenting DC development[159]. M-CSF has also recently been described as a novel
DC poietin. In that study, the non-adherent cells ordinarily discarded in M-CSF BM cultures
(which are employed to generate macrophages) contained DCs [160].

Transcription Factors

In recent years, the generation of mice genetically manipulated for specific transcription
factors has highlighted their role in the development of particular cell types, including DCs
[3, 161]. Below is a description of some of these regulators.

The interferon regulatory factor (IRF) family of proteins (IRF-1 to -9) waswere originally
identified as transcription factors involved in gene regulation in response to type I and II
interferons [162]. IRF-8, also known as interferon consensus sequence binding protein
(ICSBP), is involved in several developmental and functional roles of the immune system.
Irf8 have a chronic myelogenous leukaemia-like phenotype and are severely immuno-
compromised [163, 164]. Interestingly, these mice have reduced splenic CD8" ¢cDC, pDC and
LC numbers [165-168]. Irf4”" mice have a converse phenotype, with an absence of most
CD4" ¢DC, some pDC, but no effect on CD8" ¢DC [169]. Irf4”1rf-8~ double knockout mice
have further reductions in these subsets [170]. Irf2”" mice also have reduced CD8 c¢DC
numbers, but normal numbers of pDC and CD8" ¢DC [171]. Collectively, these studies place
IRFs as crucial drivers of the DC compartments. There is the formal possibility the observed
susceptibility to infections in IRF null mice may not simply be due to defective interferon
responsive gene induction after infection, but also a result of DC and other immune cell
deficiencies in the first place, prior to infection.
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The nuclear factor of kB (NF-kB) family has several subunits and, like the IRFs, is
crucial in both steady-state and induced immune responses. NF-xB is downstream of a host
of signaling pathways [172, 173]. Recently, defects in steady-state pDC and cDC
development have been observed in Nfxb1™ and/or c-Rel” [174]. To add complexity, it
appears that different members of this family can contribute independently to processes that
govern DC development, cytokine secretion and morphological activation.

Id2 and Id3 are members of the helix-loop-helix (HLH) transcription factors and exert
inhibitory effects on the transcriptional activities of other HLH transcription factors. A
transcriptional profiling study revealed that Id2 was upregulated during DC development and
that mice deficient for Id2 lacked Langerhans cells, and had markedly reduced numbers of
splenic CD8" ¢cDC, but no change in pDC numbers [175]. However, ectopic expression of 1d2
and Id3 can strongly inhibit the development of pDC without effect on the development of
cDC, at least when DCs are derived from human CD34" progenitors [176]. These findings
suggest that 1d2 and Id3 are obligatory for cDC development, and inhibitory for pDC.

Spi-B is a member of the ets familiy of TFs. In human DC cultures and humanized mouse
models, knockdown of Spi-B led to the abrogation of pDC development, suggesting a crucial
role for this factor in pDC lineage commitment [177]. Conversely, over-expression led to the
suppression of NK, B and T cell development [178]. Considering Spi-B binds to member of
the IRFs, like its homologue PU.1, it makes sense that it could be a factor involved in
skewing DC lineage decision-making.

E2-2 is a member of the E family of transcription factors, which are involved in many
biological processes including lymphoid and neuronal development. Recently, E2-2 was
found highly expressed in mouse and human pDCs, and a binder of many pDC-related gene
promoters including IRF-8 and SpiB. Knockdown and knockout of this TF in both mouse and
human models reveals a non-redundant role of this factor in pDC development [179, 180].
E2-2 appears to affect pDC specification at the final pre-pDC to pDC transition. There may
even be feed-forward loop involving E2-2 and Spi-B in combination.

There has been solid progress in understanding the role of many individual as well as
families of transcription factors in DC development. Identification of yet more players as well
as the biochemical and bioinformatics study of their interactions and relationships to each
other should illuminate the developmental programming of the DC subtypes. Better insight
into lineage fate may also be achieved by visualizing simultaneous co-expression of these
regulators under different fluorochromes, for example, as a means to separate lineage
decisions — this could be achieved either by flow cytometry or by real-time tracing of lineage
commitment and may be more informative than current surface phenotype-based separations.
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Table 1. Molecular regulators of dendritic cell subtype development

pDC CD8"

F1t3/L + +
GM-
CSF/R
M-CSF/R  +/— +/—
TGF-B — —
IRF-8 + +
IRF-4 - -
IRF-2 ? -
RelB - -
1d2 — +
Gfil + +
Runx3 ? +
E2-2 + -
Ikaros + +
Spi-B + -
Batf3 — +
Stat3 + +
Stat5 + ?

+ Has an effect

- Does not have an effect

+/— Has a partial effect

? Effect has not been explored

CD8"

+/—

Inflammatory
Mo-DC

References

[33, 126, 135,
138, 140,
181-185]
[143, 181,
186-188]
[43, 154, 158-
160]
[189, 190]
[165-168,
170, 191]
[169, 170]
[192]
[193-195]
[175, 176,
196]
[197]
[198]
[179, 180]
[199]
[177-180]
[113]
[145, 146]
[146]

GM-CSF-Derived DCs and Inflammatory Tip DCs:

One and the Same?

It is now clear that monocytes are generally not the major precursors for steady-state
DCs, with some exceptions (see above). Rather, they readily convert to DCs in inflammatory
situations [26, 45, 200-203]. Related to this is that the DCs generated when monocytes or
earlier progenitors are cultured with GM-CSF represent these inflammatory scenarios [204].
Considering this culture method is the most widely used protocol for DC generation when
assessing genetic, synthetic, biological or pathogenic factors in DC biology, the interpretation
of numerous GM-CSF-derived DC studies that claim to represent the steady-state situation

may need to be revisited.
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As monocytes generate a relatively homogeneous population of CD11¢'CD11b" CD8~
MHC II" ‘myeloid’ DCs in GM-CSF cultures, they have often been referred to as the
equivalent of CD8™ ¢cDCs of the spleen and lymphoid organs, which share this pattern of
marker expression. However, formal proof of such a correlation is lacking. Indeed, several
lines of evidence suggest monocyte-derived DCs are not related to the development of
steady-state DCs, apart from LCs and interstitial DCs in some situations.

These include the observations that (i) GM-CSF levels are low in the steady-state[205-
210], (ii) that knockouts for GM-CSF and its receptor have normal steady-state DC
representation and function [143, 144] (see ‘notes added in proof: 2”), (iii) that null mice for
M-CSF (op/op) and its receptor have monocyte/macrophage defects [43, 154-156] but a
normal density and ratio of DCs ([158] and David Vremec, personal communication), and
(iv) that the major cytokine driving steady-state DC generation is F1t3 ligand (FL) [135, 145],
which does not affect monocyte numbers[211] or GM-CSF derived DC development [145].

Moreover, it is important to note that in vivo CD8 DCs and GM-CSF-derived DCs are
fundamentally different in terms of their derivation from precursors [200, 212], in their
function [204], and in their genetic make-up [122]. Thus, despite popular assumption, they
may represent distinct DC types.

GM-CSF is more relevant for DC generation upon infections, such as with Listeria
monocytogenes [208] and other situations [213]. The first clear hint of the in vivo equivalent
of GM-CSF-driven monocyte-derived DCs came when a novel DC subtype was identified in
mice infected with Listeria monocytogenes [214]. This TNF-a (tumour necrosis factor ) and
iNOS (inducible nitric oxide synthase) producing DC (Tip DC) was distinct from steady-state
DC. While it was assumed that Tip DCs derived from Ly6C™ monocytes in a CCR2-
dependent process [26, 214, 215], formal evidence came from our in vivo studies using
adoptive transfer in conditions of inflammation and Listeria infection [200, 204]. Since the
description of Tip DCs, and even before, other CD11c¢™CD11b" DCs have been described
that arise during many bacterial, viral and parasitic infections, and autoimmune sequelae
(summarized in Table 2 in [1]). Whether these are involved in immunity, infection control or
regulation will be very important to dissect in the future.

Considering their similarites, Xu and colleagues thoroughly investigated whether GM-
CSF-derived DC cultures represent Tip DCs rather than those of the steady-state [204]. By all
parameters tested, this appeared to be the case. Specifically, GM-CSF-derived DCs, but not
FL-derived DCs (see below), were large and granular, had the phenotype
CD11¢"MHCII"Mac-3", could produce TNF—a. and iNOS in response to TLR agonists, and
could develop from Ly6C"™ monocytes — all parameters which aligned them with Tip DCs,
and not those of the steady-state or from FL cultures.

FIt3 Ligand-Derived DCs Represent Steady-State
CD8™, CD8" and pDCs

If GM-CSF cultures do not best represent the steady-state DC pathway, then can any
other culture methods substitute? Immunex scientists provided the answer in a key
publication [140], with a more thorough examination of the question from our laboratory
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[126]. In view of the observations that FL treatment increased DC numbers [138, 216], and
that FL”~ mice had abrogated DC numbers [135], the Immunex group devised a novel culture
system to generate DCs[140]. BM cell cultures supplemented with FL for 9 days generated
DCs to roughly the same number as total BM cells initially seeded. Interestingly, and in an
often-overlooked paper, these DCs were morphologically and phenotypically distinct from
GM-CSF-derived DCs [217], with further characterization of these differences by Xu et al.
[204] (see above).

Despite the lack of CD8 or CD4 expression, the investigators [136, 140, 141] classified
three DC subtypes in these cultures; CD11¢"B220" pDCs, CD11c¢™CD11b® DCs, and
CDI11c¢°CD11b" DCs. Considering CD11¢"CD11b" DCs (which would have also contained
pDCs) up-regulated surface CDS after lipopolysacharide (LPS) activation and secreted IL-12
p70 upon activation, they were proposed to be similar to CD8" ¢cDC of the spleen.

Using new markers, we better separated two c¢DC subtypes into CD24"Sirp—o and
CD24"°Sirp—o" DCs, and demonstrated they were indeed bona fide equivalents of CD8" and
CDS8™ ¢DCs — not only phenotypically, but also functionally (Figure 1 in [1]). For example,
only the CD8" FL-DC equivalents expressed cystatin C and TLR3, produced IL-12 p70 in
response to TLR agonists, could cross-present cell-associated antigen to CD8" T cells, and
were dependent on the IRF-8 transcription factor for its development, among other unique
features[126].

If the research purpose is to investigate the development or function of the steady-state
pDC, CD8" or CD8 ¢DCs, then FL cultures are currently the simplest and most
representative in vitro protocol. Most importantly, one can get up to 20 x more total DCs
from BM FL cultures per mouse compared to spleen, and up to 80 x more CD8" DC
equivalents. Access to a mouse FL-expressing Chinese Hamster Ovary cell line is available
upon request.

The Steps in DC Development
Determined so Far...

So what are the steps in steady-state DC development? Monocytes had been the
presumed precursor of DCs for many years. As mentioned earlier, our first set of experiments
to match the observation that Ly6C™ monocytes and CD8 ¢DC could be precursors of CD8"
cDC [44, 218] did not find the same [200, 219]. Transfer of the ‘resident’ Ly6C]° subtype
could produce some DCs in spleen, lung and lamina propria [32, 203, 220]. However, in
some of these cases, inflammation or the experimental clearance of DCs was required for
efficient engraftment. Whether these latter situations represent an ‘emergency’ process, or
simply amplify the normal process, is not clear. Thus, our results fit with previous and
subsequent data [26, 27, 32, 43], which floated the idea that monocytes are not the only
precursors of DCs, and that CD8" and CD8™ DC were not simply precursor-product related.

Considering that few cells with the phenotype of CD11c"MHCII™ DCs are found in
blood, but that DCs are found in large numbers in the spleen [23] we reasoned that precursors
of DCs, rather than the DCs themselves, may be migrating from BM. There was also the
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possibility that spleen contained a pool of long-term DC precursors. In any case, we logically
sought for the immediate precursor stage before splenic DC in the spleen.

Through a process of exclusion, we sought the identity of cell types that could not
generate DCs in vivo, in order to find the cell type/s that could. On the basis of density and
cell surface markers, we whittled away the majority of leukocytes (by testing their in vivo DC
generating potential) to reveal a population that represented only 0.05% of splenocytes. We
termed this type of pre-DC a pre-conventional DC (pre-cDC), as they only generated CD8"
and CD8" ¢DC in vivo in non-irradiated mice, but not pDC or any other cell lineage [200].
They were CDI11c¢™MHCII CD43SIRP-0."B220", and presumably flt3" as they were
responsive to ligand for fIt3" (FL) in culture to differentiate into DCs.

The peak of DC generation by pre-cDC was 5 days after transfer, involved 0-3 divisions,
and donor DC progeny disappeared by day 10. A time of clearance of 5 days fit with the
reported turnover of splenic DCs [221, 222]. Thus, it appeared pre-cDCs were a transient
precursor of DCs. They also reflected (despite SIRP-a or a similar marker to separate from
Gr-1" monocytes) those identified by the Cattral group in many other organs [25, 223], and
may have been a component of heterogeneous populations identified by others [224-226].
These are the first studies cumulatively to identify pre-DCs.

Another observation by our group was that there were precursors already dedicated to
making only CD8" ¢DC, or CD8 ¢DCs [200]. This was by far the most convincing evidence
that CD8" DCs can be a distinct developmental lineage from CD8 DC, on the back of other
indirect evidence from TFs and turnover data. These so called ‘pre-CD8" DC’ were
characteristically CD24", a phenotype similar to CD8" DC themselves. ‘Pre-CD8 DCs’ were
correspondingly CD24"°. However, the major CD24™ population could make both subtypes
as a population. Due to their small clonal burst size we were never able to tell if, as single
cells, they were separate pre-CD8" and pre-CD8 DC precursors that overlapped in
phenotype, or a common pre-cDC precursor. It still remains to be determined whether these
precursors are a unique population that migrates from the BM and at what stage in
haematopoiesis they branch.

While it was known that DCs could be generated from HSC, MPP, CMP and CLP [185,
227-230], the question remained whether there were intermediate precursors en route to pre-
DC. Fogg et al. have identified a precursor within the CMP fraction that could produce ¢cDCs
(both CD8" and CD8") and macrophages, but not granulocytes, pDCs or any other lineage
[31]. In contrast, our group [212] and that of Manz [159] identified a precursor in BM that
could only generate pDCs, CD8" and CD8 DCs but less than 5% able to produce
macrophages in vivo or in vitro [212]. We termed this cell a ‘pro-DC’. As an aside, we have a
preference for the term ‘pro-DC’ over CDP (common DC progenitor) as both studies found
that not all single cells made all DC subtypes, thus were not truly ‘common’ by definition. In
any case, this cell was able to generate DCs in unperturbed non-irradiated mice, and occurred
without the addition of FIt3L or, in our case, sorting based on expression of the receptor for
macrophage colony-stimulating factor (M-CSFR) — factors that others claim skews the in vivo
pro-DC away from macrophage development and towards pDC development [33]. We found
that this cell expanded significantly, and gave rise to a distinct pre-DC intermediate en route
to the generation of the DC subtypes. Thus, the picture downstream of pro-DC was relatively
complete — pro-DCs divide and differentiate into pre-DCs, which then differentiate into the
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DC subtypes. One should note that the authors of MDPs have recently conceded that their
precursors do actually make pDCs [231]. However, we have only observed a minority (<5%)
of single pro-DCs able to generate macrophages. This may be due to the fact that pro-DCs
and MDPs are distinct populations (discussed below) or that macrophages are only detectable
by spleen sections and not by flow cytometry.

MDPs and pro-DCs are very similar in phenotype (both are Lin Sca-1TL7R"CD117™).
However, at least in our hands, most but not all pro-DCs are CD34°CD16/32" [212], whereas
MDPs are largely CD34°CD16/32" [31]. We also find that just over half of in vivo pro-DCs
are M-CSFR", which is a distinction from the other groups [212]. Geissman et al. have noted
unpublished observations that all MDPs are FIt3", and all pro-DCs (as sorted by the Manz
criteria) fall within the MDP gate [30] (see ‘notes added in proof’: 4). CD16/32 and CD34
expression was not mentioned there. Another study found that MCSFR" cells alone could sort
MDPs [33]. That latter study also claimed no pDC production, although this claim seems to
have been reversed as well. A second important difference is that the majority of pro-DCs do
not generate colonies in response to GM-CSF, whereas MDPs do. Considering GM-CSF-
derived DCs better represent inflammatory DCs (above), and clonal studies of MDP used this
cytokine, it is possible that MDPs are precursors of monocyte-derived DCs, but not
monocyte-independent steady-state DCs. Arguing against this was that MDPs could generate
large numbers of CD8" and CD8 ¢DCs in vivo [31]. However, the assays in that part of the
study were not clonal, so there is a possibility that macrophage and DC precursors were
distinct populations within cells classed as MDPs. Another possibility is that there are
multiple routes to DC production and both pro-DCs and MDPs make a contribution. There is
precedence for this considering both CLPs and CMPs can give rise to all splenic DC
subtypes. Certainly further comparison between the two progenitors will be required.

That spleen contains c¢cDC-only precursors, whereas BM contains pDC and cDC
precursors, the question arises about the branchpoint of pDC development. As pDCs are
found in most organs of the body, the location of pDC precursors has been difficult to
pinpoint [232]. We have previously postulated that pDC develop in the BM and/or blood then
traffic to the lymphoid organs via the blood as developed pDCs, similar to B lymphocytes
[232]. Evidence for this comes from the observations that developed pDCs are found in
significant numbers in the blood and BM [50, 54, 233], that pDC circulation is CD62L (L-
selectin) dependent[51, 234, 235] akin to T and B lymphocytes, and that their immediate
precursors (CD11¢™B220'Ly49Q MHCII) are not detected in the peripheral lymphoid
organs, whereas developed pDCs (CD11c¢™B220"Ly49Q "MHCII") are [223, 236-238]. They
can be derived from either fms-like tyrosine kinase 3 (Flt3)-expressing CMP or common
lymphoid progenitors (CLP) and, independent of their derivation, can also have features that
overlap with lymphocytes [233, 239-242]. See ‘notes added in proof: 3.

Blood-Derived or Organ-Resident Precursors
Since DCs are present in human blood, it was presumed that DCs are derived in the BM

and circulate as DCs to the organs, and there is evidence for such a phenomenon[21, 243,
244]. However, as many have now identified or implied organ-resident DC precursors [25,
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43, 104, 200, 212, 223], it suggests that the final step of differentiation may take place within
the organ itself for some DC subtypes. We speculated in one study that the existence of pre-
¢DCs could indicate derivation from a long-term organ-resident reservoir of DC precursors,
and/or that they represented ‘in-transit’ cells from the BM en route to DC development [200].
Liu et al. addressed this issue using mouse pairs that differ in CD45 allotype and are
physically joined (parabiotic mice) [245]. Within days, each mouse had 17-35% of their DCs
of donor origin (although not 50%), suggesting precursors migrate via the blood and seed the
spleen to generate most, if not all DCs. Their most convincing data was from the tracking of
DC origin after parabiont separation, where most DCs were host origin within 10-14 days.
They also claim this necessitates a re-evaluation of DC lifespan. However, as they show
precursors migrate in the bloodstream, and we have shown that the pre-cDC to DC transition
involved cell division; the apparent longer life-span may be due to the lag between seeding of
the pre-cDC, rather than their proliferation to generate DCs. An alternative explanation is that
pre-cDCs do not proliferate but DCs do, and there is evidence for this. Formal proof would
require an observation of pre-DC division without MHC class II up-regulation. Which
precursor is migrating from BM is also not clear but could include one or more of the MDP,
pro-DC or pre-DC stages. Pre-DCs appear to be the best candidate in light of the DC turnover
data and their presence in BM, blood and spleen [25]. See ‘notes added in proof: 3°.

All of the above apparently contradictory studies may tie together with the following
scenario, which it is stressed is only speculation at this stage and may be an
oversimplification; MDPs could peel away from the myeloid lineage with both macrophage
and DC potential, these then split to true macrophage/monocyte precursors versus DC-only
pro-DCs, which then generate pre-DCs. Somewhere during this process pDCs branch off,
while other pre-DCs migrate to lymphoid organs, seed there, and develop into DCs in situ.
Better lineage tracing tools would be required to definitely answer such questions.

Lineage Issues
Do DCs Represent a «3rd Lineage’?

Separating the leukocyte subtypes has historically relied on functional/phenotypic
correlations. For example, lymphoid cells were first ultra-structurally separated from myeloid
cells, then dissected into T and B lymphocytes, then T lymphocytes into CD4 and CD8 T
lymphocytes, then CD4 T lymphocytes into conventional CD4 T lymphocytes and Treg, etc.
While this approach has worked for most cell types, there are cases where there have been
false relationships assigned [122, 246].

Grouping gene expression profiles is a more rigorous test of relationships, and which
appears to give a better approximation of molecular and functional lineage relationships
[246]. In this form of analysis a clear presence or absence of genes between two cell types, at
least at the population level, denotes distinct cell types. This does not preclude further
separations in the future if new sub-sub-types are found and does not formally demonstrate
that every single cell within that population does or does not express that gene. However,
some clear approximations can be made.
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After the initial phenotypic separation of mouse DC subtypes [115, 143], two studies
were the first to highlight genetic diversity between the DC subtypes [18, 19]. Here, both
groups recognized that CD8" DCs were unique compared to the CD4" and CD4~ subtypes of
CDS8™ DCs, the latter two of which were very similar. As an aside, it is for that reason that
grouping these last two subtypes as bulk CD11b" splenic DC is valid.

More recently, Robbins et al. compared these subtypes plus pDCs and other leukocytes
within, and between, mouse and humans. They highlighted some striking correlations and
hierarchy of relationships. While not unexpected, they nicely demonstrated correlations
between mouse vs human pDCs, and mouse vs human GM-CSF-derived DCs [122]. They
also demonstrated a hierarchical relationship within the species’ DC subtypes; e.g. murine
CDS8" and CD8™ DC subtypes were most related, followed by their relationship to pDC. The
relationship of these DC subtypes, however, was relatively distant from the interrelated
myeloid lineages including monocytes, monocyte-derived DCs (with GM-CSF),
macrophages and granulocytes. They even postulated an interesting idea that pDCs, CD8"
DCs and CD8™ DCs represent a 3™ self-standing lineage of ‘DCs’ in addition to the classic
myeloid and lymphoid distinction.

This genetic analysis fits perfectly with our findings of (i) late-branching between the
cDC subtypes (there is a pre-cDC precursor in spleen that makes only CD8" and CD8™ DC),
(i) their proximity with the pDC pathway (some of the earlier single pro-DCs from the BM
can make all DC subtypes but most are biased to cDC-only generation), and (iii) their
distinction from the myeloid pathway (pro- and pre-DCs do not make macrophages, and
monocytes do not make splenic DCs) (see above and [3, 126, 200, 204, 212, 247]). It also
emphasizes that, despite popular belief, CD8" splenic DC and GM-CSF driven monocyte-
derived ‘myeloid’ DC are not the same cell, as discussed above and elsewhere [1].

Molecular versus Cellular Common Origins

I would argue that two cells can have a common cellular ancestor (of the same cellular
lineage), or have different ancestors that give the same cell type due to molecular regulators
(of the same molecular lineage). Why is this an important distinction to make when talking
about lineage? Because, there is growing evidence that there are more and more exceptions to
the simple binary decisions in oft-drawn haematopoietic diagrams.

For example, there is precedence that apparently divergent progenitors can give the same
cell type. The clearest example is that both FIt3" CMP and CLP, opposite ends of the
haematopoietic spectrum, can generate all DC subtypes both in the mouse, and in humans
[185, 230, 248]. Therefore, does one ascribe a myeloid pDC to be different to a lymphoid
pDC? Akashi and co-workers found this not to be the case as the DC subtypes were virtually
genetically indistinguishable whether they derived from myeloid or lymphoid progenitors, in
both mouse and humanized mouse models [241, 249]. This observation could also fit with the
3" DC lineage’ concept.
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Graded Commitment Model

In classic models of haematopoiesis, progenitors progressively lose multipotency and
become increasingly lineage-restricted (Figure 2, left panel). To identify such progenitors, the
traditional approach has been to isolate a candidate progenitor by a combination of cell
surface markers or a reporter, and then test it in vivo for it’s lineage potential (usually in
myeloablated recipients), followed by assessment of its clonal potential in in vitro assays that
drive a progenitor in different directions. In that way, a multipotent progenitor (MPP) is said
to be Lin Scal ckit'flt3” and the majority of single cells sorted from that population can
make B lymphocytes in OP9 cultures, T lymphocytes in OP9-DL1, macrophages in M-CSF,
granulocytes in G-CSF etc. But while these in vitro assays may demonstrate the possibility
that a single cell can be driven down a particular direction, it is not a true test of its in vivo
fate, especially considering an in vivo environment will pull the cell in a multitude of
directions.

Based on data that arose from our single cell DC progenitor experiments in vitro, a
different model, which I have termed ‘graded commitment’, could better explain some of the
phenomenon observed [1]. In this model, commitment to a restricted lineage/s can occur at
any stage of the hematopoietic pathway with differing probability. In this way a
phenotypically defined multipotent progenitor can already have committed to pDCs only, for
example, but still divide and differentiate so that all downstream progeny go through a
phenotypic CMP/CLP, then a pro-, then a pre-DC stage, but all the while having already
committed to pDC-only development (Figure 2, right panels).
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Figure 2. ‘Loss of multipotentiality’ versus the ‘graded commitment’ models.
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The current paradigm states that every single cell in what is defined as a multipotent
progenitor (MPP) is able to make every cell lineage. As MPPs divide and develop, they lose
multipotentiality and progressively restrict to fewer lineages in their output. In this diagram
each large circle represents a single cell, and their cell fates are inset. In the case of DC
development in the loss of multipotentiality model, a multipotent MPP would go through
phenotypic intermediates of pro- to pre- to DCs. But every MPP would be capable of
generating every DC subtype (left panels). However, in the ‘graded commitment model’,
levels of particular transcription factors or other such factors may already specify cell fate. In
this way, while a single phenotypic MPP may divide and go through all phenotypic stages in
DC development, its fate may be specified already at the MPP stage, or further downstream,.
There may be single, double, triple etc. commitment already specified.

What is the evidence for such a model? As mentioned above, we established that FL
cultures are the best culture model to reflect development of the CD8’, CD8 and pDC
lineages [126]. It allowed us for the first time to track the developmental outcome of a single
pro-DC [212]. There, we seeded one GFP* pro-DC amongst 500 non-GFP ‘filler’ pro-DCs (a
single pro-DC could not propagate on its own) in conditioned medium and waited 5 days. Of
the clones that developed, to our surprise we found that only 16% of developed clones made
all three DC subtypes, despite the seeded pro-DCs being homogeneous for over 45 tested
phenotypic markers. The remainder of single cells made, in order of frequency, DC clones of
only CD8'/ & CD8 (47%), CD8" alone (18%), CD8 alone (9%), and the remainder, pDC
alone or in combination with only one other subtype (9%).

To establish a ‘control” where 100/100 cells would generate clones containing all
subtypes we sorted Lin Sca'kit" progenitors, which should contain FIt3* MPPs and ST-HSCs,
expecting that all such cells were truly multipotent. However, of the clones that developed
only 50% generated all DC subtypes. The rest gave, again, a mixed picture of commitment
similar to that for pro-DC. Why might this be so? The in vitro conditions were not limiting as
every well contained the internal control of 500 filler pro-DC that were perfectly capable of
generating all DC subtypes on a population level. Since some of the single cell clones
expanded to over 1000 cells in size, the precursors en route were exposed to many different
cells, so a subtype-specific niche in the well can also not be the reason. Somehow, the cell’s
fate was predetermined specified down a certain DC lineage at some early stage. This could
have been due to intrinsic and/or extrinsic cues before or after isolation, and is the subject of
continued investigation.

The molecular mechanisms that would guide such fates may include the numerous
transcription factors that have been described that differentially guide DC subtype
development (see above and [3]). Evidence for TF expression being better predictors of
commitment has come from reporter mice explored by Akashi and colleagues [250-252].
Their regulation may be stochastic within the cell, or depend on external cytokine or cell-
associated signals. In the context of DC development, the FIt3/FL axis may be an
‘instructive’ mediator in such an ‘all DC’ program with evidence that enforced expression of
committed F1t3~ Megakaryocyte/Erythroid progenitors (MEPs) could divert DC development
[253, 254]. This can also fit with the ‘3™ DC lineage’ concept (above) such that a fixed DC
program can be initiated in single cells, even as far down ‘opposite ends’ of haematopoiesis
as the lymphoid and myeloid pathways [249]. Kincade and colleagues also provide important
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evidence and arguments against the classical binary models of haematopoiesis[255], which
apply here. While not discussed further, existing data for many cell types can fit such a
phenomenon. An assertion of the relevance of this model in vivo would ultimately require
good cell tracing technologies.

If this phenomenon occurs in vivo — of an early stage haematopoietic progenitor being
able to generate a clone of only one DC cell subtype — then the classic models of
haematopoiesis may not be accurate. Thus while individual cells of an early progenitor
population all share a common surface phenotype, on the single cell level they may ‘make
their mind up’ at any stage — conceivably as early as a stem cell, or as downstream as the
immediate progenitor. It is emphasized that this only theoretical and based on in vitro data
and in vivo proof is ongoing.

New Technologies for Single Cell Tracing

Haematopoietic studies have undergone several phases over the last decades punctuated
by changes in assay. The original work of Till and McCulloch investigated the ability of
transferred progenitors to generate, from a single cell, colony-forming units in the spleens of
irradiated recipients [256], thus establishing the concept of a stem cell. Depending on the
time colonies were harvested from recipients and the cells re-transferred into new recipients
allowed researchers to determine that there were short, intermediate and long-term
progenitors in the bone marrow. The advent of in vitro soft agar colony-forming assays,
developed by Don Metcalf, recapitulated some of the in vivo findings and led to the discovery
of different progenitors and colony-stimulating factors (CSFs) able to generate differentiated
cells of the many lineages. Somewhat later, the ability to stain for specific cell surface
markers and sort cells by flow cytometry revolutionized the dissection of progenitor stages
with greater restriction to lineages, not to mention the identification of host of new lineages.
Subsequently, the molecular mechanisms governing these processes were identified using
knockdowns, knockouts and reporter mice. Combined, these technological progressions have
given rise to our current models of haematopoiesis.

However, the missing link in all of these models is the ability to track single cell fate in
Vivo in large numbers, and to track single-cell decision-making processes real-time. Why are
single cell studies important? As mentioned above, the fate of a single cell is ultimately
required to establish true lineage fate. Simple in vitro assays are useful but they ‘push’ cells
one way or another and certainly do not reflect the complexity of lineage fates. Moreover, the
current maps are based on population-based outcomes, and there may be levels of
commitment complexity not seen by these approaches.

Actually, there have been some valiant attempts to track cells at the single cell level in
vivo. The most well noted are studies of reconstitution of a whole haematopoietic system
from a single cell [257], and of tagging cells using retrovirus to track progenies of single cells
[258]. While these were landmark studies assessing a handful of clones, high throughput
studies of single cell outcomes were lacking. Some labs have made great strides by up scaling
these types of experiments [259, 260]. However, the labour of analyzing one mouse per one
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cell can be restrictive. A new technology termed cellular barcoding developed by
Schumacher and co-workers may be one technology that helps to change that.

This system employes the use of a panel of 5000 artificially constructed barcodes.
Barcodes are simply semi-random and non-coding stretches of 100-nucleotides. They are
packaged into lenti- or retrovirus that is then used to infect progenitor cells of choice so that
roughly one barcode is integrated into one cell. Barcode-labeled cells are then allowed to
develop in vivo into the various lineages. As the barcode is genome-integrated, each
subsequent daughter cell also inherits the barcode. In this way, different progeny cell types at
a later time point can be isolated and their genomic DNA assessed for their barcode
inheritance signature using a custom-made microarray. By comparing the shared and distinct
barcodes between progeny cell types, one can assess lineage relationships at the single cell
level in a high throughput fashion. Using this technology is akin to doing 5000 single cell
assays simultaneously in the one mouse. The first demonstration of this technology was
recently published to investigate the phenomenon of location-specific T cell imprinting [261].
The use of this system in haematopoietic studies is part of ongoing work.

The second leap in understanding development will be tracking the fate of single cells
real-time. While clonal assays are informative in their capacity to generate multiple cell
types, only the end of the experiment is generally assessed. However, the road from one cell
to, for example, 100 cells is whole journey in itself. In fact, while there are a slew of maps in
the literature from one progenitor to another, including by this author, ‘true’ maps can only
be accomplished when every cell and it’s progeny, from start to finish, is traced without loss
of identity — and the only way to achieve this is real-time imaging. This requires intermittent
time of only minutes in order not to lose cell fate in a standard cell culture plates and tracing
haematopoiesis over a period of days, not hours. Tracking such a process in vivo is an
entirely other challenge but is already making strides [262]. Clearly, such investigations
provide many technical and logistical burdens. The latest developments in this field are
reviewed extensively elsewhere [263].

Conclusion

By combining knowledge of the location, phenotype and properties of precursors, their
stages of development, their molecular regulators and, in the future, their outcome on the
single-cell level, we will get closer to the true picture of the complex processes of
haematopoietic development.

Notes added in proof

1. Additional studies have now been published on the development and functions of
CD103" DCs, and their counterparts in humans. [264-268]
2. Recent data indicates that GM-CSF does play a role in steady-state development of

many DC subtypes, and is highlighted in particular in mice lacking both gm-csf and flt3|
[269].
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A more recent study [270] has confirmed ours and others’ previous data ([25, 31,
159, 200, 212, 223] and reviewed in [1]) and done some extension on the following
linear transition pathway; MDP branch to give myeloid cells or pro-DC (CDP) in the
BM. pDC development branches off from the pro-DC, and pre-cDC then migrate via the
blood to seed lymphoid organs for cDC development. One should stress that this pathway
has not been confirmed on the clonal level, so whether MDP are true ‘common’
precursors or two precursors overlapping in phenotype remains to be seen.

Some evidence now suggests an overlap between MDPs and pro-DCs (CDPs) [271],
as all CX3;CR1" MDP overlapped with CD115FIt3" CDP, and vice versa. However, as
mentioned, differences between groups’ precursors include CD115 (M-CSFR), CD16/32
(FcR) and CD34, that still need to be resolved.
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Chapter 5

The Making and Breaking of a
B Lymphocyte”

Stephen L Nutt*
The Walter and Eliza Hall Institute of Medical Research, 1G Royal Parade, Parkville,
Victoria, 3050, Australia.

Abstract

The progressive differentiation and ultimate commitment of hematopoietic
progenitors to the B lymphocyte lineage requires both the activation of the B lymphocyte
transcriptional program and the repression of other lineage-inappropriate genes, such as
those favoring macrophage development. This process is controlled by the coordinated
activity of a small number of transcription factors. One class of factors including PU.1,
Ikaros and E2A appears to be first required at the level of the differentiation of the
Lymphoid-Primed Multipotent Progenitor (LMPP), although in all cases the molecular
targets through which these genes act are largely unknown. Correct specification of the
LMPP results in the formation of the more lymphoid-restricted Common Lymphoid
Progenitor (CLP). CLP require signaling through the interleukin-7 receptor (IL-7R), and
to some degree Flt-3, as well as the transcription factor EBF1. EBF1 has the ability to
promote the B lymphocyte fate in multipotent progenitors as well as activate the
transcription of Pax5. Pax5, EBF1 and potentially Ikaros are required to maintain lineage
commitment in early B lymphocyte progenitors. Pax5 then sustains the B lymphoid
transcriptional program in committed cells until its physiological down-regulation during
plasma cell differentiation. Thus, lineage commitment appears to be an active process
that is maintained throughout the lifespan of a B lymphocyte.
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Lineage Commitment
in the Hematopoietic System

A fundamental question in biology is how multiple genetically identical, yet functionally
distinct, cell types are generated from a common progenitor. This process can be divided into
two steps: the commitment of the progenitor to a given lineage and the subsequent
differentiation of the committed cell to establish the gene expression profile characteristic of
a specific cell type. This question is particularly pertinent within the hematopoietic system, as
a single self-renewing hematopoietic stem cell (HSC) is capable of generating all blood cell
lineages throughout the life of the individual. A large body of research has shown that the
commitment and differentiation of HSC towards mature cell types is controlled by the
interplay of intrinsic and extrinsic factors that produce the initially more restricted and
ultimately lineage-committed progeny (reviewed by [1]). The extrinsic factors include
cytokines, hormones and the interaction with non-hematopoietic cell types, such as stromal
cells, that provide signals to, such as adhesion, which maintain the progenitor’s ‘niche’ [2-4].
The predominant intrinsic components that control early hematopoiesis are transcription
factors; sequence-specific DNA binding proteins that are able to both promote and repress
gene expression depending on the cellular context. These transcription factors ensure that
appropriate lineage-specific genes are activated and that the potential responsiveness to
signals for other lineages is suppressed, thereby, fixing the fate of a cell to one lineage [5-7].

A general rule in cellular and developmental biology is that lineage commitment, through
the collaborative action of transcription factors and epigenetic regulators, such as chromatin-
modifying proteins, is irreversible. While this dogma holds up well in normal circumstances,
in certain situations committed cells can show remarkable lineage plasticity. For example, the
enforced expression of transcription factors and cytokine receptors has shown that
hematopoietic cells can be re-programmed by the direct trans-differentiation from one lineage
to another [8,9]. Examples of trans-differentiation within the lymphoid lineages include the
conversion of B lymphocytes into macrophages by the over-expression of CCAAT/enhancer
binding protein a (C/EBPa) [10], whereas T cell progenitors can be converted into dendritic
cells and mast cells by the over-expression of PU.1 and GATAS3 respectively [9,11].

While in the cases mentioned above re-programming appears to occur by direct trans-
differentiation to a distinct cell type, other strategies have shown that re-programming can
also occur by de-differentiation to a more immature and multi-potent state. Examples of de-
differentiation include nuclear cloning, where committed nuclei can be re-programmed into
immature cells by placing the nucleus of the committed cell into the cytoplasmic environment
of a pluripotent oocyte [12]. Similarly, the introduction of only a few transcription factors
into mature cell types, such as fibroblasts, is sufficient to re-program these cells into
embryonic stem cell-like cells (termed induced pluripotent stem cells (iPS)) that are capable
of differentiating into multiple cell types in the culture dish, as well as during mouse
development [12]. It is important to note that while these studies highlight the plasticity of
certain mature cells, all of these experiments relied on the ectopic expression of transcription
factors, or other non-physiological conditions, and hence their relevance to normal lineage
determination needs to be rigorously addressed.
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B Lymphocyte Development

The differentiation of B lymphocytes from HSC occurs in a step-wise process through a
series of intermediate progenitors (reviewed by [6], Figure 1). The earliest progeny of HSC
are multipotent progenitors (MPP), which have lost extensive self-renewal capacity but retain
multi-lineage differentiation potential [13]. A subset of MPP with high levels of the FMS-like
tyrosine kinase-3 receptor (FIt-3) have little erythroid and megakaryocytic potential but retain
lymphoid and other myeloid differentiation capacity. These cells are termed lymphoid-primed
multipotent progenitors (LMPP) [14]. The LMPP population contains early lymphoid
progenitors (ELP), which are lymphoid restricted cells defined by expression of a Ragl-GFP
reporter [15]. ELP appear to be the precursors of CLP, which are lymphoid-restricted when
tested in vivo, but retain myeloid potential in vitro [16-18]. It is currently controversial
whether CLP are the physiological lymphoid progenitors, with some studies suggesting that
they are primarily progenitors of B lymphocytes and natural killer cells [19,20]. Recent
studies have attempted to address these controversies and suggested that expression of Flt-3
can distinguish true CLP (F1t-3""°) from a more B lymphocyte restricted (F1t-3™°) fraction
[21,22]. Moreover a small proportion (5%) of Flt-3™° CLP that express a human CD25
reporter under the control of A5 (a transcriptional target of EBF1, see below) have been
proposed to represent the first B lymphocyte-restricted progenitors [22]. It should be noted,
however, that variations in the identification schemes used by the different investigators, as
well as the transient nature of the populations and the difficulty of analyzing gene expression
of non-cell surface proteins, such as transcription factors on a single cell level, mean that
overlap in these populations is inevitable.

The first unequivocally identified B lymphocyte-specified progenitors arise from CLP in
the bone marrow are termed pre-pro B cells. These cells can be identified by expression of
the B lymphocyte associated marker B220, D-J rearrangements of the Immunoglobulin heavy
chain (Igh) gene and activation of many B lymphocyte-specific genes [18,23]. Whilst in
normal circumstances pre-pro-B cells are fated to become B lymphocytes, they are not
irreversibly committed to this lineage, a process that requires the up-regulation of Pax5 at the
pro-B cell stage [24]. Successful rearrangement of the Igh locus at the pro-B cell stage causes
cells to proceed to the pre-B cell stage. Pre-B cells proliferate rapidly and initiate
recombination of the Immunoglobulin light chain (Igl) locus [25]. Productive Igl
recombination leads to progression to the immature B lymphocyte stage and exit from the
bone marrow [26]. Mature B lymphocytes are relatively long-lived and quiescent, however
stimulation with their appropriate antigen initiates rapid proliferation and maturation into
antibody-secreting plasma cells (reviewed in [27]).
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Figure 1. The transcriptional control of B lymphocyte commitment.

Shown is a simplified model of the stages of B lymphocyte development. Uncommitted progenitors
and plasma cell are in grey; committed B lymphocyte stages are indicated in pink. Major phases of the
commitment process and events during B lymphopoiesis are indicated on the upper portion of the
figure. The lower portion of the figure indicates the stages of B lymphopoiesis have to date been shown
to be dependent on the function of the indicated transcription factors. Note that the function(s) of EBF1
and Ikaros in the later stages of B lymphocyte differentiation have not been determined.

PU.1 is required for the formation of LMPP and CLP, but inactivation beyond that point in
development results in relatively normal B lymphocyte numbers and function. E2A is also required for
normal development of LMPP and CLP and is essential for the production of pre-pro-B, pro-B, pre-B
and immature B cells. E2A is dispensable for mature B cell and plasma cell survival, but plays an as yet
undefined role in activated B cells. Loss of EBF1 results in a block in B cell development at the CLP to
pre-pro-B cell transition, although transient EBF1 expression can overcome this block and allow the
formation of EBF1-deficient pro-B cells that share many characteristics with Pax5-deficient pro-B cells,
including multi-lineage differentiation capacity. Pax5 is required for differentiation beyond the pro-B
cell stage in adult bone marrow. Pax5 is also essential to maintain B lineage throughout B-
lymphopoiesis, before being silenced during plasma cell development. The cell surface expression of
the protein products of two Pax5-repressed genes, FIt3 and Notchl, and one activated gene, CD19 are
indicated, and provide markers of Pax5 function and B lineage commitment in wild type cells. FIt3 and
Notchl are re-expressed upon the inhibition of Pax5 function during plasma cell differentiation. Ikaros
is required for the formation of LMPP and, in its absence, no B lymphocytes are formed. Ectopic EBF1
expression can overcome this block and allow the formation of Ikaros-deficient pro-B cells that -
despite the expression of EBF1 and Pax5 - retain the capacity to differentiate into macrophages in vitro.
Mice harboring a hypomorphic allele of Ikaros show defects IL-7 in responses and in the transition
from pro- to pre-B cells.
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The Early Events in B Lymphocyte-Specification

Early B lymphocyte development and lineage commitment critically depends on the
activity of two cytokine receptors, the interleukin-7 receptor (IL-7R) and FIt-3, as well as a
number of transcription factors, including Ikaros, PU.1, E2A, Early B cell factor 1 (EBF1)
and Pax5 that function in a transcriptional network [28].

The emergence of CLP from LMPP is demarcated by increased expression of the IL-7R,
composed of a dimer between the common y chain (112rg) and IL-7Ra (117r). While IL-7R
expression marks CLP, IL-7R signaling is not absolutely required for generation of these
cells. IL-7- and IL-7Ra-deficient mice show a 3-fold decrease in CLP numbers, but are
profoundly impaired in their ability to differentiate into pre-pro-B lymphocytes and to
undergo cytokine-induced proliferation [29,30]. As described in the next section, this
decreased B lymphocyte differentiation suggests a role for IL-7R signaling in the induction of
the B lymphocyte lineage-specification factor EBF1 [29-31]. Importantly, mice lacking the
signals from both Flt-3 and IL-7R fail to develop any B lymphocytes, demonstrating that
together these receptors and their ligands are essential for virtually all B lymphocyte
development [32,33].

The Ikaros gene (Ikzfl) encodes multiple Zinc finger proteins that can function as
transcriptional activators or repressors and may antagonize other Ikaros or related
transcription factors [34]. lkzf1” mice lack B lymphocytes from the earliest detectable stage
[35], while a hypomorphic allele of Ikaros results in impaired ability to undergo the pro- to
pre-B cell transition and to form IL-7-dependent pro-B cell colonies in vitro (Figure 1 [36]).
Ikaros-deficient hematopoietic progenitors lack FlIt-3 leading to the apparent loss of LMPP.
However, by tracing expression of an Ikzfl promoter/enhancer- driven GFP reporter it was
demonstrated that LMPP develop in Ikaros-deficient mice [37]. Ikzf1”- LMPP are impaired in
lymphoid developmental potential and displayed reduced expression of II7r and Ragl
suggesting that Ikaros is required for the further specification of LMPP into the lymphoid
pathway [37]. As a consequence of the early block in lymphopoiesis, it has proven difficult to
determine if Ikaros plays a role in committed B lymphocytes. However, the Singh laboratory
has recently shown that Ikaros is also required for B lineage commitment at the pro-B cell
stage (see next section) [38].

Another candidate control to the specification of LMPP is PU.1. Mice lacking Sfpil (the
gene encoding PU.1) die during late embryogenesis or shortly after birth and lack identifiable
B lymphocytes and myeloid cells in the liver, as well as T cells in the thymus, suggesting a
block in development at or before the LMPP stage [39-41]. Early studies suggested that PU.1
was absolutely required for pro-B cell development, potentially because of its role in
regulating 117r and Ebfl expression [41,42]. However, Sfp1”" B lymphocyte colonies can be
derived from fetal liver progenitors, albeit at a low frequency and with slower kinetics than
from wild-type embryos [43]. As is the case for Ikaros deficiency, Flt-3 is not expressed at
wild-type levels in Sfpil™ embryos, making it difficult to ascertain whether PU.1 is required
for development of LMPP, or for their further differentiation. Nonetheless, PU.1 functions
very early in the stepwise progression toward B lymphocyte specification (Figure 1).

A role for PU.1 in LMPP would agree with previous studies that showed that PU.1 dose
determines B lymphocyte versus macrophage specification [44]. This conclusion was based
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on the observation that PU.1-deficient fetal liver cells transduced with a PU.1-producing
retrovirus formed macrophages with high PU.1 expression, while B lymphocytes expressed
significantly lower amounts of PU.1 [44]. This finding parallels the known differential
expression of PU.1 in B lymphocytes and macrophages, and the high levels of PU.1 in LMPP
[45,46]. The examination of the function of PU.1 in adult bone marrow lymphopoiesis has
been examined using both PU.1 conditional mutant mice and hypomorphic mutations that
knock down PU.1 expression but still result in viable adult mice (reviewed by [47]). The
conditional inactivation of PU.1 throughout adult bone marrow results in a greatly perturbed
hematopoiesis and, in contrast to fetal development, markedly excess granulopoiesis [48].
Adult PU.1-deficient mice lack identifiable LMPP and CLP populations and are not able to
contribute to the lymphoid lineages in competitive reconstitution assays. Inactivation of PU.1
in sorted CLP, as in committed B lymphocytes using CD19-Cre, allows normal B lymphocyte
differentiation, suggesting that PU.1 functions primarily to specify lymphoid progenitors but
is not required for further B lymphocyte differentiation [43,49,50].

A second genetic model of PU.1 function in adults was produced by deleting an upstream
regulatory element in the Sfpil gene resulting in reduced PU.1 expression and a profound
block in B lymphopoiesis [51]. Recently an alternative hypomorphic allele of Sfpil was
described in a study that reached a similar conclusion [52]. Lowering PU.1 expression
preferentially allows B1 B lymphocyte development [51]. A similar expansion of B1 cells
was reported in aged mice after conditionally inactivating Sfpil with CD19-Cre suggesting a
role for PU.1 in specifying or maintaining the B1 versus conventional (B2) B lymphocyte
fate [43]. In summary, ample data demonstrate that PU.1 is essential for early lymphopoiesis;
the molecular targets of PU.1 involved in initial lymphoid specification remain to be
determined.

The basic helix-loop-helix proteins, E12 and E47, known collectively as E2A, are
essential for B lymphocyte formation and have very recently been shown to be required for
the development of both LMPP and CLP (Figure 1 [53,54]). E2A promotes the development
of LMPP where it primes the expression of lymphoid genes and, at some level, suppresses
myelopoiesis [55]. E2A-deficient CLP fail to initiate Igh recombination because of the lack
of Ragl expression and transcribe only low amounts of Ebfl and lack B lymphocyte-specific
transcripts such as Pax5, Cd79a and A5 [31]. The development of a conditional E2a allele
has allowed the function of E2A in committed B lymphocytes to be assessed. Inactivation of
E2a in pre-pro-B, pro-B, pre-B or immature B lymphocytes results in the loss of deleted cells,
and the down-regulation of the B lymphocyte-specific gene expression profile, demonstrating
that E2A is essential for bone marrow B lymphopoiesis [56]. This finding contrasts with the
failure to find a critical role for E2A in immortalized pre-B cell lines, and highlights the need
to analyze lineage commitment and development in primary cells [57]. Surprisingly, the
ectopic expression of Pax5 on an E2A-deficient background in vivo allows the formation of
pro-B cells, suggesting that a major function of E2A is to induce Pax5 [56].
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B lymphocyte Commitment: Roles for Pax5,
EBF1 and lkaros

From the information above, it is apparent that one of the critical events in specification
of the B lymphocyte developmental program is induction of Ebfl. Mice lacking EBF1 fail to
express most B lymphocyte genes including Cd79a, Cd79b, A5, and VpreBl and do not
undergo Igh recombination (Figure 1[58]), whereas over-expression of EBF1 in HSC biases
differentiation toward B lymphocytes [59]. Recent studies suggest that EBF1 is required for
priming the B lymphoid gene expression program as early as the CLP stage [31]. Enforced
expression of EBFI is also able to rescue B lymphocyte differentiation from multipotent
progenitors blocked at earlier stages of development due to targeted deletion of key lymphoid
genes, including E2A, IL-7R, Ikaros and PU.1 [29,30,38,42,60]. Thus EBF1 is an essential
specification factor for B lymphocytes.

Genetic and biochemical approaches have demonstrated that Ebfl expression requires
both E2A and IL-7. In the absence of IL-7-signalling in vivo, pre-pro-B cells form but have
low levels of Ebfl mRNA and are unable to maintain B lymphocyte potential, even if IL-7 is
added to the cultures [61]. Ebf1 is controlled through two promoters, a distal and a proximal
promoter [62]. The distal promoter is regulated by E2A and indirectly STATS [62]. Since
STATS is activated by IL-7R signaling, this finding provides a possible explanation for the
dependence of Ebfl expression on both E2A and IL-7R [29,30,60,61]. EBF1 binding sites are
also present in the distal promoter, suggesting an auto-regulatory function for EBF1, whereas
the proximal promoter is regulated by Etsl, PU.1 and Pax5 [62]. A role for Pax5 in
promoting Ebfl expression is supported by the findings that ectopic expression of Pax5 in T
cell progenitors induced Ebfl [63] and that Pax5” pro-B cells have reduced Ebfl mRNA
[62,64,65]. As Pax5 is also dependent on EBF1, EBF1 regulates its own expression directly
through the regulation of its promoter and indirectly through up-regulation of Pax5. This
EBF1-Pax5 regulatory loop could function to amplify B lymphocyte-specific gene expression
and solidify commitment to the B lymphocyte pathway.

These studies highlighted the essential functions of several transcription factors in the
specification of lymphoid progenitors and ultimately B lymphopoiesis. However the simple
lack of B lineage cells in mice deficient for Ikaros, PU.1, E2A and EBF1 made investigations
into their role in lineage commitment problematic. This limitation was not the case for one
factor, Pax5, that has been clearly shown to be required for B lineage commitment. Pax5 is
expressed at a stable level throughout the B lymphocyte lineage, initiating in the pre-pro-B
cell stage, until its down-regulation in plasma cells (Figure 1 [24]). In the absence of Pax5,
development is arrested at the early pro-B cell stage of differentiation characterized by
expression of B lymphocyte-specific transcripts and D-Jy rearrangements at the Igh locus
[66,67]. Intriguingly, while Pax5” pro-B cells are unable to differentiate into mature B
lymphocytes, they can be cultivated indefinitely in the presence of IL-7 and stroma. Most
surprisingly, however, is that these pro-B cells are not committed to the B lymphocyte
lineage but instead are capable of differentiating into a broad spectrum of hematopoietic cell
types [68-71]. Restoration of Pax5 expression in Pax5" pro-B cells suppresses this multi-
lineage potential, whereas conditional inactivation of Pax5 in pro-B cells reverts lineage
commitment and allows reacquisition of multi-lineage potential [72]. E2A-deficient lymphoid
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cell lines also possess a similar capacity for multi-lineage differentiation, although in this
case the cells lack high-level expression of markers of B lineage specification, suggesting
that they represent an earlier stage of differentiation [73].

Interestingly, while Pax5 is required for B lymphocyte commitment, it does not possess
the potent trans-differentiation potential of factors such as EBF1 [59], PU.1 [9] or
C/EBPa [10]. Enforced expression of Pax5 in hematopoietic progenitors in vivo, using either
transgenic or retroviral approaches, does not interfere with HSC function or myelopoiesis,
but promotes B lymphocyte development at the expense of T lymphopoiesis [74,75]. In vitro
over-expression of Pax5 in myeloid cell lines [76,77] and in hematopoietic progenitors [78]
results in the inhibition of myeloid growth factor receptor expression and some co-expression
of myeloid and B lymphoid associated genes, but not lineage conversion. Pax5 was also able
to promote B lymphocyte differentiation in uncommitted CLP that express a myelopoiesis-
promoting cytokine receptor [79]. Thus, Pax5 appears to be only capable of promoting the B
lymphocyte fate in already lymphoid committed progenitors. Moreover, in contrast to EBF1,
ectopic expression of Pax5 is unable to rescue B lymphocyte differentiation from IL-7R [30],
EBF1 [80] and PU.1 [42] -deficient progenitors. These studies should be interpreted with care
however, as recent studies have demonstrated that while Pax5 cannot rescue E2A-deficient
pro-B cell development in vitro, it can do so in vivo [56].

The requirement for Pax5 in lineage commitment has generated intense interest in
understanding the mechanisms by which Pax5 controls gene expression. As Pax5 has the
ability to both activate and repress genes [66], it was initially hypothesized that Pax5 may
promote lineage commitment by repressing the expression of non-B lymphocyte genes [68].
In keeping with this concept, Pax5”" pro-B cells express many genes associated with MPP or
non-B lineage cells [64,68,81]. The genes encoding M-CSF-R and Notchl, factors that
promote macrophage and T cell development respectively, are directly repressed by Pax5 and
provide a molecular explanation of the lineage plasticity of the Pax5™ pro-B cells [75,82].
Pax5 also directly represses Flt-3 [81,83]. This repression is crucial for B lymphopoiesis as
enforced expression of Flt-3 throughout hematopoiesis or injection of FIt-3L blocks B
lymphocyte formation [83,84].

Global transcriptional profiling has been employed to identify several hundred Pax5-
regulated genes [64,65,81]. Interestingly, the majority of Pax5-repressed genes are normally
expressed in non-B lymphocyte lineages. Surprisingly, the conditional inactivation of Pax5 in
committed pro-B cells or mature B lymphocytes resulted in the re-activation of many of these
repressed genes, a process that also occurs to some degree following the physiological down-
regulation of Pax5 during plasma cell differentiation (See below) [81,85,86]. Pax5 activates
many B lymphocyte-specific genes, including those coding for components of the pre-B cell
receptor and associated signaling molecules such as CD19, Blnk, CD79a and A5 (reviewed
by [87]). Pax5 also positively regulates the genes that encode a number of transcription
factors important for B lymphocyte differentiation, including SpiB, Aiolos, Lefl, IRF4 and
IRF8, demonstrating that Pax5 acts to reinforce B cell commitment and subsequent
differentiation [64,65]. Interestingly, Ebfl that, as outlined above, acts upstream of Pax5, is
also up-regulated by Pax5 [62], demonstrating that the transcriptional network controlling B
lymphocyte-specification and commitment is not a simple linear cascade but involves
multiple combinatorial inputs and feedback loops.
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In keeping with the importance of the EBF1-Pax5 regulatory loop, recent studies from
the Singh laboratory have shown that EBF1 is also essential for B lymphocyte commitment
[80]. Similarly to the Pax5-deficient pro-B cell lines, Ebf1” lymphoid progenitor cell lines
express B lineage transcripts such as B220 and can be maintained in IL-7 and stromal cell co-
cultures. These EBF1-deficient progenitors are not restricted to the B lymphocyte lineage and
can differentiate into T lymphocytes and macrophages. Most importantly the authors
demonstrated that ectopic expression of EBF1 in Pax5” pro-B cells suppressed the myeloid
differentiation capacity of the Pax5-deficient cells, suggesting that EBF1 promotes lineage
commitment downstream of Pax5 [80]. As expected, EBF1 promoted the expression of B
lineage genes, but interestingly, EBF1 also repressed a cohort of non-B lymphocyte genes,
many of which are also repressed by Pax5 [80]. Thus EBF1 and Pax5 appear to
synergistically mediate B lymphocyte commitment.

Our understanding of the regulation of B lymphocyte commitment has been further
enhanced by a second finding from the Singh laboratory, that Ikaros is also a component of
the regulatory network controlling the process [38]. The authors used retroviral transduction
to over-express EBF1 in Ikaros-deficient progenitors. The rescued pro-B cells were CD19™®
and expressed normal levels of both Pax5 and endogenous Ebfl. Surprisingly, these Ikaros-
deficient pro-B cells could trans-differentiate into macrophages in a manner similar to Pax5™"
pro-B cells [38]. Thus, expression of neither EBF1 nor Pax5 results in lineage specification in
the absence of a third factor, Ikaros.

The Maintenance of B Lymphocyte Commitment

The studies outlined above have concentrated on the initial commitment to the B
lymphoid lineage. The Busslinger laboratory has subsequently made use of a mouse strain
that allows the inducible deletion of Pax5, to demonstrate that Pax5 also actively maintains
lineage identity in committed pro-B cells. Inactivation of Pax5 in pro-B cell cultures results
in the cells acquiring a multi-lineage potential and gene expression program identical to
Pax5" pro-B cells and unequivocally established that lineage commitment is an ongoing
process, not a discrete event [72].

One question that arose from these studies was whether the loss of Pax5 permits the
direct trans-differentiation of pro-B cells into other lineages, or whether, as for the iPS
pathway, de-differentiation of pro-B cells into uncommitted progenitors occurs. The de-
differentiated pro-B cells would then proceed along a conventional pathway to, for example,
T lymphocytes . This question has been recently addressed by inactivating Pax5 in peripheral
B lymphocytes (Figure 2 [88]). This was accomplished by either inducing the deletion of
Pax5 in isolated mature B lymphocytes in culture, or by sorting Pax5-deleted mature
peripheral B lymphocytes. In both cases the Pax5-deficient mature B lymphocytes were
transferred into Ragl”™ mice, that lack lymphocytes, and the progeny of the manipulated B
lymphocytes monitored. Loss of Pax5 in mature B lymphocytes led to the de-differentiation
of a small proportion of the cells into a population identical to Pax5”" pro-B cells [88]. These
de-differentiated pro-B cells displayed productively rearranged Igh and Igl genes that
definitively marked them as having derived from mature B lymphocytes. The de-
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differentiated pro-B cells were able to generate T lymphocytes and in some cases myeloid
cells in the host mice. These B lymphocyte-derived T lymphocytes were also functional as
they could successfully contribute to an immune response after immunization. In the future it
will be interesting to examine if the conditional inactivation of EBF1 or Ikaros results in a
loss of commitment similar to that observed in the absence of Pax5.
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Figure 2. Re-programming of B lymphocytes through the loss of Pax5.

The schematic diagram of B lymphocyte differentiation shows the various differentiation stages
and experimental manipulations that result in the re-programming of B lymphocytes into other cell
types. Pax5 expressing B lymphocytes are shown in pink, with black arrows indicating normal B cell
differentiation. The ectopic expression of C/EBPa represses Pax5 expression and results in trans-
differentiation of pro-B and mature B cells to macrophages (red arrows). Purple arrows indicate the de-
differentiation pathways, either in the absence of Pax5 (above) or in the presence of induced pluripotent
stem (iPS) cell promoting transcription factors (Oct4, c-Myc, KLF4, Sox2). The conditional
inactivation of Pax5 in committed B cells results in the de-differentiation of mature B cells to the pro-B
cell stage, that then generate lymphocyte-derived T lymphocytes. Enforced expression of Oct4, c-Myc,
KLF4 and Sox2 results in the de-differentiation of pro-B or pre-B cells, but not mature B cells, to iPS
cells. Mature B cells instead require antagonism of the B lymphocyte gene expression program, either
by over-expression of C/EBPa or knock-down of Pax5 using shRNA technology, followed by
expression of the iPS cell promoting factors.

While these experiments demonstrate de-differentiation as the mechanism of re-
programming, they also raise a number of questions. For example, a common feature of re-
programming in multiple systems is that de-differentiation is a slow (taking several days to
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weeks) and inefficient process. While the reason(s) for this delay is unclear, it does suggest
that there are several rate limiting steps. The de-differentiation of mature B lymphocytes
relied on ectopic expression of Bcl2 to block apoptosis, suggesting that under normal
circumstances mechanisms are in place to prevent de-differentiation [88]. If so, it will be
interesting to determine what these checkpoints are. One reason why such check-points might
exist is highlighted by the finding that the de-differentiation of B lymphocytes resulted in the
formation of aggressive lymphomas with a phenotype resembling Pax5" pro-B cells [88].

The fact that B lineage commitment is an ongoing and active process was further
highlighted by studies that examined the ability of B lymphocytes to be re-programmed to
iPS cells (Figure 2 [89]). In the last couple of years it has become apparent that the ectopic
expression of four transcription factors (Oct4, Sox2, KlIf4, and c-Myc) is sufficient to
reprogram mouse and human cells to a pluripotent state [12]. Using B lymphocytes as a
model system, the Jaenisch laboratory has shown that inducible expression of these four
transcription factors was sufficient to re-program pro- and pre-B cells, but not mature B
lymphocytes [89]. The authors reasoned that the re-programming of mature B lymphocytes
might require prior inhibition of the B lineage commitment program, and thus inhibited B
lymphocyte-identity by over-expressing C/EBPa that, as mentioned earlier, is sufficient to
antagonize Pax5 expression in B lymphocytes and allow trans-differentiation to macrophages
(Figure 2). Strikingly, these experiments led to a relatively high frequency of re-programming
to iPS cells, an outcome that was also achieved simply by knocking-down Pax5 [89]. How
the re-programming works is still unclear. Whether Pax5 insufficiency results in the de-
differentiation of mature B lymphocytes into a progenitor akin to Pax5" pro-B cells, which is
then re-programmed to iPS cells, remains to be determined. An alternative possibility is that
C/EBPa over-expression or Pax5 elimination results in the formation of myeloid cells in
vitro, which are potentially more amenable to iPS re-programming. Either way it appears that
inhibition of Pax5-mediated lineage commitment must be overcome to allow the cellular
plasticity of mature B lymphocytes to be revealed.

The Down-Regulation of the B Lymphocyte
Program during Plasma Cell Differentiation

The terminal differentiation of B lymphocytes to antibody-secreting plasma cells is
accompanied by a dramatic shift in the gene expression profiles between the two cell types
(reviewed in [27]). While Pax5 function is essential throughout B lymphopoiesis, its
expression is rapidly down-regulated as cells commit to plasma cell differentiation. This is
thought to be required because Pax5 represses a number of genes that are important in plasma
cell biology. The Pax5-repressed genes include known plasma cell genes such as Xbpl [90], J
chain [91], high-level Igh expression and potentially the master regulator of plasma cells,
Blimpl [86,92]. Interestingly, many of those B lineage-inappropriate genes that are silenced
by Pax5 upon initial B lymphocyte commitment are also re-expressed during plasma cell
differentiation [81,85]. In case of two targets, CD28 and CCR?2, it appears that they play a
role in normal plasma cell biology, demonstrating how the appropriate silencing of Pax5
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expression during terminal differentiation contributes to the plasma cell transcription program
[81].

In keeping with this concept, the inactivation of Pax5 in a chicken mature B lymphocyte
line results in premature expression of genes involved in plasma cell differentiation and
increased IgM secretion [86]. However this does not appear to be the case after the deletion
of Pax5 in mature mouse B lymphocytes, which as outlined in the previous section, instead
undergo de-differentiation to a more immature stage of lymphopoiesis [88]. One explanation
for this could be that the strategy used to inactivate Pax5 in mature B lymphocytes did not
use antigen stimulation, whereas the normal down-regulation of Pax5 that accompanies
terminal differentiation is induced by encounter of a B lymphocyte with its cognate antigen,
the resulting B cell receptor (BCR) signaling may set in motion a process that favors the
forward differentiation to the plasma cell fate. BCR signaling also induces anti-apoptotic
regulators of the Bcl2 family, whereas the de-differentiation phenomenon requires ectopic
Bcl2 expression to occur [88]. These observations suggest that encounter with an appropriate
antigen, enables plasma cell differentiation by co-coordinatingco-ordinating the silencing of
Pax5 with the expression of survival promoting genes.

The molecular events that inhibit Pax5 expression and thus initiate plasma cell
differentiation are still emerging. It is proposed that the mutual repression between the B
lymphocyte program, mediated by Pax5, and the plasma cell program, controlled by Blimp1,
Irf4 and Xbpl separates these two radically distinct transcriptional profiles [93]. This
antagonism is expected to be direct, as Pax5 has been shown to directly repress Blimpl [94]
and Xbpl [90] transcription and the inactivation of Pax5 results in premature Blimpl
expression [81,86]. However, in contrast to the studies that show that Pax5 is directly
repressed by Blimp1 [92], Pax5 expression is down-regulated in pre-plasmablasts even in the
absence of functional Blimpl [85]. Analysis of the regulation of transcription by Pax5 in
differentiating B lymphocytes showed that known target genes, both activated and repressed
genes, were deregulated prior to Blimp1 expression [85]. This occurs in the absence of any
change in Pax5 protein levels and DNA-binding function, suggesting that the initiation of
plasma cell differentiation is triggered by altered Pax5 function, although the mechanism by
which this occurs remains to be determined.

Conclusion

The last decade has seen great advances in our understanding of the control of B
lymphocyte lineage commitment. These advances have relied on the synergistic benefit
derived from pursuing a variety of approaches, including the prospective isolation of
lymphoid progenitors by flow cytometry, the development of highly efficient culture systems
to assay cell fate decisions and the precise genomic and biochemical analyses of single
transcription factors. More recently, global analyses of gene transcription and DNA-binding
have brought in new insights to aid in understanding the complex interplay between gene
regulation and cellular differentiation.

The recognition of the role of Pax5 in early lymphopoiesis has provided the first clear
molecular description of the lineage commitment process in the hematopoietic system and
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pointed to the role played by the repression of alternative fates, and their corresponding
genes, in the process. The recent reports that both EBF1 and Ikaros are also obligate
components of the lineage commitment program raise the challenge of integrating these
findings into those already established for Pax5. In all cases, the further identification of the
molecular targets of the transcription factors involved in early B lymphocyte development
will be crucial in unlocking the transcriptional networks that control the process. Finally, an
understanding of the factors that regulate the loss of B lymphocyte identity, either
physiologically during plasma cell differentiation or in leukemic cells, has important clinical
implications for modulating the immune response in situations such as vaccination or treating
autoimmunity and cancer.
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Abstract

In contrast to other hematopoietic lineages that develop in the bone marrow, T cells
differentiate in an alternative anatomical site, the thymus, where multiple T-lineage cell
types with specific immune functions are generated as a result of unique developmental
programs. T cell development depends on the migration of hematopoietic precursor cells
with multi-lineage potential from the bone marrow towards the thymus. There, precursor
cell interactions with the thymic microenvironment gradually limit the alternative
developmental options that are initially available and initiate the T-cell differentiation
program. The availability of such a broad range of lineage choices, both before and after
commitment to the T cell lineage, is reflected by the complexity of the molecular network
that controls the T cell differentiation program. In contrast to many other hematopoietic
lineages, the T-cell program lacks a simple instructive component that initiates a
straightforward molecular cascade that drives further differentiation. Instead, T cell
development depends on the input of a broad range of environmental factors that change
continuously as the cells migrate through the different microenvironments of the thymus,
as well as on multiple intrinsic transcriptional regulators that differ in time, resulting in
the generation of stage-specific molecular networks. In this chapter, we describe the
recent advances in both mouse and human T cell biology that have provided fundamental
insights into these aspects of early T cell differentiation and commitment. While
illuminating T cell development itself, the characterization of the robust lymphoid and
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myeloid lineage potential of early T cell precursors has made a large impact on the
current models of hematopoietic stem cell differentiation as the initially proposed
segregation between lymphoid and myeloid lineages no longer seems supported. The
molecular mechanisms that regulate early T cell differentiation through transformation of
early multi-lineage precursors into T-lineage committed cells are discussed.

Introduction

T cells comprise a population of blood lymphocytes that is critical in the regulation of the
immune system. While some T cells have the potential to kill malignant tumor cells as well as
virally infected cells, others are essential to aid non T-lineage immune cells in exerting their
function or to dampen the immune response. Unlike other hematopoietic lineages that
differentiate from hematopoietic stem cells in the bone marrow, the majority of circulating T
cells undergoes development at a specific anatomical site, the thymus, located in the upper
part of the chest cavity, in the anterior side behind the sternum. Each de novo generated T
cell expresses a unique T cell receptor (TCR) that associates with CD3 molecules and this
TCR-complex is the hallmark of T cells. The generation of this receptor is a critical element
in the characterization of the successive stages of T cell development, as well as in the
determination of the different T cell lineages. Since T cells must be able to recognize the
endless variety of potential pathogens, the T cell repertoire must be as broad and diverse as
possible. This is achieved through a series of recombination events in which different TCR
encoding pieces of genomic DNA are - to a certain extent - randomly combined so that each
newly generated T cell expresses a unique TCR-complex. It is this highly variable process
that ensures the recognition of the wide variety of possible foreign and malignant structures
by this receptor. Two types of TCRs exist: one is composed of a yd heterodimer, the other of
a of heterodimer. This developmental divergence is the earliest lineage choice that occurs
within the T cell pathway. While the TCR-yd pathway results in a rapid end-maturation,
multiple developmental options remain available for the af-lineage cells. Thus, in parallel
with the many lineage choices that are available to hematopoietic stem cells (HSCs) in the
bone marrow, T cell precursors have multiple lineage potentials within the thymus (see Box
1). In contrast with the microenvironment of the bone marrow, the thymus is unable to
maintain and expand HSCs and, therefore, precursors with T-lineage potential must migrate
from the bone marrow into the thymus throughout life and do so via the blood. While several
extrathymic progenitor populations with T cell potential have been characterized, it is clear
that the most immature thymocytes still have the potential to differentiate into other
hematopoietic lineages. T cell commitment is only complete after entry into the thymus and is
the result of the unique combination of environmental signals that is provided by the thymic
microenvironment. This chapter will focus on the developmental and molecular changes that
occur during early T cell differentiation and commitment in both mouse and man and aims at
clarifying the complexity of the molecular network that controls these processes in light of
the many developmental options that are available to early T cell precursors.
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Box 1. Similarities between Bone Marrow Hematopoiesis and
Thymopoiesis

During adult life, hematopoietic stem cells reside in the bone marrow where they can
multiply and differentiate into different hematopoietic lineages. One of the most recent
models in bone marrow hematopoiesis is depicted in Figure 1. For comparison with other
models, see chapters 1, 2 & 10. Long-term reconstituting HSCs (LT-HSCs) give rise to short-
term reconstituting HSCs (SC-HSCs) that have lost self-renewing capacity but that still have
the potential to differentiate into all hematopoietic lineages. It is currently thought that the
erythroid and megakaryocytic lineages segregate first from the other blood cell lineages,
resulting in the lymphoid-primed multipotent progenitor (LMPP) that generates lymphoid,
monocytic and granulocytic lineages, as discussed in other chapters (see chapters 1, 2, 10 and
11). During thymopoiesis, thymus seeding precursor cells, most likely the (LMPP) from the
bone marrow as discussed further in this chapter, first commit to the T-cell lineage by losing
alternative lineage potentials (not depicted, see further in this chapter). Shortly after this
commitment step, the first of the T-cell lineage choices occurs : the TCR-aff versus TCR-y6
lineage choice (reviewed in [1]). While the TCR-yd developmental choice results in a rapid
end-maturation, af-lineage cells extensively proliferate and progress towards an intermediate
CD4'CDS8" double positive (DP) stage from which cytotoxic CD8ap’ T cells, CD4" T helper
cells, regulatory T cells, natural killer (NK) T cells and CD8aa ‘innate-like’ T cells develop.

Bone marrow Thymus

O LT-HSC O Thymus seeding precursor
O ST-HSC O T-lineage committed precursor

Enthroid/Mega-
karyocytic lineage

CD4+ T cell

=7 N =7 N

CDB8eatert T cell CD8uf+ T cell
Mast cell Regulatory T cell

Granulocyte

Figure 1. One of the most recent models in bone marrow matopoiesis.
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Thus, the segregation of T cell development and bone marrow hematopoiesis may have
provided T cell precursors with alternative and novel developmental options and as such,
additional complexity to the T cell differentiation program. For the simplicity of this
comparison, we have omitted the alternative, non T-lineage potential of the earliest
intrathymic T cell precursors. This critical aspect with respect to the induction of T cell
commitment is discussed further in detail.

Early stages of T Cell Development

T cell development is a complex, multi-stage process in which several intermediate
stages of development have been characterized through several critical surface markers. In
both human and mouse, the majority of thymocytes belongs to the ap-lincage and are double
positive for the co-receptors CD4 and CD8 while expressing low levels of CD3 and TCR-af.
They form an intermediate stage during development as these are the cells that await positive
and negative selection. These processes ensure that both useless and auto-reactive T cells are
eliminated and prevented from further differentiation into fully mature and functional T cells.
Prior to this DP stage, newly arrived thymic immigrants are gradually transformed as they
enter the T-lineage developmental program. This is necessary as thymopoiesis is dependent
on the continuous influx of bone marrow derived precursor cells that still possess multiple
lineage potentials. The transition from uncommitted precursor cell into an irreversibly
committed T cell precursor can be monitored as the discrete developmental stages are
characterized by the expression of several different surface markers. As shown in detail in
Box 2, these phenotypes differ between mouse and human. One major difference between
both species, with respect to developmental progression as defined by the TCR protein
expression, is the earlier expression of the CD4 and CD8a co-receptors during human T cell
development (Box 2). This has made it difficult to compare these early developmental stages
between mouse and human. However, due to some recent novel insights into early human T
cell development, it is now more feasible to compare similar developmental stages between
mouse and human, if we take a new approach with respect to the conventionally used human
markers of early T cell differentiation and use a more general nomenclature for early T cell
precursors [2;3] (details in Box 2).

Box 2. Early Stages of T Cell Development

Figure 2 presents a detailed comparison of the early stages of mouse and human
intrathymic T cell development. The most immature mouse thymocytes are generally further
subdivided using c-Kit, CD44, CD25 and CD27 as additional markers. Within the
heterogeneous CD44'CD25™ double negative (DN)1 subset [4], it is generally accepted that
the c-Kit" early thymocyte progenitor (ETP) population contains the ‘canonical’ T cell
precursor [5-7] that still has multi-lineage potential. Under the influence of the thymic
microenvironment, T cell precursors up-regulate CD25 as the cells become T-lineage
specified at the DN2 stage of T cell development, which still represents a heterogeneous
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population [8-10]. Commitment is complete at the DN3a stage, which is characterized by
down-regulation of CD44 and low levels of CD27 are expressed on these cells [11]. Up-
regulation of this latter marker indentifies both B and yd-selected thymocytes [11], while
CD28 has also been used to identify TCR-B" DN3 thymocytes [12]. Further differentiation
along the TCR-of lineage results in rapid down-regulation of CD25 (DN4 stage), up-
regulation of CD8a (for most mouse strains, ISP stage) and then CD4, resulting in DP
thymocytes. Thus, the co-receptors CD4 and CDS are only expressed after passage through
the p-selection checkpoint (transition from DN3a to DN3b) during mouse T cell
development. yd-selected thymocytes mainly remain DN and may also pass through the DN4
stage as they will also down regulate CD25 expression during the end maturation into
CD3"TCR-y8" T cells [11;13].
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Figure 2. Comparison of the early stages of mouse and human intrathymic T cell development.

In humans, recent data has provided strong evidence that the earliest thymocyte subset is
characterized as CD34'CD10°CD1a’CD7 [14;15] (also Taghon et al, unpublished data).
Specification towards the T-cell lineage occurs as CD7 expression is up-regulated [14] (also
Taghon et al, unpublished data). Previously, CD38 has been used as a marker to identify the
most immature thymocyte subset, defined as CD34'CD38 [16], similar to the most primitive



146 Tom Taghon

human hematopoietic progenitors in the bone marrow [17]. However, in contrast to CD7 [14]
(also Taghon et al, unpublished data), there is no evidence that differential CD38 expression
correlates with subsets that posses distinct developmental potentials, although CD34'CD38"
thymocytes seem more primitive based on quantitative TCR rearrangement analysis [18].
Commitment to the T cell pathway is virtually complete when the immature T cell marker
CDla is expressed [19]. The further subdivision of human postnatal thymocytes has been
difficult as the TCR-dependent checkpoint has not been well defined. As a result, various
subpopulations have been characterized, including the CD34°CD1", CD34""CD4'CD8«
CDSPCD3” and CD4'CD8u'CD8BCD3™ subsets [16;19] that fail to segregate distinct
populations based on TCR protein expression. Although they represent a certain degree of
developmental progression as shown by the progressive increase in the frequency of
intracellular TCR-B" thymocytes [20], these populations remain heterogeneous with respect
to the status of successful in frame TCR-rearrangements, a critical denominator to
characterize the developmental progression of a differentiating T cell precursor. Recently, we
have shown that, as in the mouse, CD28 can be used as an additional marker in these stages
to identify thymocytes that express a TCR-f§ chain intracellularly [21], as earlier suggested
[19]. Although not yet formally proven, CD28 presumably also marks yd-selected human
thymocytes at these stages. Thus, CD28 now allows us to separate human thymocytes, post
T-cell lineage commitment and prior to the CD4"CD8af" DP stage, in correlation with their
TCR-dependent developmental progression. As a result, the CD28 fraction includes the
intracellular TCR-B~ fraction of CD34'CD1", CD34'CD4'CD8a’CDSPCD3, CD34
CD4'CD8a’CDSPCD3” and CD34CD4'CD8a'CD8BCD3” thymocytes, while the CD28"
subsets contains the TCR-B" fraction of these subsets that will then differentiate into
CD4'CD80."CD8B'CD3” DP cells.

To overcome the different nomenclature and surface markers that are currently used to
define mouse and human stages of T cell development, an older nomenclature is reintroduced
to define early thymocyte subsets [2;3]. In sequential order of developmental progression,
these are early pro-T cells, late pro-T cells, early pre-T cells and late pre-T cells, as indicated
in Figure 2. TCR rearrangements, mediated by the recombinase-activating-gene (RAG)
proteins are initiated as the cells become T-lineage specified during the transition from early
to late pro-T cell. There is evidence from a detailed and quantitative study in human that
there is a certain sequence in the order of induction of rearrangements at the specific loci with
TCR-3 rearrangements being earlier than TCR-y rearrangements, and these in turn being
earlier than recombination events at the TCR-B locus [18]. The events that mediate and
determine the transition from one developmental stage to the next are discussed in the main
text.

The most immature early pro-T cells, that still posses the potential to develop into
alternative hematopoietic lineages, differentiate into the T-cell lineage under the influence of
the thymic micro-environment. During the initial specification process, the precursor cells
undergo a first wave of T-cell specific changes without fully committing to the T-cell lineage.
During this transition, TCR rearrangements at the TCR-y, TCR-6 and TCR-f loci are initiated
in the late pro-T cells and the frequency of these processes increases as the cells differentiate
further into early pre-T cells. While T-lineage commitment at this stage is complete, the
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further differentiation into af- or yd-lineage cells is mainly, but not solely (reviewed in [1]),
dependent on the outcome of the TCR-rearrangements, as only thymocytes that were able to
successfully rearrange their TCR genes will be selected for further differentiation. In frame
rearrangement of both the TCR-y and TCR-3 genes will result in the formation of a TCR-y
receptor that mediates selection of these thymocytes, possibly through the receptor
interacting with a ligand [22]. In case TCR-B chain rearrangements are successful,
thymocytes will progress through the so-called B-selection checkpoint, thereby extensively
proliferating and rapidly differentiating into DP thymocytes [11;23]. This process is
dependent on the expression of a surrogate TCR-a chain, called pre-TCRa (pTa), which
partners with the newly generated TCR-f chain to form the preTCR complex [24;25]. The
formation of this preTCR will initiate the PB-selection process, independent of ligand-
interaction, and will induce differentiation as well as extensive proliferation. Subsequently,
rearrangements at the TCR-a locus are induced to generate a TCR-a chain that will replace
the surrogate pTa protein. Since the outcome of the TCR-a re-arrangements will be different
for each daughter cell that is derived from the same B-selected cell, a high degree of diversity
is generated as cells with a identical TCR-B chain will receive a different TCR-o chain,
thereby generating a unique TCR-op heterodimer. These TCR-0p'*"CD3"" DP thymocytes
await a second round of TCR-dependent selection, which depends on their ability to interact
with self-MHC molecules (positive selection) but not with any other self-peptides (negative
selection) [26]. Thus, early T cell precursors can be phenotypically separated into subsets that
represent cells with different lineage potentials and different TCR rearrangement status.

T Cell Precursors in the Mouse

The most immature thymocyte subset has multiple lineage potential and the thymus
needs to be continuously replenished by these immigrating progenitor cells that are derived
from the bone marrow. As a result, a lot of effort has been invested to identify the elusive T-
cell progenitor that migrates from the bone marrow, through the blood, into the thymus (for
detailed review, see [27]). This precursor must possess several characteristics to qualify as
the thymus seeding progenitor. Obviously, it should posses T-lineage potential. In the mouse,
several types of precursor cells have been identified in the both the fetal liver and the adult
bone marrow that generate T cells in vivo and in vitro. Although T cells are ultimately
derived from HSCs [28], defined as CD135™ LSK cells [29], several downstream progenitor
populations have been described that also posses T-lineage potential. Details for adult bone
marrow precursor cells, which have been most extensively studied, are provided in box 3.
Since each of these subsets express different marker genes, identified through either
transgenesis or through direct surface marker staining, it has been difficult to establish the
developmental relationship between these precursor subsets. This is of critical importance to
identify a possible homogeneous population of thymus-seeding progenitor cells, as it seems
very likely that these subsets at least partially overlap with each other. The matter becomes
even more complex when addressing fetal and adult T-lineage progenitor populations as it is
obvious that prethymic precursors in the fetus seem to have different properties compared to
those in adult life. Since it is clear that a variety of progenitor populations have T-lineage
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potential, the identification of the precursor cells that seeds the thymus cannot be established
using this sole criterion.

Thymus-seeding precursor cells must also have the ability to home towards the thymus.
There is evidence that entry of precursor cells into the thymus is a well orchestrated
phenomenon (reviewed in [30]). Thymus colonization seems to occur in waves as the entry is
regulated by the opening of specific thymus ‘gates’ and this process may attract specific
populations of precursor cells. This suggests the involvement of chemokines and adhesion
molecules that regulate the specificity of thymic entry. One of these involved is the
chemokine receptor CCR9. While its expression has been used as a marker to identify
precursor cells with T-lineage potential, CCR9 is also functionally important for efficient
thymic reconstitution by extra-thymic precursors [31]. Besides CCR9, CCR7 [32], P-selectin
[33] and CD44 [34][33] have also been implicated in the homing mechanism of T cell
precursors towards and into the thymus. The process of homing also implies that the thymus-
seeding progenitors are detectable in the blood as this is the passageway for precursor cells
from the bone marrow towards the thymus. While most bone marrow precursor populations
with T-lineage potential have been detected in the peripheral blood (for details, see box 3), it
is unlikely that HSCs effectively immigrate into the thymus since no HSC-activity can be
detected among the most immature thymocyte subsets [35;36] and HSCs also fail to express
the chemokine receptor CCR9, which is critical for efficient thymic reconstitution [31]. Thus,
based on the criteria of T-lineage potential and homing capabilities, the LMPP and CLP
subsets remain candidates for being the thymus-seeding progenitors.

Assuming that no drastic changes occur upon thymic entry, the progenitor that seeds the
thymus must also be detectable in a very similar form within the thymus itself, and must have
similar expression profiles as well as developmental potentials. Within the most immature
CD44'CD25 DNI subset, the c-Kit"®" subset, called ETP, is considered to contain the
canonical T cell precursors as they have the most robust T cell potential and are capable of
homing to the thymus when intravenously injected [2;4-7]. Mouse ETPs contain robust NK
and dendritic cell potential. Whether or not they have any B-lineage potential has been a
controversial issue. ETPs have been subdivided into 2 separate populations based on FIt3
expression and it was shown that the FIt3" subset still contains B cell potential, in contrast to
the FIt3™ subset [5;37]. While some reports confirm the B-lineage potential of ETPs [38;39],
others have failed to do so [40-42]. These differences may relate to the level of c-Kit that is
included in the sorting gates [4], but they may also be the result of age differences [43]. In
each case, it is clear that very few ETPs have B-lineage potential and that this capacity is
rapidly lost within the thymic immigrating precursors, presumably as a result of Notch
signaling as discussed later in this chapter. In contrast, ETPs seem to have robust myeloid
potential. Several studies had reported myeloid potential from bulk cultures [5;40;44] and
recently, two independent groups showed, at a clonal level, that bipotent ETPs, containing T
and myeloid potential, are clearly present in the adult mouse thymus, while bipotent B- and
T-lineage precursors are not [41;42]. Thus, the most immature thymocyte subset clearly
possesses more robust myeloid potential as compared to B-lineage potential and seemingly
very little if any erythroid potential. Thus, based on all the above described evidence, a
LMPP-like cell type seems the most likely candidate for receiving the title of ‘thymus-
seeding progenitor’, since the CLP and CLP-2 subsets lack myeloid potential. However, this
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does not necessarily imply that these are the only precursor cells that effectively enter the
thymus [45].

This characterization of the canonical T-lineage precursor cell in the thymus also has
important consequences with respect to the different models of hematopoiesis that are
currently in use. The myeloid potential of ETPs strongly disfavors the classical
dichotonomous common lymphoid progenitor (CLP)/common myeloid progenitor (CMP)
model of hematopoiesis, since this model implies that T-lineage cells are derived from a
lymphoid-restricted precursor. The effective myeloid potential of ETPs clearly does not
support a segregated lymphoid- versus myeloid-lineage model, but rather fits into the
hematopoietic scheme that proposes the initial segregation of erythroid and megakaryocytic
lineages versus lymphoid and myeloid lineages (see chapters 2 and 10). Thus, early T cell
precursors have been critical in obtaining more general insights into the hematopoietic
system.

Box 3. T-Lineage Precursors Cells in the Bone Marrow, Blood and Thymus
of the Adult Mouse

Progenitor subset
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Figure 3. Cells in the Bone Marrow, Blood and Thymus of Adult Mouse

In the adult mouse, several progenitors have been identified that contain T-lineage
potential. In the bone marrow, there is the obvious HSC population, characterized as Lin
Scal “c-Kit"(LSK)CD135", but several other, more differentiated downstream precursors have
been characterized. These include the heterogeneous non-self renewing multipotent MPP
(CD135" LSK) population; the downstream CD135"¢" LMPP [46] cells that are lymphoid
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primed, still contain myeloid but lack robust erythroid/megakaryocytic potential and
presumably bundle the individually identified RAG1"™ ELP [47], VCAM1 CD135"¢" LSK
[48], CD62L" TSP [49], CCR9" TMPs [38] and B220" EPLM [50] subsets that have similar
properties; and the lymphoid-restricted CLP [51] and downstream CLP-2 populations [52].

Of the above precursor subsets, HSCs, MPPs, LMPPs, ELPs, TSPs and CLPs have been
shown to circulate in the blood [53-55]. Intriguingly, the adult blood also seems to contain a
T-lineage committed precursor (CTP) [56], similar to the T-cell specified precursor that was
described earlier in the fetal blood [57;58]. Although the origin of this progenitor is still
unclear, it is unlikely that it represents recirculating thymocytes that became T-lineage
committed in the thymic microenvironment as athymic nude mice also contain this precursor
[56].

In the adult mouse thymus, the most immature CD44"CD25 DN1 subset is composed of
several different subsets as defined by Petrie and colleagues [4]. The DN1a+DN1b subsets as
defined in this paper [4], correspond with the ETPs as defined by the Bhandoola group [5],
and are now generally accepted to be the mainstream early T cell precursors within the
thymus [2;7], as recently also elegantly shown through lineage-tracing in a physiological
experimental system [6]. ETPs will differentiate into DN2 and subsequently DN3a cells as
they develop along the T-lineage pathway.

The table provides a schematic overview of the lineage potential of the different
progenitor subsets that contain T-cell potential. The relevance of this aspect with respect to
the identification of the potential thymus-seeding progenitor is discussed in the text.

Human T Cell Progenitors

In case of human T cell development, very little is known about the nature of the
migrating precursor cells. As in the mouse, several types of precursor cells have been
identified that contain T-lineage potential. Although a CD34" HSC population has been
suggested [59], human HSCs are considered to be contained in the CD34"CD38 Lin" fraction
[17], but seem to express lower levels of c-Kit [60] and higher levels of Flt3 [61] in
comparison to mouse HSCs. Studies that report T-lineage potential of human precursors are
limited, especially with respect to adult bone marrow derived precursors. This presumably
reflects the limited availability of young bone marrow samples and the observation that T-
lineage potential declines with increased age [62], but probably also the lack of T-cell
differentiation models that are easy to handle in vitro and in vivo. Since the current models
mainly depend on a murine microenvironment, the species difference might also account for
a suboptimal setting to study human T cell development. Since new in vitro [63] and in vivo
[64] models have been developed in recent years that seems more accessible and robust
compared to previous models, one can expect significant advances within the next years,
though some issues remain difficult to solve. Nevertheless, T cells have been shown to
differentiate from the CD34'Lin" bone marrow cells in various in vitro models, but mainly
when cells were derived from children or young adults [62;65-67]. As in the mouse, a more
lymphoid-restricted population has been identified in human bone marrow. This subset was
characterized as CD34'CD45RA'CD10'Lin" and was shown to contain T-lineage potential
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when injected intrathymically in severe combined immunodeficient (SCID)-hu mice [68].
Recently, this population was further subdivided on the basis of CD24 expression and the
multi-lymphoid potential was shown to reside in the CD34'CD10°CD24Lin" subset [69].
This population is also present in peripheral blood [69] and resembles the most immature
CD34°CD7 subset in the thymus of which the majority expresses CD10 [14;15]. Whether
this is the actual precursor that migrates from the bone marrow to the thymus remains to be
proven. Most of these cells lack expression of CCRY, but it is presently unclear if this
chemokine receptor is also involved in the homing of human precursor cells towards the
thymus. While in vivo homing of human precursors into the mouse thymus, followed by in
situ T cell development has been achieved [70], this approach remains rather inefficient and
thus it is unclear if this or other techniques will be sufficiently robust to study the thymus
homing and T cell differentiation potential of human peripheral blood precursors.

Cord blood has been used as an extensive source for human hematopoietic progenitor
cells and it has been shown that both the most primitive CD34"CD38 Lin as well as the more
differentiated CD34°CD38'Lin™ fractions contain T cell precursors [66]. Within the
CD34'CD38Lin" fraction, Crooks and colleagues identified a CD7°"*CD45RA" population
that is highly enriched for lymphoid precursors [71], including robust T-lineage potential
[72;73]. While this phenotype does not seem to correspond with the most immature
CD34°CD7 postnatal thymocyte population [14;15], there is evidence that the human fetal
thymus is colonized by CD34°CD7" progenitors derived from the fetal bone marrow, a
population that declines after birth [74]. Furthermore, the thymus may be colonized by more
than one type of progenitor cell as both CD34'CD7 and CD34°CD7"™" postnatal
thymocytes can be detected that contain multi-lineage and lymphoid lineage potential,
respectively [14].

Expression of pTa, which is associated with T-lineage differentiation, has been detected
in CD34" cells from mobilized peripheral blood [75] and may be expressed in a subset of
human precursor cells that is comparable to the mouse CTP or CLP-2 [52;56]. Also, TCR-
rearrangements have been detected in bone marrow CD7'CD10" cells [76], as well as in
CD34°CD7" CB precursors [77]. Although these reports suggest that initiation of T-lineage
differentiation can occur outside the human thymus, there is also evidence to suggest that
these events are only initiated after entry of precursor cells into the thymus [14;15;18;78].
Similar as in mouse, the mainstream pathway for initiation of T-lineage differentiation most
likely involves an intrathymic process. Besides recirculation of early thymocytes, a temporal
induction of RAG expression, as also observed in mouse ELPs [47], may account for these
early rearrangement events without being coupled to early T cell differentiation. More work
in this field would be desirable to dissect this matter more carefully.

Human early pro-T cells contain multi-lineage potential. While the initial reports
concerning myeloid differentiation potential were contradictory [79;80], the NK [81;82] and
dendritic cell potential [81;83] of CD34" early human thymocytes has been well established.
However, more recent reports from at least three independent groups have demonstrated that
human early pro-T cells also contain myelo-monocytic potential [14;84;85], although it
remains unclear if they represent individual precursors that contain both myeloid and
lymphoid potential. More strikingly, two of these reports also suggest that erythroid potential
is contained within human ETPs [14;85]. This would suggest that the human thymus is
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colonized by more primitive precursors compared to the mouse, if the order of hematopoietic
lineage segregation in the bone marrow is the same in human as in mouse. Since human
thymocytes fail to repopulate non-obese diabetic (NOD)-SCID mice [85;86], it is unlikely
that HSCs are present in the human postnatal thymus. Furthermore, it is important to exclude
contaminating precursors from the thymic blood vessels, which is not as easy to control as in
mouse experiments. Further work involving clonal studies will be necessary to clarify the
progenitor-product relationship with respect to erythroid and T-lineage differentiation of
human immature thymocytes. This is also the case with respect to B-lineage potential. While
both Staal and colleagues [85] and Crooks and colleagues [14] have been able to generate
CD19" B cells from CD34"CD1" and CD34"CD77°" thymocyte progenitors, respectively, it
is unclear whether these are generated from the same precursors that will also yield T cells. In
each case, it is clear that also the human thymus is colonized by precursor cells that have
multiple lineage potentials.

Initiation of T Cell Specification
in Mouse and Human

The transition from multipotent progenitor into a T-lineage restricted precursor proceeds
through a gradual sequence of events. Early pro-T cells differentiate into late pro-T cells
under the influence of the thymic micro-environment and thereby gradually obtain the first
characteristics of T-lineage cells. This so-called specification process is initiated by the
activity of the Notch signaling pathway, which is triggered when Notch ligands, which are
abundantly expressed on thymic epithelial cells, interact with Notch receptors, present on
early T cell precursors (see box 4 for a detailed description of the Notch pathway).

Box 4. The Essential Role for Notch Signaling at the Initial Phase of T-
Lineage Specification

The Notch pathway is a well conserved signaling pathway that is used in many
developmental programs [87]. Within the hematopoietic system, Notch signaling is best
known for its role in the B- versus T-cell lineage decision. The Notch pathway consists of 4
different Notch receptors (Notch1-4) that can interact with 5 different ligands, belonging to
either the Delta (Delta-like-1, -3 and -4) or the Jagged (Jagged-1 and-2) families [88;89].
Activation of Notch signaling results in cleavage of the heterodimeric Notch receptor and as
a result, the intracellular activated form of Notch (intracellular Notch, ICN) is released that
migrates to the nucleus. There, it interacts with CSL, a transcription factor that acts as a
repressor in the absence of ICN. The formation of the CSL-ICN complex results in the
recruitment of other co-activator molecules such as proteins of the Mastermind family and
this transforms CSL into a transcriptional activator, resulting in the expression of Notch
target genes which include HES1 [90;91], Nrarp [92-94], Deltex1 [95;96], pTa [97] and cmyc
[98;99].
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Initiation of T cell development in hematopoietic precursors requires the interaction of
the Notchl receptor with Delta-like-1 or with Delta-like-4, with the latter being the most
likely ligand that interacts in vivo [100]. While initiating T-lineage specification, Notch at the
same time represses differentiation into alternative lineages, with the B-cell lineage being the
most sensitive with respect to Notch mediated inhibition [101;102]. Since thymic epithelial
cells express a high amount of Notch ligands, B-lineage potential in the early-pro T cells is
presumably rapidly lost as a result of active Notch signaling. Notchl1 is the critical receptor
for the induction of T cell development since Notchl deficient precursor cells fail to
differentiate into the T-cell lineage and ectopically generate B cells in the thymus instead
[103;104]. The essential role for Notch signaling at the earliest stage of T cell development
has also been illustrated in experiments with human hematopoietic progenitor cells.
Overexpression of the active form of Notchl in such precursors cells imposes T-lineage
differentiation in vivo in the bone marrow of mice that received the human manipulated
precursor cells after intravenous transfer [105]. Moreover, inhibition of Notch signaling in
CD34" CB progenitors, through pharmacological inhibition with y-secretase inhibitors that
prevent cleavage of the Notch receptor and thus the release of the activated form of Notch,
results in B cell development instead of T cell differentiation in a fetal thymus organ culture,
an in vitro model in which human precursors can differentiate into T-lineage cells in a murine
fetal thymus lobe [101]. A similar result was obtained when Notch signaling was inhibited
through overexpression of a dominant-negative mutant of Mastermind, which inhibits the
transactivation potential of the ICN-CSL complex [21].

The essential role for Notch signaling during early T cell development, and especially its
ability to induce T-lineage differentiation while repressing alternative cell fates, has led to the
establishment of a novel in vitro co-culture system to assay the early stages of T cell
differentiation, the OP9-DL1 coculture system [63;106]. This technique, which was elegantly
developed in the laboratory of Zuniga-Pflucker and colleagues, is based on the use of the
OP9 bone marrow stromal cell, derived from the op/op mouse, which is deficient in the
production of M-SCF and as a result efficiently supports B cell development from mouse
hematopoietic precursor cells. The introduction of the Notch ligand Delta-Like-1 resulted in
the inhibition of B cell differentiation as a result of Notch activation. Surprisingly, this was
also sufficient to induce and support T cell differentiation, which was until then only
considered possible within the 3-dimensional structure of the thymus as 2-dimensional
cultures with thymic epithelial cells failed to do so, a result of rapid in vitro loss of Delta-like
ligands [107]. While the system may not be optimal for efficiently generating fully functional
and conventional T cells, the simplicity of the system compared to previous in vivo and in
vitro models has opened up many new avenues of research in the field of T cell biology. The
system has been shown to support early T cell development from both mouse [106] and
human [65;108] hematopoietic progenitor cells, and strikingly, also from mouse [109] and
human [110] totipotent embryonic stem cells.

In the mouse, Notch signaling results in the rapid induction of CD25 expression when T
cell precursors are cultured in vitro in the OP9-DL1 coculture system [106] (see box 4 for
detailed description), thereby generating CD44'CD25" DN2 thymocytes. In vivo, Notch
activity already occurs in the early pro-T stage itself, thereby inducing the rapid loss of B-
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lineage potential, and Notch in fact is required for the generation of ETPs [37]. During
human T cell development, data from Crooks and colleagues has recently suggested that the
T-cell specification process occurs at the CD34'CD77°" to CD34"CD7"€" transition [14],
since the latter cells only contain robust NK- and T-lineage potential, largely comparable
with mouse DN2 thymocytes. Such a CD7'¢cyCD3" T/NK restricted population is also
generated when human CD34'CD38" fetal liver precursors are cultured in FTOC [111].
Consistent with the specification process, Notch signaling is more active in CD34'CD7"¢"
thymocytes than in CD34'CD7”°V cells and also the expression of the T lineage specific
transcription factors GATA-3 and TCF-1 is upregulated in CD34"CD7"¢" T cell precursors
(Taghon et al, unpublished data). Furthermore, CD7 is most likely the earliest T-lineage
specific marker that human cord blood derived CD34"CD38" precursor cells acquire when
cultured on OP9-DL1 stromal cells, and this is a Notch dependent process [108;112-114].

Specification results in the initiation of TCR rearrangements which depend on the
activity of enzymes encoded by RAG-1 and RAG-2, the expression of which now becomes
detectable. Also the expression of pTa and components of the CD3 TCR coreceptor complex
is turned on (Figure 2), as well as that of the signaling molecules Lck, ZAP70 and LAT that
are critical for transmitting TCR activation signals [9;10]. Thus, as soon as functional, in-
frame TCR rearrangements are generated, a full TCR complex can be generated, capable of
signaling which is required to induce further T cell maturation. While in theory possible at
the late pro-T cell stage, this almost exclusively occurs after T cell commitment at the early
pre-T cell stage [11;115]. During these early specification events, thymocytes are strongly
proliferating as a result of SCF and IL-7 signaling, growth factors that are provided by the
thymic microenvironment. Yet, despite this initiation of T cell development, late pro-T cells
still maintain the option to divert into other hematopoietic lineages, although this may also
reflect heterogeneity of the DN2 population that could be composed of a non-specified multi-
lineage potent early DN2 subset on the one hand and a more restricted T-lineage specified
population on the other hand [8-10].

Transcriptional Regulators that Mediate Early T Cell Specification

As a result of their multi-lineage potential, early pro-T cells initially express a broad
range of transcriptional regulators that reflect this capacity and developmental plasticity, a
property shared with HSCs and LMPPs [10;116]. Some of these factors are turned off during
the initial stages of T cell development as they have no further roles during T-lineage
differentiation. Examples include the GATA family member GATA-2 [117], the CCAAT-
enhancer binding protein o (C/EBPa) [118] and the stem-cell leukemia protein SCL [119].
This downregulation is critical as they may induce differentiation towards other
hematopoietic lineages [120] or even be antagonistic when they continue to be expressed at
later stages of T cell differentiation, as observed for Ets family factor PU.1 [121;122]. Other
factors that are expressed in these early pro-T cells have critical recurrent roles at later stages
of T cell development and as such, these factors continue to be expressed at later stages of the
T-lineage differentiation program. These include the runt-related transcription factor 1
(Runx1) that forms a complex with the core binding factor B (CBFf) [123-128], Ikaros and
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its family members Helios and Aiolos [10;11;129-132], the Avian myeloblastosis viral (v-
myb) oncogene homolog c-Myb [133-135], the Growth factor independent transcription
repressor Gfi-1 [136-139] and the Notch signaling pathway [88;103;104;109;131]. These
factors are part of a core group of transcriptional regulators that control the T-lineage
developmental program. Yet, they are not sufficient by themselves.

During the specification process, a novel set of transcriptional regulators becomes active
that is specifically required for T cell development, in addition to those expressed at the early
pro-T cell stage. These include HEBAalt, the alternative splice variant of the E protein family
member HEB [140], the Zinc-finger containing protein Bclllb [10;116;141] and,
temporarily, the Hedgehog signaling activated Gli-2 protein [142]. At the same time,
expression of the high mobility group factor TCF1 [10;143-145] and its relative, the
lymphoid-enhancer-binding factor LEF1 [10;146] is up-regulated, but these factors only
reach their maximum expression levels at the subsequent early pre-T cell stage [10;147]. A
similar sequence of events occurs for the Ets family proteins Etsl [148] and Ets2 [10].
Finally, in contrast to the downregulation of its family member GATA-2, GATA-3 is also up-
regulated at the late pro-T cell stage. GATA-3 is already expressed at a reasonably detectable
level in the early T cell precursors, consistent with its very early requirement during T cell
development [149;150], and perhaps even earlier at the stem cell stage [151;152], but its role
with respect to the T cell differentiation program is presumably an event that occurs
following Notch activation [131;153]. Thus, it is evident that at the early and late pro-T cell
stages, multiple transcriptional regulators are expressed that each have critical roles in the
early T cell differentiation process. One of the earliest events involves the activation of the
Notch signaling pathway, a process that has been extensively studied.

Role of Notch Signaling during Early T Cell Differentiation

The induction of Notch signaling is presumably the first of the T-lineage specific events
that occurs after entry of the thymus seeding precursors into the thymic microenvironment.
However, while essential and required at multiple stages of T cell development [88;130],
Notch signaling by itself is not sufficient for the specification and commitment of
hematopoietic precursor cells into the T-cell lineage [131], nor to activate the expression of
other T-lineage specific genes, in both mouse [131] and human [154] (I. VandeWalle and T.
Taghon, unpublished results) extrathymic hematopoietic precursor cells. While the thymic
microenvironment also provides the critical growth factors SCF and IL-7, as well as essential
Wnt proteins [155], among others, early T cell development also depends on the activity of
many intrinsic and stem cell ‘inherited’ transcriptional regulators as discussed above. Thus,
in contrast to other hematopoietic lineages in which one factor can be dominant for the
induction of a particular lineage choice (for example PAXS5 [156;157] or EBF [158] for the
induction of B-lineage differentiation or GATA-1 that induced erythroid-megakaryocytic
differentiation [159;160]), T cell differentiation depends on the precise integration of
multiple transcriptional regulators who’s expression levels are critical for proper specification
and commitment into the T-cell lineage.
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With respect to the role of Notch signaling itself, it has been particularly difficult to place
the positive regulatory effects in the context of factors that negatively regulate the Notch
pathway, particularly since some of these are induced by Notch activation itself. A first
hurdle that needs to be taken involves counteracting the activity of the Leukemia/Lymphoma
Related Factor (LRF). In the bone marrow, LRF is required for B cell development as it
represses Notch signaling. As a result, in the absence of this factor, the hematopoietic
precursor cells will abnormally initiate T cell differentiation in the bone marrow [161]. Thus,
Notch activation in the thymus needs to reach a certain threshold in order to be able to
neutralize LRF activity. This presumably depends on Delta-like ligands as these are less
abundant in the bone marrow compared to in the thymus [89]. In the bone marrow, Jagged
proteins are probably sufficient to activate Notch signaling and to induce T cell
differentiation in the absence of LRF. Since the expression of the Zbtb7a gene (encoding for
LRF) remains unchanged in the DN1 to DN3 stages of mouse T cell differentiation (Ellen V
Rothenberg, personal communication) and is virtually unaffected in human hematopoietic
precursor cells as they enter the thymus or when exposed to Delta-like ligands in OP9 co-
culture (Taghon et al, unpublished results), LRF activity most likely is silenced through
protein-protein interactions. The precise mechanism through which LRF controls the B
versus T cell lineage decision remains to be elucidated but will probably also reveal its
interaction partners.

Notch activation also induces the expression of two other genes, the products of which
seem to have a negative impact on the activation status of the Notch pathway, namely
Deltex1 and Nrarp. While Deltex proteins in general do not seem to have a critical role
during T cell development [162], Deltex] expression, which in vivo in the adult mouse
increases from the ETP stage until the DN3a stage but declines thereafter [147], needs to be
precisely timed as early activation represses T cell differentiation and results in intrathymic B
cell development instead [163], mimicking a Notch deficiency. Similarly, the Notch regulated
ankyrin-repeat protein Nrarp is induced upon Notch activation, but also seems part of a
negative feedback loop [164]. Intriguingly, Nrarp expression is also influenced by the activity
of the Msx2-interacting protein (MINT), which also negatively impacts Notch activity
through interaction with CSL. Mice deficient for MINT display a defect in T-lineage
specification, which is surprising as Notch activity should be increased in these animals
[165]. However, the inhibition may result from the increase in Nrarp expression that is
observed in MINT deficient cells [165]. Thus, it is obvious that the Notch signaling pathway
is subject to many different levels of regulation that control the early T cell specification
stages.

After Notch induced specification, Notch remains critical during mouse T cell
differentiation to maintain T-lineage fidelity until commitment is complete. In the absence of
Notch signaling, T-lineage specified mouse thymocytes will adopt a NK-cell fate when IL-15
is available for the cells, although Notch signaling is more permissive for NK cell
differentiation than for B cell development [102;166]. In its role to maintain T-cell lineage
fidelity, Notch also seems to serve as a gate-keeper to prevent other factors from initiating
differentiation along other hematopoietic pathways [122;167]. Consistent with the continuous
early T-lineage requirement for Notch, the expression of Notch target genes, which reflects
the amount of Notch activity within the cells, increases in mouse thymocytes from the ETP
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stage until the DN3a stage [11;147;168]. At this step of differentiation, signaling through the
Notchl receptor is critical for TCR-B chain rearrangements [169] and Notch signaling is also
critical to support the metabolic activity of the rapidly dividing B-selected DN3b thymocytes
[170-172]. Past the PB-selection checkpoint, Notch signaling seems no longer as strictly
required for the further differentiation of mouse thymocytes [11;168].

In human, the transition from a Notch-dependent to a Notch-independent state seems to
occur at an earlier stage of T cell differentiation. Notch target gene expression already peaks
during T-lineage specification in CD34'CD1" thymocytes, and their expression levels are
partially downregulated already at the CD34°CD1" stage that represents T-lineage
commitment. Consistent with this early activation pattern, Notch is permissive for human NK
cell differentiation for which the lineage potential is present in these early T-lineage specified
CD34°CD1" thymocytes and Notch triggering during early NK cell development results in the
generation of NK cells that contain characteristics of T cells [173]. Even more strikingly,
human CD34" T cell precursors will spontaneously differentiate into CD4'CD8B" DP
thymocytes in the absence of Notch signaling, both in FTOC in the presence of y-secretase
inhibitors [101] or after transduction with a dominant-negative mutant of Mastermind-like-1,
as well as on OP9 stromal cells in the absence of Delta-like ligands [21]. Furthermore, while
Notch is absolutely required during mouse [-selection, we have recently shown that
differentiation through this checkpoint in human can efficiently occur in the absence of active
Notch signaling [21]. While these observations may seem in contrast with the insights
obtained from mouse experiments, it does fit with the idea that Notch signaling by itself is
not sufficient to drive the T-lineage program [131;154]. The fact that Notch signaling
requires additional regulatory inputs to support T cell differentiation, or that other pathways
become more dominant after the initial induction of T-lineage specification seems more
pronounced in human compared to in mouse, as also illustrated by the difference in effect of
GATA-3 activity between mouse and human as discussed further. These observations
correlate with the earlier decrease in Notch activity during human T cell development in
comparison with the mouse and may also be related to the earlier induction of expression of
the CD4 and CDS coreceptors.

Interplay between Notch and GATA during Early T Cell Development

One important aspect that has been difficult to clarify involves the modes of interaction
between Notch and the other regulatory inputs that are critical in early T cell development.
One of the most intriguing candidates for an additional positive T-lineage transcriptional
regulator has been GATA-3. Mice deficient for this Zn-finger protein have a defect in fetal
hematopoiesis [151] and lack T cells [150]. The developmental inhibition of T-cell lineage
differentiation occurs at the earliest stages and very few thymocytes can be detected in the
absence of GATA-3 [149], even in the presence of excessive Notch signaling [153]. Thus,
GATA-3 has a crucial role for inducing T cell development. Yet, overexpression experiments
in both mouse fetal liver [167;174] and human cord blood (Taghon et al, unpublished data)
extrathymic hematopoietic precursor cells fail to induce T cell differentiation in the absence
of Notch signaling and results in severe toxicity in its presence. Thus, Notch signaling seems
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to have an essential role in preparing the T cell precursors for increased GATA-3 levels
[153]. Yet, even after this initial Notch dependent specification, early thymocytes in mice
remain highly sensitive to appropriate GATA-3 levels. In fetal thymocytes, increased GATA-
3 levels even induce differentiation into a completely different hematopoietic lineage, namely
mast cells, when Notch signaling is simultaneously removed [167]. Elevated GATA-3
activity therefore does not seem permissive during these early stages of mouse T cell
differentiation (Figure 4). Later during development, GATA-3 has important roles at both
TCR-signaling dependent stages of mouse T cell differentiation, namely the B-selection
checkpoint [175] and positive selection where it is critical for driving CD4 T cell maturation
[175-177]. The transition at B-selection correlates with the transition from Notch dependent
to Notch-independent stages of mouse T cell differentiation [11] and only from this stage
onward can one observe some clues for a positive regulatory role for GATA-3 in the T cell
program, suggesting incompatible roles for Notch and GATA-3 during these early stages of T
cell development (Figure 4). This GATA-3 mediated acceleration of T-lineage differentiation
becomes even more apparent with the use of the hypo-acetylated GATA-3-KRR mutant that
is less cytotoxic compared to the wild-type and acts as a partial GATA-3 agonist [11].

Box 5. Schematic overview of the interplay between Notch and GATA-3
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During mouse T cell development, Notch activation is gradually upregulated and peaks
at the DN3a early pre-T cell stage, followed by a sharp decline after TCR mediated selection
at the late pre-T cell stage [11;168]. GATA-3 expression on the other hand is initially
upregulated in DN1 early pro-T cells, increases during T-lineage specification at the late pro-
T cell stage, but remains almost unaltered in the following DN and DP stages of mouse T cell
differentiation [147;174;176]. Early GATA-3 activation, prior to the DN3 stage, induces
inhibition of T cell differentiation and in specific culture conditions also developmental
diversion into other hematopoietic lineages [167;178]. Positive effects for elevated GATA-3
expression in the mouse can only be observed from the DN3 stage onwards and are more
apparent when a weaker mutant GATA-3 protein is overexpressed as observed for the partial
agonist GATA-3-KRRm [167]. During human T cell development, Notch activation reaches
its climax at the CD34'CD7'CDI1" late pro-T cell stage and initially declines at the T-lineage
committed early pre-T cell stage before a sharper decrease occurs at the late pre-T cell stage
following TCR mediated selection [21;114]. GATA-3 expression is initially similar in
comparison with during early mouse T cell differentiation but further displays a small
increase at the later DP stages [114]. Enforced expression of GATA-3 in prethymic CB
precursors severely inhibits T cell differentiation (Taghon et al, unpublished results), but
positive effects for elevated GATA-3 expression can already be observed when
overexpressed in human CD34'CD1™ uncommitted T cell precursors [179], thus earlier
compared to during mouse T cell development. As such, GATA-3 seems only capable of
inducing its positive regulatory effects on T cell differentiation in both mouse and human
when Notch activation has declined. Thus, although Notch activation is required for the early
upregulation of GATA-3 [153], Notch may prevent premature GATA-3 protein activity. This
is critical as elevated GATA-3 expression induces rapid differentiation, at the expense of
proper TCR rearrangements [179]. Yet, GATA-3 is critical for inducing T-lineage
differentiation and also seems essential as a survival factor during early T cell development
[149;153]. Strikingly, inhibition of Notch signaling in human CD34'CD1" late pro-T cells
induces a similar effect as GATA-3 overexpression: inhibition of TCR rearrangements and
accelerated differentiation towards the DP stage[101]. Thus, while both factors are essential,
the activities of Notch and GATA-3 seem to be well-controlled during the early stages of T
cell differentiation in order to obtain a perfect balance between the acquisition of essential T
cell proteins (such as T cell receptors) and proliferation on the one hand (Notch mediated)
and further developmental progression on the other hand (GATA-3 mediated).

Such opposing, but developmentally important sequential roles for Notch and GATA-3
are more apparent during early human T cell development. Positive differentiation effects for
GATA-3 can already be observed when overexpressed in uncommitted CD34°CD1" human
thymocytes [179] (Figure 4). While not corresponding with mouse observations with respect
to stage specificity, there is a clear correlation with respect to Notch signaling activity since,
as in the mouse, the GATA-3 induced accelerated differentiation in human also correlates
with the developmental stage where Notch activation starts to decline [114], as illustrated in
Figure 4. In fact, the enhanced differentiation towards the DP stage of T cell development
that is induced by enforced GATA-3 expression [179] strikingly resembles the accelerated
and aberrant DP formation that is observed when Notch signaling is inhibited in human
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postnatal CD34" thymocytes [21;101]. These observations suggest that Notch, although
positively required to induce GATA-3 gene expression, may also be critical as a negative
regulator of GATA-3 protein activity, or vice versa. In each case, GATA-3 seems to have a
clearer and more straightforward role in the human T cell specification and commitment
process as compared to in mouse. With respect to the other regulatory factors that are
involved in early T-lineage specification and commitment, it is presently unclear how these
factors collaborate with Notch signaling to promote T cell development. Based on studies
that have shown collaborative activities between Notch signaling and the Wnt [168] and
Runx1 [180] pathways in hematopoietic stem cells, such studies will be critical to delineate
the full molecular network that induces T cell specification and commitment. Based on the
current picture from just two of these factors, GATA-3 and Notch, one can predict a huge
level of complexity within this process.

Initial intra T-Cell Lineage Decisions: TCR-af
versus TCR-yd Differentiation

Following T cell lineage commitment, the first lineage choice that T cell precursors need
to take is the decision to develop into af3- or yd-lineage T cells. As recently reviewed more
extensively [1;181-185], the outcome of the TCR rearrangements at the early pre-T cell stage
will mainly determine the developmental outcome, but this is not the only factor that
mediates this decision. There are a number of additional transcriptional regulators as well as
environmental factors that mediate the further development of these early pre-T cells.
Importantly, the developmental outcome of this lineage decision is quite distinct. Developing
TCR-y3 T cells almost immediately reach their end stage of differentiation and mainly remain
CD4°CD8 DN cells that show very little proliferation. In contrast, progression towards the
af-lineage results in B-selection that induces strong proliferation and differentiation towards
the DP stage where many developmental options are still available to the cells, including the
potential to differentiate into CD4" T helper cells, CD8" cytotoxic T cells, regulatory T cells
and NKT cells as illustrated earlier in Figure 1. Thus, y6 T cells show very little apparent
developmental complexity compared to af-lineage cells.

TCR-af T cells are central mediators of the adaptive immune response and recognize a
huge variety of structures through the immense diversity in existing TCR complexes. They
comprise the majority of circulating T cells in mice and human. In contrast, Yo T cells are
mainly located in sites of the body that are exposed to the exterior, such as the skin and the
gut, and behave as innate like lymphocytes by providing a first line of defense against
pathogens that can enter at those sites. As a result, they recognize more conserved structures
such as heat-shock proteins and lipid structures. Both lineages diverge from each other
mainly at the early-pre T cell stage as a result of TCR recombination events [11;115]. In
frame rearrangements at the TCR-y and TCR-0 loci will result in the generation of a TCR-yd
complex and further differentiation along the yd-lineage. Both IL-7 [186] and IL-15 [187]
signal responses have been shown to enhance chromatine accessibility of the TCR-y locus.
Importantly, artificially prolonged IL-7 signals can even delay af-lincage differentiation
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through inhibition of TCF7, LEF1 and RORyt activation [188], factors that are critical for the
generation of DP thymocytes [146;189;190]. Thus, IL-7 enhances the likelihood of TCR-yd
development. Differentiation along the of3-lineage depends on the successful rearrangement
of the TCR-B chain that will partner with pTa to form the preTCR complex that drives (-
selection and differentiation towards the DP stage. This rearrangement process is critically
dependent on Notch-Delta-like interactions as discussed earlier [11;169;191;192]. In either
case, the completion of a TCR-yd or pTa-TCR-B complex seems to prevent further
rearrangements at the other TCR loci that could support the generation of the alternative
lineage pathway [24;193-197]. Although not absolute [198], it is clear that the outcome of the
TCR rearrangements will dramatically influence the lineage outcome.

However, y0 and off T cells also require different regulatory factors for their
differentiation. Consistent with the limited complexity of their further developmental
program, Y& T cells do not seem to require many additional regulatory factors and mainly
depend on genes whose expression is already activated at earlier stages of T cell
development, such as Sox13 [10;199], Runx3 [11], Icer, Norl, Nurrl and Nurr77 [200]. In
contrast, the further differentiation of aff T cells requires the input from novel regulatory
factors that are critical for the proliferation and survival as the cells pass through the B-
selection checkpoint, including Etsl, RORyt, Akt, Notch-Delta signaling, the
Wnt/TCF7/LEF1 pathway, HEB and Bcll1b (see [1] for detailed review). Also epigenetic
phenomena such as chromatin remodeling and methylation patterns seem to be more critical
during op-lineage differentiation as compared to during yd T cell development as illustrated
by the selective af-lineage requirement for proteins that mediate these events, such as Dnmt1
[201], Bmil [202] and Brgl [203]. MicroRNA-mediated regulatory mechanisms are also
selectively involved in TCR-af T cell development [204], and the observation that the
ribosomal protein Rpl22 is only required for the development of the aff T cell lineage [205]
emphasises the requirement for additional levels of regulation during o T cell differentiation
compared to during yd T cell development. Since the thymus mainly generates T cells that
belong to the TCR-aff lineage, this further illustrates the complexity of the molecular
network that controls the T cell differentiation program, as also illustrated by the specific
changes that occur during this process with continuous alterations in factors that are gained
and lost from one stage to the next. Importantly, despite this complexity, the outcome of
commitment processes can be severely influenced by specific environmental signals, as
illustrated by the activity of IL-7.

Conclusion

T cell development is a complex, multi-stage process in which hematopoietic precursor
cells progressively lose alternative differentiation potentials while gradually obtaining a T-
lineage restricted identity. T cell development depends on a large number of regulatory
factors of which the composition continuously alters, depending on the developmental stage.
As exemplified by just two of these factors, the interpretation of the interactions between all
of these factors will be less than simple. The complexity of this developmental model may
result from several different phenomena. First, the anatomical dissociation of T cell



162 Tom Taghon

development away from the differentiation of other hematopoietic lineages in the bone
marrow has allowed thymopoiesis to generate a large variety of T-lineage cells, thereby
generating an additional level of complexity as the early precursor cells need to maintain
these developmental options. Second, the notion that the earliest T cell precursors have multi-
lineage capacity results in a large variety of transcriptional regulators that are expressed in
these T-lineage progenitor cells. This highly diverse network thus needs to be tightly
controlled and this is achieved by a variety of environmental inputs that will initiate T cell
differentiation and repress the alternative lineage potentials. While Notch signaling is a
critical factor that mediates this process, many additional regulators are required to induce
and support the T cell program. As such, the precise regulatory inputs that control this
process and their modes of interaction are only at the verge of being elucidated.
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Abstract

Natural killer (NK) cells were discovered some 30 years ago due to their capacity to
spontaneously lyse tumour target cells in vitro. Although initially received with
scepticism, the ‘natural’ cytotoxicity exhibited by NK cells has been molecularly
dissected and is now generally accepted as an alternative cellular mechanism to detect
infected, stressed or transformed cells. Subsequent studies showed that during viral or
bacterial infections, NK cells are also prodigious cytokine producers, and by their ability
to rapidly amplify and recruit inflammatory cells they play an important role in innate
immunity. Thus, in a short period of time, NK cells have evolved from a ‘tissue culture
artefact’ to an essential player in the innate immune defence system. Most immunologists
view NK cells as rapidly-reacting innate lymphocytes that perform stercotyped roles
including target cell lysis and IFN-y secretion to promote Thl responses. Nevertheless,
several reports suggest that NK cells exhibit functional diversity that may be subserved
through distinct NK cell subsets. In addition to the bone marrow, multiple tissue sites
(including the thymus, lymph node and intestine) can generate cells bearing NK-specific
markers that show distinct functional properties. In some cases (for example, at mucosal
surfaces), NKp46' cells play an important role in tissue homeostasis through a cross-talk
with epithelial cells. In this situation, these ‘NK’ cells are clearly distinguished from
classical NK cells that are involved in immune defence. These recent observations
suggest that NK cells should be considered not only in ‘reactive’ innate immunity both
also in ‘pre-emptive’ defence that operates by improving barrier functions at epithelial
surfaces.
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Introduction

Natural Killer (NK) cells owe their name to their ability to spontaneously lyse tumour
cells without prior activation. It was this characteristic that initially attracted the interest of
several research groups in the 1970’s and led to their discovery [1-4]. Much of the early
effort was focused on understanding the mechanisms controlling the spontaneous cytotoxic
activity of NK cells. An equally important issue was why and how ‘natural killers’ did not
attack self-tissues (NK cell ‘tolerance’). It was later learned that NK cells belong to the
lymphoid lineage, and like B and T lymphocytes, have the ability to distinguish self from
non-self [5]. Nevertheless, the tolerance mechanisms used by NK cells and their adaptive
counterparts differ greatly. Unlike B and T lymphocytes that use rearranged antigen receptors
that are restricted by self-encoded Major Compatibility Complex (MHC) molecules and
recognize foreign peptides complexed to MHC, NK cells use germ line-encoded inhibitory
NK cell receptors that distinguish self-MHC from ‘altered’, ‘stressed’ or non-self-MHC
molecules expressed at the cell surface [6-8]. Thus, NK cells and adaptive lymphocytes (B,
T) use fundamentally different strategies to detect invading pathogens, with NK cells
surveying self MHC for alterations (stress, transformations), as opposed to B and T
lymphocytes that detect foreign pathogens or pathogen-derived peptides, respectively.

Infection and cellular transformation often lead to changes in the expression of cell
surface molecules. This indirect ‘signature’ can be ‘read’ by lymphocytes that patrol tissues.
For example, viruses generally down-modulate MHC class I expression on the cells they
infect. As such, these cells become ‘invisible’ to CD8 T lymphocyte recognition and
destruction. Nevertheless, virally infected cells lacking MHC do not escape immune
detection since they become targets for NK cells that survey self-MHC molecules at the cell
surface [9]. However, some viruses are experts at this game of ‘hide and seek’ and have
evolved an amazing repertoire of molecules and mechanisms that allow their potential escape
from immune recognition [10]. These include virus encoded proteins that complex and inhibit
expression of ligands for NK cell activating receptors, as well as proteins that interfere with
soluble factors required for the inflammatory response.

In contrast, cellular transformation does not necessarily lead to the reduced expression of
MHC class I molecules but is more generally associated with the inducible cell surface
expression of a family of ‘stress’ proteins. Ligands for NK cell activating receptors (including
NKG2D or natural-killer group 2, member D expressed by all NK cells) represent another
“pathogenic alteration” system that operates independently of the inhibitory MHC-specific
NK cell receptors [7].

Despite their designation, we now know that only a fraction of peripheral NK cells (in
mice or man) truly act as ‘natural killers’. In addition, NK cells possess a variety of
functional effector molecules that allow them to modify cells that are within their
microenvironment. These include soluble factors that can amplify immune recognition via
up-regulation of MHC molecules on target cells (IFN-y), while others activate neutrophils
(TNF-a), recruit hematopoietic cells (GM-CSF, chemokines) and potentially suppress the
inflammatory response (IL-10) [11]. Thus, NK cells are involved in different steps of the
immune response (detection, first-line defence, and subsequent amplification), they interface
directly with cells involved in the adaptive immune responses (DC cross-talk), and they are
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potentially involved in the regulation of autoimmunity [12]. This diversity of NK cell
functions is an important concept, since NK cell functions have long been considered as
stereotyped (mainly involving target cell destruction). NK cell functions can be modulated
and in some cases evolve to provide new biological effectors depending on environmental
signals [13].

Considering their roles as multi-tasking, rapidly-acting innate immune effectors, we have
proposed that NK cells might perform unique functions following diversification into
specialized subsets [14, 15]. Still, we are just beginning to accumulate detailed knowledge
about the developmental pathways that lead to NK cell diversity. We realize that the tissue
microenvironment impacts strongly on the development of NK cell effector functions.
Whether this process acts on common hematopoietic progenitors that seed distinct tissue sites
or involves an entirely local developmental scheme remains unclear. Whatever the
mechanism, NK cell diversity might reflect unanticipated functional specialization of tissue-
bound/location-bound NK populations that could provide the respective tissues/sites with
effector cells that are adapted to fit optimally to tissue/site-specific immune requirements.

This review will consider the developmental origins and biological implications of NK
cell diversity. As almost all processes of NK cell differentiation appear to occur in the BM,
an in-depth description of BM NK cell development provides details about the basic
processes that are likely to occur for NK cell generation at other tissue site. Following the
description of BM NK cell development, we will discuss variations on this developmental
scheme that are exemplified at other sites of the body. We will conclude by commenting on
the possible inter-relatedness of NK cell development at these different tissue sites and how
this knowledge indicates potential new biological roles for NK cells.

NK Cell Development: General Comments

The developmental process in the immune system starts with the commitment of
hematopoietic precursors to the lymphoid lineage and cumulates with the generation of fully
functional mature cells. Along the way, intermediate stages, where progenitor cells acquire
the expression of lineage specific proteins and lineage-specific functional attributes, can be
identified. The cells undergoing this developmental process also undergo ordered changes in
their cell surface phenotype that allows discrete developmental events to be associated with
cell surface marker expression. Complementing this analysis is the identification of
precursor-product relationships, whereby developmental intermediates may be linked
following in vitro culture or in vivo adoptive transfer. Together, these approaches have led to
models of NK cell development with the definition of several developmental stages.

The best-known pathway of NK cell development takes place in the bone marrow (BM).
It is generally assumed that the BM represents the primary site for NK development since
impairment of this environment has profound deleterious consequences for the homeostasis
of the peripheral NK cell compartment. The earliest stage of BM NK development is
characterized by the NK-cell precursor (NKP), which by definition has committed to the NK
cell lineage and thus lost the potential to develop into any other haematopoietic lineage.
NKPs give rise to immature NK cells (iNK cells), which express some (but not all) NK-cell-
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specific markers. At the iNK stage, developing NK cells begin to express NK-cell receptors
specific for MHC class I molecules. Only if a developing NK cell expresses a MHC class 1
receptor specific for self-MHC class I molecules can this NK cell achieve full functional
competence. This process has been termed “education”. Education represents an important
checkpoint in NK cell development as expressing a self-specific MHC class 1 receptor
equates with the capacity to distinguish self-MHC from altered/non-self MHC. It is important
to note, however, that ‘un-educated’ NK cell precursors are not deleted and have been
identified (albeit as a small population) in the periphery of normal humans and mice [16-18].
Although MHC class I receptor-mediated immune activation is impaired in “‘un-educated’ NK
cells, they appear indistinguishable from educated NK cells following MHC I-independent
stimulation. Whether iNK cells have functional roles on their own other than being
precursors for more mature NK cells is likewise not clear. NK cells that complete the
education process have a mature phenotype and represent the majority population of NK cells
in the peripheral lymphoid tissues.

Bone Marrow NK Cell Development

Natural Killer Cell Precursors (NKP)

NKP are hematopoietic cells that have a restricted lineage potential and give rise only to
mature NK cells. As such, NKP differ from other lymphoid lineage precursors that
additionally have B and/or T lymphocyte potential (common lymphoid precursors, early
lymphoid progenitors, etc). The only cell population in the adult mouse bone marrow that
fulfils the NKP definition lacks expression of other hematopoietic lineage markers (Lin")
including the NK markers NK1.1 and CD49b (o,-integrin, which is recognized by the
monoclonal antibody DXS5) yet expresses CD122 (IL-2Rp, a shared cytokine receptor for IL-
2 and IL-15). This LinCD122"NK1.1°CD49b" population has been shown to generate mature
NK cells in vitro or in foetal thymic organ cultures [19]. Still, this population is not
homogenous, neither phenotypically (only a fraction of NKP express activating receptors
NKG2D, the CD117 growth factor receptor for stem cell factor or the CD127 cytokine
receptor for IL-7), nor functionally (only about 1 in 10 of such defined NKP gives rise to a
NK cell in vitro). It remains to be shown whether the NK potential of NKP segregates with
the expression of these different cytokine and growth factor receptors [20]. Finally, NKP
provide a means to identify other markers that may more accurately define NK cell
precursors.

Immature NK Cells (iNK)

NKP develop to mature NK cells via several phenotypically-defined intermediates (see
Figure 1). As a group, these are denoted as immature NK cells or iNK cells. Mice that
express the allelic variant of CD161c¢ or NKR-P1C, detected by the PK136 antibody (NK1.1,
expressed by C57BL/6 and C57BL/10 mouse strains) are useful for defining iNK cells as
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CD161c is one of the first NK cell markers that is acquired by NKP as they mature. It should
be emphasized here that NK1.1 is not a ‘NK cell-specific’ marker since it is also expressed
by subsets of T cells. Nevertheless, when CD3" T lymphocytes are excluded, expression of
this marker is restricted to NK cells and their precursors. Immature NK cells also express the
natural cytotoxicity receptor (NCR) NKp46. NCRs are a family of activating receptors
(including NKp30, NKp44 and NKp46 in humans; NKp46 is the sole NCR expressed in
mice) that have a highly selective expression in NK cells [21, 22]. Unlike mature NK cells,
iNK do not express CD49b (DX5), CD94 (a C-type lectin forming heterodimers with
members of the NKG2 family) or the Ly49 family of MHC class I-specific inhibitory
receptors. Of the other phenotypic markers used to characterize NK cells, CD27 is well
expressed but neither CD43 nor KLRG-1 and only low levels of CD11b (ay-integrin) and
CDl11c¢ (ax-integrin) are found on iNK. Functionally, iNK cells are not cytotoxic for YAC-1
tumour cells in vitro and fail to secrete IFN-y when stimulated by cell surface receptor
triggering or by soluble factors [19]. As such, iNK cells have an appropriate designation with
respect to classical NK cell effector functions. Nevertheless, it remains possible that iNK
cells have biological roles beyond those defined by cytotoxicity and IFN-y production.

NK Cell Education towards Self-MHC

The process of education likely begins as developing NK cells start to express MHC
class I-specific inhibitory receptors. In the mouse, NK cells express two different classes of
MHC class I-specific inhibitory receptors, CD94/NKG2 heterodimers and Ly49 molecules
[23, 24]. While most NK cells express one or more of these receptors, no single CD94/NKG2
heterodimer or Ly49 molecule is expressed by all NK cells. Instead, CD94/NKG2
heterodimers or Ly49 molecules (or combinations thereof) are expressed at relatively
constant frequencies by NK cells in a given inbred mouse strain. NK cells usually express
more than one Ly49 receptor and can co-express both CD94/NKG2 and Ly49 family
members at the same time. In general terms, CD94/NKG2 heterodimers are expressed earlier
during NK cell development and allow for a more global recognition of MHC class 1
expression by surrounding cells as they recognize MHC class I-derived leader peptides
presented via non-classical MHC class I Qa-1b molecules [25]. In contrast, Ly49 molecules
have a more restricted capacity to interact with particular MHC class I alleles. Both classes of
molecules are C-type lectins and contain canonical immunotyrosine-based inhibitory motifs
(ITIM) that account for their inhibitory function [26]. In addition, there are activating
members in both families whose expression appears somewhat delayed during NK cell
maturation. That iNK cells first express CD94/NKG2 heterodimers (at quite high frequency)
might indicate a so far undisclosed function. Ly49 expression follows that of CD94/NKG2
heterodimers. As the frequencies of NK cells expressing a specific Ly49 molecule increases
during development, the frequency of CD94/NKG2 expressing NK cells decreases to around
50% which remains stable on mature NK cells. Whether this dynamic equilibration of NK
cell inhibitory receptors is simply due to differential expression of the genes involved or
could indicate an ongoing selection process is not known. Interestingly, most iNK express
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Figure 1. Model for bone marrow NK cell development

Stages (A-F) of developing NK cells in lineage (CD3, CD19, Gr-1, Ter-119)-negative mouse bone marrow
can be defined using the cell surface markers shown on the left. NKP, NK cell precursor; iNK, immature NK
cell; mNK, mature NK cell.

CD69, which might indicate receptor engagement during the NK cell education process in an
analogous fashion to that observed during thymocyte selection. Alternatively, CD69
expression might relate to lymphocyte retention through inhibition of SIP activity as
demonstrated for T lymphocytes [27].

The process of education generates two broad types of NK cells that show self-tolerance.
The first type includes the vast majority of NK cells that expresses at least one inhibitory NK
cell receptor that recognizes self-MHC class I molecules, and as such, these cells have the
capacity to sense variations in MHC class 1 expression levels on target cells caused by
pathogenic alterations. A second type of NK cell (estimated to be about 10-20% of the
peripheral NK cell pool) does not express self-specific MHC class I receptors, and as such,
cannot sense self-MHC class [ molecules. The existence of this second type of NK cells poses
a problem, as these cells should be self-reactive. However, multiple reports have documented
the existence of NK cells lacking self-MHC reactive inhibitory receptors and have shown that
they are, in fact, tolerant due to functional hypo-responsiveness [16-18]. Several mechanisms
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have been proposed that could allow ‘hypo-responsive’ NK cells to develop. As already
indicated above, it has been shown that engagement of inhibitory MHC class I receptors on
iNK cells is required for the acquisition of full functional competence by these cells.
According to the “receptor calibration model” [28] signals derived from inhibitory receptors
would balance signals from activating receptors. NK cells expressing inhibitory receptors that
can fully balance these activating signals create a strong activating potential. In contrast, NK
cells whose inhibitory receptors cannot fully balance the activating signals receive a more or
less constant activating signal that would then render those cells ‘hypo-responsive’. The
degree of NK cell responsiveness would be directly correlated to the extent of inhibitory
receptor signalling during development. Still, the identification of the activating signal(s)
(and the activating receptor(s) that is (are) triggered) involved in this process remains
undefined. Moreover, this process could require multiple signals that might act in an
independent or cumulative fashion.

Developing NK cells that express high-affinity self-MHC inhibitory receptors or higher
numbers of self-MHC inhibitory receptors complete their differentiation with a higher
activation potential than NK cells expressing low-affinity or reduced amounts of self-MHC
inhibitory receptors. An elegant report from the Hoglund group recently provided data to
support this model by using a group of mice carrying single MHC I alleles that were bound
by the Ly49 with different affinities for the self-MHC [29]. The functional activities of the
NK cells from these ‘single MHC’ mice correlated with the affinity of their Ly49 molecules
for the self-MHC allele that was present. Furthermore, the presence of a second or third self-
MHC recognized by the Ly49 repertoire expressed by the NK cells revealed an additive
effect on the NK cell activity. Thus, the quality and quantity of self-MHC recognition by
Ly49 inhibitory molecules influence the activating potential of developing NK cells. This can
be explained by the fact that an MHC-I allele is often recognized by multiple Ly49s (albeit
with different affinities) and that one Ly49 molecule displays promiscuity in binding (with
different affinities) to more than one MHC-I allele. Taking into account that one NK cell
expresses usually more than one (and up to six different) Ly49 molecule, the possibility that
NK cells expressing more than one self-MHC-I Ly49 receptor provides a large and
heterogeneous pool that can be ‘tuned’ against the activating signals present during NK cell
development in the BM.

However, NK cells do not express unlimited numbers of self-MHC-I receptors.
Transgenic expression of Ly49A by all NK cells in mice expressing the respective MHC-I
molecule (H-2%) reduces the frequency of expression of other H-2%specific Ly49 molecules
by NK cells [30]. Furthermore, it was shown that NK cells from mice lacking MHC-I
molecules express more Ly49 molecules specific for a given MHC-I allele on a per cell basis.
Thus, expression of one self-MHC receptor appears to impact on the expression of other self-
MHC I receptors on the same NK cell, which is consistent with the idea that developing NK
cells sequentially express Ly49 molecule until engagement of these by self-MHC-I molecules
induces the cessation of expression of further different Ly49 molecules. Moreover, Ly49
repertoire formation is dynamic and dependent on environmental cues. In the presence of the
respective MHC-I molecule, Ly49 expression can be down-modulated (although it is not
clear whether the MHC-I/Ly49 interactions occur in “Cis’ or ‘trans’; [31]. Nevertheless, this
reduction in Ly49 expression equips the cell with the capacity to respond to modulation of
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MHC-I expression by surrounding cells. Although it is not known whether a qualitative
threshold exists, it is conceivable that NK cell expressing many self-MHC receptors could
more easily modulate its Ly49 receptors compared to a NK cell expressing fewer receptors.
The chance of encountering sufficient interactions of Ly49 molecules with their respective
MHC I ligand is higher when many of the Ly49 molecules are present — even when the target
cell has down modulated its expression of MHC I molecules. On the other hand, when a NK
cells with few self-MHC specific Ly49 inhibitory molecules interacts with a target cell, the
chance of encountering not enough inhibitory signals increases if the target cells has down
modulated its expression of MHC I molecules.

Since NK cells expressing no self-MHC receptors are not deleted, it can be assumed that
they have a biological function. What is clear from published data is that these cells are not
inert [16]. While they are incompetent in sensing variations in self-MHC class I expression
levels, they seem to be indistinguishable from “educated” NK cells in their capacity to secrete
IFN-y in the context of infections in vivo. As such, NK cells expressing no self-MHC
receptors might be specifically involved in MHC class I-independent immune responses or
become activated as bystander cells during MHC class I-dependent responses where they
could function as ‘response amplifying units’. Another possibility is that these NK cells
might also become specialized in performing regulatory functions. Along these lines, it is not
known whether the outcome of a NK-DC interaction involving a ‘competent’ (self-MHC
receptor expressing) NK cell is qualitatively different from one involving an ‘incompetent’
(no self-MHC receptor) NK cell. Alternatively, other MHC class I-independent ligand-
receptor pairs might also contribute to the education of NK cells as it was shown for C-type
lectins and NKP-R1 receptors [32]. This would imply the involvement of multiple
educational processes in the development of NK cells generating a pool of cells with varying
levels of competence and specialization. Clearly we have still much to learn about the
complex interplay between different NK cell receptors during NK cell education and
functional maturation and about the molecular mechanisms involved in this process.

Role of Activating Receptors in NK Cell Development

In contrast to inhibitory receptors, the precise role for activating receptors during NK cell
development remains to be elucidated. Several NK cell activating receptors have been studied
in the context of NK cell development, and we will summarize data from three of the main
classes involved: the ITAM-bearing receptors, NKG2D and SLAM-family receptors
(comprising SLAM, 2B4, Ly9 and others).

ITAM-Bearing Receptors

This is the largest group of activating receptors that includes activating Ly49 receptors
(Ly49D,H,P) the CD94/NKG2C heterodimer, the CD16 FcR, the C-lectin NKRP1 receptor
family (including NKRP1C recognized by NK1.1), and the natural cytotoxicity receptors
(NKp46 is the only member of this family that is expressed in mice). All of these proteins
have relatively short cytoplasmic tails and lack intrinsic signalling capacity. These receptors
associate, via a charged amino acid in their transmembrane region, to immunotyrosine-based
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activation motif (ITAM)-bearing signalling molecules, including FceRly, CD3{, and DAP12,
to form homo- or heterodimeric complexes [33]. After receptor engagement, Src-family
kinase-mediated phosphorylation of the ITAM-tyrosines allows subsequent recruitment of
Syk and ZAP-70 kinases that initiate a proximal signalling cascade. As all known ITAM
signalling events are Syk-ZAP-70-dependent, Syk/ZAP-70 double-deficient mice provide a
means of assessing the roles for ITAM-bearing receptors in NK development. Remarkably,
BM and splenic NK cells develop normally in the absence of Syk/ZAP-70 and mature
peripheral NK cells display normal cytotoxic activity and cytokine secretion when triggered
by non-ITAM dependent receptors. Thus, Syk/ZAP-70-coupled ITAM-bearing receptors
appear largely redundant for normal NK cell development and differentiation and for
homeostasis of the peripheral NK cell pool [34].

Recently, two groups reported transgenic mice that constitutively express a ligand (the
mouse cytomegalovirus encoded m157 protein) for the ITAM-dependent Ly49H molecule
[35, 36]. Interestingly, Ly49H" NK cells in m157 transgenic mice were reduced and appeared
phenotypically more immature than Ly49H™ NK cells. Functionally, Ly49H NK cells were
normal while Ly49H" NK cells showed only reduced cytolytic and cytokine-producing
capacity when stimulated in a Ly49H-dependent (but not Ly49H-independent) fashion. These
data suggest that constitutive Ly49H signalling may ‘desensitize’ this activating pathway but
does not globally impede NK cell development. Further studies will be required to determine
the effects of Ly49H desensitization on other activating receptor pathways during specific
immune responses.

NKG2D

This activating receptor is one of the first receptors expressed in the NK cell lineage
starting at the NKP stage [20]. Whether NKG2D expression is a marker of NKP or whether
its acquisition is the first step in NK cells developing from NKG2D- NKP is not yet known.
However, since NKG2D is expressed before any known inhibitory Ly49 receptor, it could
represent a key activating receptor that is tested during early NK cell development. Still, we
have little data on the expression of NKG2D ligands in the BM. Mice lacking NKG2D do not
show any obvious defects in NK cell development, and NKG2D-deficient NK cells display a
relatively normal phenotype with functional defects restricted to NKG2D-dependent
processes [37].

NKG2D ligands are MHC-I related molecules including H60 and the retinoic-acid
inducible gene products Rae-la., -1B, -1y, -13, 1¢ in the mouse [7] that are stress-induced
proteins typically expressed by transformed or infected cells. The importance of these ligands
in tumour immunosurveillance by NKG2D-expressing immune cells could explain the
defective tumour surveillance seen in NKG2D-deficient mice [37].

Like ITAM-bearing receptors, the NKG2D molecule appears to be signalling
incompetent and lacks any known signalling motif. NKG2D primarily interacts with the
transmembrane signalling adaptor molecule DAP10. Upon DAP10 phosphorylation, the p85
subunit of PI3K and Grb2 are recruited to the NK2GD/DAP10 complex [38]. While DAP10-
deficient NK cells showed reduced cytolytic capacity against targets expressing NKG2D
ligands [39], engagement of NKG2D in DAP10”" mice triggered cytokine production and
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cytotoxicity probably due to the promiscuous association of DAP12 to an alternatively-
spliced form of NKG2D that can be detected in mouse (but not human) NK cells [39, 40].

Constitutive expression of a NKG2D ligand (Rae-1¢), locally or systemically, led to a
phenotype of reduced NKG2D expression. Constant engagement of the NKG2D receptor not
only modified its expression, but also resulted in reduced responses following NKG2D
stimulation [41]. Moreover, NK cells from the Rae-1 transgenic mice showed a more
generalized defect in their ability to kill MHC-I deficient targets (from p2m”" mice) or RMA-
S tumour cells (that lack MHC-I expression). Still, neither the absence nor the constitutive
stimulation of the NKG2D receptor prevented normal NK cell development, suggesting that
this receptor system was redundant for differentiation of most peripheral NK cells.

SLAM-Family Receptors

Several receptors form a family based on homology to signalling lymphocytic activation
molecule (SLAM). These receptors belong to the immunoglobulin (Ig)-like super-family and
include CD150 (SLAM), CD2, CD244 (2B4) and also CD48, CD84, CD229 (Ly9), NTBA,
CD319 (CRACC). In the NK cell lineage, the best studied SLAM receptor is CD244 that is
expressed by all NK cells and by subsets of y3 T cells, oy T cells and other hematopoietic
cells. The major ligand for CD244 is the Ig-family molecule CD48 that is expressed by all
hematopoietic cells, including NK cells. In mice, two CD244 isoforms are expressed due to
alternative splicing [42]. The long CD244 isoform is proposed to have inhibitory functions,
whereas the short isoform might be activating [43], although definitive evidence for this
dichotomy has yet to be provided. CD244 signals via the SH2-containing adaptor molecules
SLAM-associated protein (SAP), EAT-2, or ERT [44]. SAP has been associated with
activating signals. NK cells from SAP-deficient mice show a decreased capacity to kill target
cells expressing the CD244-ligand CD48. In humans, lack of SAP causes the X-linked
lymphoproliferative disease (XLP) resulting in either the reduction or inhibition of NK cell
responses to CD244 cross-linking [45].

NK cells in CD244-deficient mice have a normal phenotype but display defective IFN-y
production and cytotoxicity towards CD48-bearing targets [46]. While this latter has initially
been attributed to the lack of CD244-mediated activation of NK cells, it later became clear
that CD244/CD4S8 interactions between NK cells are necessary to prevent perforin-dependent
fratricide [47]. Consequently, in CD244-deficeint mice activated NK cells can eliminate each
other leading to the observed reduction in NK cell responses upon stimulation. It was further
shown that blocking CD244/CD48 interactions does not impact on the ability of NK cells to
secrete granzymes upon stimulation.

As opposed to adaptive lymphocytes, NK cells express multiple classes of activating
receptors that allow them to ‘cover’ a diversity of target cell ligands. These receptors operate
independently of each other and the inactivation of any one activating receptor class does not
impede the function of the others. This provides redundancy in the activation process that
could explain why inhibition of a single activating pathway does not block the developmental
program. Such a system might also provide a safeguard against pathogens that would
selectively target one type of activating receptor.
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Mature NK Cells in the Peripheral Tissues
are Heterogeneous

NK cells that have completed their education (irrespective of whether or not they attained
full functional competence) can be detected in the ‘periphery’. What constitutes the
‘periphery’ is not fully defined, but includes those tissues sites that are distinct from the
generative sites. This often includes the spleen, lymph nodes, lung, and the liver, although it
potentially can include any tissue as mature NK cells are found in the circulation (blood,
lymph). Considering their roles in innate immune defence, one would certainly expect NK
cells to also be cellular actors at mucosal sites (gastrointestinal tract, skin, urogenital organs).
The localization of NK cells in these different tissues has been documented in the spleen, LN,
liver and uterus during gestation. However, it is not known whether different NK cell subsets
(as defined by cell surface markers, or by their development - competent versus incompetent,
bone marrow versus other sites, etc.) occupy the same niche.

Mature NK cells have been classically defined as: (i) CD3'NKI1.1" cells (in suitable
mouse strains such as C57BL/6) or CD3'NKp46™ cells (in all strains) that express a repertoire
of Ly49 receptors, (ii) cytolytic against YAC-1 tumor target cells, and (iii) they secrete IFN-y
after stimulation with target cells or appropriate cytokines. Although this basic description
(for the most part) still holds true, recent data has allowed us to identify some additional
features that suggest that NK cells are not homogeneous. A series of markers (including
CD11b, CD27 and KLLRG-1) can subdivide the peripheral NK cell pool into various subsets
[48-50] that have distinct phenotypic and functional properties. Using CD11b and CD27 (see
Figure 2), Smyth and colleagues define three NK cell subsets that are linked by a linear
developmental program [49]. CD27°CDI11b" cells appear to represent the most
undifferentiated mature NK cells followed by cells with the CD27CD11b" phenotype that
ultimately give rise to CD27-CD11b"™ cells. In additional to their functional differences,
CD11b/CD27 subsets show an unequal distribution in different organs and tissues. For
example, CD27'CD11b" cells readily produce cytokines after stimulation but are less
cytotoxic than CD27°CD11b" cells. The former are found predominantly in lymph nodes and
bone marrow, whereas CD27°CD11b" cells dominate in spleen, blood, and lung [51].
CD27'CD11b" cells are more homogenously distributed among the different tissues.
Functionally, CD27°CD11b" cells seem to be less functional than the other subsets and may
represent “exhausted” cells, as they are the only subset to express KLRG-1 (a marker of
stimulation and proliferation). Based on tissue distribution and functional capacities [15], one
can propose that CD27'CD11b' cells as resting (antigen-inexperienced) and CD27°CD11b"
cells as primed (antigen-experienced) cells.
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Figure 2. CD11b and CD27 define NK cell Subsets. CD11b versus CD27 expression on CD3'CD19NKp46*
cells from the indicated tissues is shown.

Although useful, CD11b and CD27 are not the only markers that define murine NK
subsets. For example, expression of CD127 (IL-7 receptor alpha-chain) has been shown to
mark a novel subset of NK cells distinct from bone-marrow NK cells. This subset is thymus-
dependent, and requires GATA-3 and IL-7 for its development (see below). More recently, a
novel subset of NKp46" cells (distinct from bone-marrow and thymus-derived NK cells) has
been identified in the gut. These cells are also characterized by the expression of CD127 but
appear unrelated to thymic CD127" cells (see below). It is likely that other markers (both cell
surface protein as well as intracellular molecules) will be identified that segregate
functionally distinct NK cell subsets in mice and man.

One should emphasize that the relative functional differences between these
phenotypically defined subsets is still relatively modest (in the range of 2-to-3 fold). Thus,
these subsets share overlapping functional capacities, at least as defined by common standard
laboratory in vitro assays. One might argue that such assays are obsolete and inappropriate
for trying to identify and characterize NK cell functional diversity. One major challenge in
the NK field is the development of in vitro assays that will be useful in identifying functional
NK cell subsets that have physiological relevance. It remains to be demonstrated that the
aforementioned phenotypically defined NK cell subsets have any particular biological role in
vivo.

Several activation states of mature NK cells can be proposed, including resting, primed,
and exhausted (the latter may be considered as post-activation or chronically stimulated) (see
Figure 3). Some of these states correlate with cell surface markers (i.e. the lymphocyte early-
activation marker CD69 is often used to describe activated cells). We and others have found
that NK1.1"NKp46"™ NK cells express higher levels of CD11c¢ and B220 and in the lymph
nodes also MHC II upon activation. While some have proposed that these activated NK cells
represent a new DC subset [52, 53], it appears that these cells are not involved in antigen
presentation [54-56]. Finally, NK cell phenotypes can change with age: CD11b"™ NK cells
become the most abundant subset in the aged mouse spleen. Whether this reflects differential
migration or NK cell subsets within the organism or an accumulation of more ‘mature’ NK
cells remains to be determined. The collective data suggests that NK cell phenotypes and
functions are not fixed, but can evolve under normal circumstances, during both the
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differentiation process and following their seeding of peripheral lymphoid and non-lymphoid
tissues.

4 Bone marrow Periphery h

\mmmittad educaled resting primed  exhausted

J

Figure 3. Activation states of developing and peripheral NK cells. NKP, NK cell precursor; iNK, immature
NK cell; mNK, mature NK cell. For more details, see text.

Factors that Influence NK Cell
Development and Homeostasis

Both intrinsic and extrinsic factors regulate the generation and maintenance of the
peripheral NK cell pool. The major intrinsic mechanism involves transcription factors (TF),
while a key extrinsic role is provided by soluble growth factors and cytokines elaborated by
the tissue microenvironment. Interestingly, TFs are often involved in the regulation of
cytokine receptor expression, so that the extrinsically and intrinsically regulated signals are
likely coordinated and integrated in developing NK cells.

Transcription Factors

Members of several transcription factor (TF) families are involved at different stages in
the regulation of the development of NK cells [57]. In some cases, several members of the
same TF family are expressed by developing NK cells making it more difficult to define a
clear function to a single factor within a family, since compensatory mechanisms might be
operative.

At least two members of the Ets family of TFs are involved in NK cell development. Ets-
1 appears to regulate CD122 (IL-2Rf) expression, whereas PU.1 regulates the expression of
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CD117 (c-Kit) and CD127 (IL-7Ra) [58]. As these growth factor and cytokine receptors are
expressed by most early lymphoid progenitors and only on a fraction of NKP or immature
NK cells, it is not clear whether Ets-1 and PU.1 act directly on NKP specification or
indirectly via their effects on the early lymphoid progenitor populations. A third member of
Ets family, MEF, appears to act later during NK cell differentiation. In the absence of MEF,
NK numbers are normal but show decreased effector functions.

Proteins of the basic helix-loop-helix (bHLH) family of TF (also known as E proteins)
are involved in the lineage specification of B and T lymphocytes. Interestingly, inhibition of
the E protein function through activity of inhibitors of DNA binding (Id family proteins)
appears necessary for NK cell development to occur [59]. Id proteins form heterodimers with
E proteins to block their activity. Id2 and Id3 are expressed by NKP and while 1d2 is
expressed during all NK cell stages, 1d3 expression decreases at later stages. Compensation
by Id3 might explain why mature NK cells are reduced 10-fold in the absence of Id2 whereas
NKP develop normally [60]. The hypothesis that the absence of Id function led to increased E
protein activity was supported by the finding that deletion of E2A in Id2”" mice restored
peripheral NK cell numbers [60]. However, these ‘rescued” NK cells were still
phenotypically and functionally immature. How E protein activity impacts on mature NK cell
functions remains to be determined.

Several TFs appear to be implicated in the maturation of NK cells in the BM and in the
migration to and maintenance of NK cells in the periphery. These include T-bet and Eomes
(Eomesodermin) that are two members of the family of T-box binding proteins, as well as the
TFs GATA-3 and IRF-2 [58]. In the absence of any of these different TFs, the numbers of
BM NK cells are normal [61-64]. In contrast, peripheral NK cells in T-bet”” mice are reduced,
whereas splenic NK cells in IRF-2"" mice and liver NK cells in absence of GATA-3 are
reduced. Moreover, the NK cells found in the periphery of these mice appear immature as
they display reduced expression of CD11b and CD43. In the absence of GATA-3, the
repertoire of Ly49 molecules also appears disturbed. This immaturity appears also to be
reflected by selective functional capacities of NK cells from these mutant mice. NK cells
from all of these mice show an impaired production of IFN-y upon stimulation, whereas NK
cells from T-bet”" also demonstrate decreased cytotoxic activity. The similar phenotypic and
functional defects of GATA-3, T-bet and IRF-2-deficient NK cells suggests that these
different TFs act in parallel or in a cascading fashion [58]. Nevertheless, clear molecular
targets of these TFs that could provide a molecular mechanism to account for these
deficiencies have not yet been clearly identified.

Soluble Factors

Several soluble factors (growth factors, cytokines, TNF superfamily members) have been
implicated in NK cell development and homeostasis. While the mechanism of action for
some of these soluble factors is known (promoting cell survival or proliferation), in other
cases the mechanism is not clearly defined. For example, lymphotoxin-o. appears important at
multiple stages of NK cell differentiation [65], although it is not clear whether it directly acts
on developing NK cell precursors or on the cellular elements of the microenvironment.
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Common gamma chain (y.)-dependent cytokines are essential for lymphocyte
homeostasis and are critical for generating a normal NK cell pool in both mice and men. In
the absence of ., NK cells are often considered ‘lacking’ since their steady-state numbers are
reduced by 1000-fold [20]. y. cytokines include interleukins (IL)-2, -4, -7, -9, -15, and -21
and analysis of mice deficient in the IL-15 pathway have demonstrated that this y. cytokine is
the dominant factor controlling NK cell development, homeostasis and activation [20, 66-69].
Three subunits of the IL-15 receptor are identified, including IL-15Ra, CD122 (IL-2Rf
common to IL-2 and IL-15), and y.. The mechanism of IL-15 action is unusual in that IL-15
is ‘presented’ in ‘trans’ by cells via the IL-15Ra chain to IL-15-responsive cells that respond
via the CD122/y, complex [70]. Several different cell types co-ordinately express IL-15 and
IL-15Ra, including both hematopoietic (DC, macrophages) and non-hematopoietic
(epithelial, muscle) lineages. These IL-15" cells play an important role in the development
and homeostasis of NK cells [71]. Of IL-15 ‘presenting’ cells, only DCs have been shown to
prime resting NK cells, and this has been proposed as an essential step for NK cells activation
during immune responses [69, 72].

Mice deficient in IL-15 show a similarly strong reduction in immature and mature NK
cell numbers as y.-deficient mice. Nevertheless, both these mutant mice harbour normal
numbers of NKPs, suggesting that commitment of hematopoietic precursors to the NK
lineage and generation of NKPs is not driven by y.-dependent cytokines [20]. Nevertheless,
IL-15 appears critical in driving further NK cell development and differentiation from NKPs,
at least within the BM microenvironment.

So far, no single soluble factor has been identified that is essential for the development of
NKP in vivo. This includes those cytokines that appear necessary for the generation of NK
cells from hematopoietic precursors in vitro (stem cell factor, Flt3-ligand, IL-7, and IL-15;
[73]. Nevertheless, NK cells developing in vivo in the absence of CD117 [74], or in the
absence of Flt3-ligand [75] demonstrate incomplete defects in NK cell homeostasis and
function.

NK Cell Development at Different Tissue
Sites: Thymus

Although the presence of NK cells within the thymus has been acknowledged for some
time [76], it was only recently recognized that the vast majority of thymic NK cells appear
phenotypically and functionally distinct from NK cells found in other tissues [77]. Thymic
NK cells can be distinguished by their uniform, strong CD127 (IL-7Ra) expression.
Furthermore, thymic NK cells are enriched in CD27"CD11b" cells that have little or no
expression of CD43 and KLRG-1, and bear few (if any) Ly49 molecules. A large subset
(30%) of lymph node NK cells share the ‘thymic’ NK cell phenotype, and it has been shown
that thymic NK cells can be exported to peripheral tissues, including the LN [77]. CD127"
NK cells can be detected in lower frequency (around 5%) in spleen, BM and liver.

Thymic NK cells share some phenotypic similarities with iNK cells in the BM and
likewise demonstrate a reduced cytotoxic activity towards typical NK cell targets in vitro.
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Nevertheless — and unlike iNK cells — thymic NK cells have an increased capacity to secrete
cytokines such as IFN-y, GM-CSF, and TNF-o following stimulation in vitro. Their
developmental requirements also clearly distinguish thymic NK cells from BM-derived NK
cells. In addition to their dependence on an intact thymus, the cytokine IL-7, and the TF
GATA-3 are essential for thymic NK cell development [77]. It remains to be shown whether
GATA-3 is required for transcriptional activation of the CD127 locus in thymic NK cell
progenitors.

The developmental origins of thymic NK cells remain poorly defined [78]. It has been
hypothesized that uncommitted T cell precursors within the early thymocyte compartment
(including CD4'CD8" double-negative (DN)1 and DN2 subsets) that have been previously
shown to have NK cell potential may represent the cellular substrate for thymic NK cell
development, but other hematopoietic populations that are present in the thymus (including
HSC, ETP, or NKP) may also provide precursors. There is no strict rule that thymic NK cells
(or developing NK cells at other sites) should derive from a single precursor population. In
addition, one can postulate that particular phenotypic and functional repertoires of NK cells
in different tissue sites might be imposed by local environmental cues. Still, the local
molecular signals that dictate and promote NK cell development within distinct tissue sites
remain to be identified.

Interestingly, thymic CD127" NK cells in mice bear some functional characteristics with
the CD56" subset of human NK cells : both express CD127, GATA-3 and show little or
expression of inhibitory or activating MHC class I-specific receptors [77]. Moreover, both
CD127" mouse NK cells and human CD56™ NK cells are enriched in the LN, suggesting that
a proportion of human CD56™ NK cells might have its origins in the thymus. While the
functional roles for thymus- versus BM-derived NK cells remain to be defined, their co-
existence in secondary lymphoid tissues would suggest that their different functional
capacities might serve unique roles during immune responses.

NK Cell Development at Different Tissue Sites:
Lymph Nodes

Lymph nodes contain NK cells derived from the bone marrow (70-90%) and from the
thymus (10-30%). CD127" NK cells in the LN display the same phenotype and the same
functions (at least in terms of cytokine production and cytotoxicity) as NK cells in the
thymus. Thus, a fraction of the CD127" NK cells in the LN are actually thymus-derived [77].
However, recent evidence suggests that DN1 and DN2 early thymocyte precursors can also
be identified in the LN [79], suggesting that CD127" NK cells in the LN might not only be
derived from the thymus but also develop directly in situ from LN precursors. Similar
findings in humans suggest a local developmental process in the LN for generating the
CD56™ NK cell subset [80]. Still, thymus- and LN-derived NK cell developmental pathways
need not be mutually exclusive.

During inflammatory responses, NK cell subsets that express high levels of CD27 are
strongly recruited to LN. Using adoptive transfer of Toll-like receptor (TLR)-stimulated DC,
it was shown that this process was IFN-y-dependent [81]. However, since CD27" NK cells



Development of Natural Killer Cell Diversity 195

are normally enriched in LN [49], a DC-IFN-y loop may also be involved in the predominant
localization of CD27" NK cells in LN under steady-state conditions. If so, this might
represent the consequence of continual ‘physiologic’ immune stimulation that occurs in
response to environmental antigens.

Interestingly, thymus-derived CD127" NK cells also express CD27 but only low levels of
CD11b. As such, they contribute to the predominance of CD27" NK cells in the LN. Whether
or not these cells are also recruited during inflammatory responses has not been addressed.
However, at least under steady-state conditions, thymus-derived NK cells are not (or only at
very low frequency) present in the blood.

Another interesting feature of LN (and BM) NK cells is their ability to express MHC
class II molecules. Around 20-30% of NK cells in this tissues express class Il under steady-
state conditions and this frequency increases after TLR stimulation [55, 56]. In contrast, NK
cells from the spleen — either naive or activated — fail to express MHC class 1I molecules.
Thus, the functional relevance of MHC II expression by NK cells remains curious. It has
been shown that MHC II" NK cells can stimulate naive CD4 T cells to proliferate in vitro
(albeit much less efficiently than CD11c¢™ DCs). However, it is not clear whether this occurs
in vivo and, if so, with what consequences.

NK Cell Development at Different Tissue Sites:
Intestinal Tract

In the intestinal tract, a coordinated system of hematopoietic and non-hematopoietic cell
types works in concert to provide mucosal immune defence. Epithelial cells separate the gut
lumen harbouring commensal micro-organisms from the body, and elaborate anti-microbial
peptides, cytokines and chemokines that recruit and activate hematopoieitic cells. Intestinal
dendritic cells (DC) extend trans-epithelial dendrites into the intestinal lumen and sample its
contents for signs of infection, whereas specialized M cells provide Peyers’ patch DC with
gut antigens to initiate adaptive IgA-dominated immune responses. Whereas NK cells have
been documented in the intestinal mucosa [82, 83], the developmental pathways that generate
gut NK cells and the biological roles for intestinal NK cells in the intestine are not
understood. NK cells, by virtue of their rapid cytokine response, might play an important role
in intestinal immunity by interfacing with intestinal DC to regulate immune responses.
Alternatively, NK cells may eliminate stressed or infected cells within the intestinal lamina
propria or epithelium. Finally, intestinal NK cells may contribute to the maintenance of
epithelial homeostasis through novel, and perhaps, atypical mechanisms.

We recently characterized distinct subsets of intestinal lymphocytes that expressed the
natural cytotoxicity receptor NKp46 [84]. NKp46 has been shown to be highly and
specifically expressed in immature and mature NK cells in both mouse and man [22, 85].
Surprisingly, a substantial subset of NKp46" cells in the intestine lacked perforin and did not
transcribe IFN-y, and thus bore little functional resemblance to classical NK cells. In contrast,
these NKp46" cells expressed the nuclear hormone receptor retinoic acid receptor-related
orphan receptor gamma t (RORyt) and interleukin (IL)-22 in response to local micro-
environmental signals and were involved in immune defence against the pathogen
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Citrobacter rodentium [84]. The fact that intestinal NKp46" cells have little in common with
‘classical’ NK cells in terms of phenotype (lacking NK1.1, Ly49, CD11b, CD27 expression)
or function (absence of cytolytic capacity, poor IFN-y secretion, IL-22 expression) cautions
the use of CD3'NKp46" cells as a ‘universal definition” of NK cells [86].

Rather, these observations suggest that an intestinal ‘niche’ conditions the differentiation
of diverse NKp46" cell subsets that appear to play a role in mucosal immunity. What is clear
is that NKp46" cells within the intestine possess properties that are distinct from NKp46"
cells found in other tissues. IL-22 can stimulate epithelial cells to promote secretion of anti-
microbial proteins (B-defensins, Reglll family members and lipocalin 2) that reinforce
mucosal barrier function [87]. The absence of IL-22 production in mice lacking intestinal
NKp46" cells [84] results in diminished resistance to enteric pathogens and strongly suggests
that these innate lymphocytes are involved in a ‘cross-talk’ that promotes epithelial cell
homeostasis. Accordingly, RegllIf and Regllly transcripts are strongly reduced in epithelial
cells from mice lacking intestinal NKp46" cells (unpublished observations), and while these
mice still maintain the capacity to restrict entry of commensal microflora, their susceptibility
to pathogenic micro-organisms is accentuated. In this way, intestinal NKp46" cells provide a
form of ‘pre-emptive’ immune defence that operates indirectly through strengthening of the
epithelial barrier.

Conclusion

We clearly still have much to learn about the developmental pathways and biological
roles for diverse NK cells that have been described in both mouse and man. Several
outstanding issues that need to be addressed include the identification of the environmental
signals that act on hematopoietic precursors to induce particular properties of NKp46" cell
subsets. Are their unique signals that are delivered in the thymus, bone marrow or intestine?
Do the same precursors circulate throughout all tissues? Or do unique precursors seed
particular tissues to develop into distinct subsets? Can NK cells complete their differentiation
following their initial development in a given tissue? NK cells (or maybe it is more accurate
to speak of NKp46" cells) could exhibit some flexibility in their developmental potentials.

Similarly, we are only beginning to learn what are the biological roles for diverse
NKp46© cell subsets. Beyond their classical definition as ‘killers’, NKp46" cells can be
viewed as cytokine producers that amplify inflammation (IFN-y, TNF-a) but also act in the
arena of tissue remodelling and homeostasis (IL-22). NKp46' cells may therefore subserve
both ‘reactive’ but also ‘pre-emptive’ immune functions. Future studies should also address
the specificity of immune functions for NKp46" cells versus their redundant roles with other
innate lymphocytes (y0 T cells, NK-T cells) that show rapid reactivity.

Acknowledgments

Supported by grants from the Institut Pasteur, the Institut National de la Santé et de la
Recherche Médicale (Inserm), the Ligue National contre le Cancer (“Equipe Labelisé”), and



Development of Natural Killer Cell Diversity 197

the Bill and Melinda Gates Foundation through the Grand Challenges in Global Health
Initiative.

(1]

(2]

(3]

(4]

[3]

[11]

[12]
[13]

[14]

References

Rosenberg, E. B., McCoy, J. L., Green, S. S., Donnelly, F. C., Siwarski, D. F., Levine,
P. H. and Herberman, R. B., Destruction of human lymphoid tissue-culture cell lines by
human peripheral lymphocytes in 51Cr-release cellular cytotoxicity assays. J Natl
Cancer Inst 1974. 52: 345-352.

Herberman, R. B., Nunn, M. E., Holden, H. T. and Lavrin, D. H., Natural cytotoxic
reactivity of mouse lymphoid cells against syngeneic and allogeneic tumors. II.
Characterization of effector cells. Int J Cancer 1975. 16: 230-239.

Kiessling, R., Klein, E., Pross, H. and Wigzell, H., "Natural" killer cells in the mouse.
II. Cytotoxic cells with specificity for mouse Moloney leukemia cells. Characteristics
of the killer cell. Eur J Immunol 1975. 5: 117-121.

Kiessling, R., Klein, E. and Wigzell, H., "Natural" killer cells in the mouse. I.
Cytotoxic cells with specificity for mouse Moloney leukemia cells. Specificity and
distribution according to genotype. Eur J Immunol 1975. 5: 112-117.

Karre, K., Ljunggren, H. G., Piontek, G. and Kiessling, R., Selective rejection of H-2-
deficient lymphoma variants suggests alternative immune defence strategy. Nature
1986. 319: 675-678.

Ykoyama, W. M., Recognition structures on natural killer cells. Curr Opin Immunol
1993. 5: 67-73.

Raulet, D. H., Roles of the NKG2D immunoreceptor and its ligands. Nat Rev Immunol
2003. 3: 781-790.

Raulet, D. H., Recognition events that inhibit and activate natural killer cells. Curr
Opin Immunol 1996. 8: 372-377.

Biron, C. A. and Brossay, L., NK cells and NKT cells in innate defense against viral
infections. Curr Opin Immunol 2001. 13: 458-464.

Hengel, H., Reusch, U., Gutermann, A., Ziegler, H., Jonjic, S., Lucin, P. and
Koszinowski, U. H., Cytomegaloviral control of MHC class I function in the mouse.
Immunol Rev 1999. 168: 167-176.

Maroof, A., Beattie, L., Zubairi, S., Svensson, M., Stager, S. and Kaye, P. M.,
Posttranscriptional regulation of 1110 gene expression allows natural killer cells to
express immunoregulatory function. Immunity 2008. 29: 295-305.

Shi, F. D., Ljunggren, H. G. and Sarvetnick, N., Innate immunity and autoimmunity:
from self-protection to self-destruction. Trends Immunol 2001. 22: 97-101.

Di Santo, J. P., Functionally distinct NK-cell subsets: Developmental origins and
biological implications. Eur J Immunol 2008. 38: 2948-2951.

Di Santo, J. P., Colucci, F. and Guy-Grand, D., Natural killer and T cells of innate and
adaptive immunity: lymphoid compartments with different requirements for common
gamma chain-dependent cytokines. Immunol Rev 1998. 165: 29-38.



198

Christian A.J. Vosshenrich, Nicholas D. Huntington, Vera S.G. Ribeiro et al.

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]
[27]

Huntington, N. D., Vosshenrich, C. A. and Di Santo, J. P., Developmental pathways
that generate natural-killer-cell diversity in mice and humans. Nat Rev Immunol 2007.
7:703-714.

Fernandez, N. C., Treiner, E., Vance, R. E., Jamieson, A. M., Lemicux, S. and Raulet,
D. H., A subset of natural killer cells achieves self-tolerance without expressing
inhibitory receptors specific for self-MHC molecules. Blood 2005. 105: 4416-4423.
Anfossi, N., Andre, P., Guia, S., Falk, C. S., Roetynck, S., Stewart, C. A., Breso, V.,
Frassati, C., Reviron, D., Middleton, D., Romagne, F., Ugolini, S. and Vivier, E.,
Human NK cell education by inhibitory receptors for MHC class 1. Immunity 2006. 25:
331-342.

Kim, S., Poursine-Laurent, J., Truscott, S. M., Lybarger, L., Song, Y. J., Yang, L.,
French, A. R., Sunwoo, J. B., Lemieux, S., Hansen, T. H. and Yokoyama, W. M.,
Licensing of natural killer cells by host major histocompatibility complex class I
molecules. Nature 2005. 436: 709-713.

Rosmaraki, E. E., Douagi, 1., Roth, C., Colucci, F., Cumano, A. and Di Santo, J. P,
Identification of committed NK cell progenitors in adult murine bone marrow. Eur J
Immunol 2001. 31: 1900-1909.

Vosshenrich, C. A., Ranson, T., Samson, S. I., Corcuff, E., Colucci, F., Rosmaraki, E.
E. and Di Santo, J. P., Roles for common cytokine receptor gamma-chain-dependent
cytokines in the generation, differentiation, and maturation of NK cell precursors and
peripheral NK cells in vivo. J Immunol 2005. 174: 1213-1221.

Pessino, A., Sivori, S., Bottino, C., Malaspina, A., Morelli, L., Moretta, L., Biassoni, R.
and Moretta, A., Molecular cloning of NKp46: a novel member of the immunoglobulin
superfamily involved in triggering of natural cytotoxicity. J Exp Med 1998. 188: 953-
960.

Sivori, S., Vitale, M., Morelli, L., Sanseverino, L., Augugliaro, R., Bottino, C.,
Moretta, L. and Moretta, A., p46, a novel natural killer cell-specific surface molecule
that mediates cell activation. J Exp Med 1997. 186: 1129-1136.

Lopez-Botet, M., Llano, M., Navarro, F. and Bellon, T., NK cell recognition of non-
classical HLA class I molecules. Semin Immunol 2000. 12: 109-119.

Vance, R. E., Kraft, J. R., Altman, J. D., Jensen, P. E. and Raulet, D. H., Mouse
CD94/NKG2A is a natural killer cell receptor for the nonclassical major
histocompatibility complex (MHC) class I molecule Qa-1(b). J Exp Med 1998. 188:
1841-1848.

Vance, R. E., Jamieson, A. M. and Raulet, D. H., Recognition of the class Ib molecule
Qa-1(b) by putative activating receptors CD94/NKG2C and CD94/NKG2E on mouse
natural killer cells. J Exp Med 1999. 190: 1801-1812.

Lanier, L. L., NK cell receptors. Annu Rev Immunol 1998. 16: 359-393.

Shiow, L. R., Rosen, D. B., Brdickova, N., Xu, Y., An, J., Lanier, L. L., Cyster, J. G.
and Matloubian, M., CD69 acts downstream of interferon-alpha/beta to inhibit S1P1
and lymphocyte egress from lymphoid organs. Nature 2006. 440: 540-544.

Raulet, D. H. and Vance, R. E., Self-tolerance of natural killer cells. Nat Rev Immunol
2006. 6: 520-531.



Development of Natural Killer Cell Diversity 199

[29]

[30]

[31]

[32]

[33]

[34]

[39]

[40]

[41]

[42]

Johansson, S., Johansson, M., Rosmaraki, E., Vahlne, G., Mehr, R., Salmon-Divon, M.,
Lemonnier, F., Karre, K. and Hoglund, P., Natural killer cell education in mice with
single or multiple major histocompatibility complex class I molecules. J Exp Med 2005.
201: 1145-1155.

Held, W., Cado, D. and Raulet, D. H., Transgenic expression of the Ly49A natural
killer cell receptor confers class I major histocompatibility complex (MHC)-specific
inhibition and prevents bone marrow allograft rejection. J Exp Med 1996. 184: 2037-
2041.

Held, W. and Mariuzza, R. A., Cis interactions of immunoreceptors with MHC and
non-MHC ligands. Nat Rev Immunol 2008. 8: 269-278.

Carlyle, J. R., Jamieson, A. M., Gasser, S., Clingan, C. S., Arase, H. and Raulet, D. H.,
Missing self-recognition of Ocil/Clr-b by inhibitory NKR-P1 natural killer cell
receptors. Proc Natl Acad Sci U S A 2004. 101: 3527-3532.

Lanier, L. L., Up on the tightrope: natural killer cell activation and inhibition. Nat
Immunol 2008. 9: 495-502.

Colucci, F., Schweighoffer, E., Tomasello, E., Turner, M., Ortaldo, J. R., Vivier, E.,
Tybulewicz, V. L. and Di Santo, J. P., Natural cytotoxicity uncoupled from the Syk and
ZAP-70 intracellular kinases. Nat Immunol 2002. 3: 288-294.

Sun, J. C. and Lanier, L. L., Tolerance of NK cells encountering their viral ligand
during development. J Exp Med 2008. 205: 1819-1828.

Tripathy, S. K., Keyel, P. A., Yang, L., Pingel, J. T., Cheng, T. P., Schneeberger, A.
and Yokoyama, W. M., Continuous engagement of a self-specific activation receptor
induces NK cell tolerance. J Exp Med 2008. 205: 1829-1841.

Guerra, N., Tan, Y. X., Joncker, N. T., Choy, A., Gallardo, F., Xiong, N., Knoblaugh,
S., Cado, D., Greenberg, N. M. and Raulet, D. H., NKG2D-deficient mice are defective
in tumor surveillance in models of spontaneous malignancy. Immunity 2008. 28: 571-
580.

Upshaw, J. L., Arneson, L. N., Schoon, R. A., Dick, C. J., Billadeau, D. D. and
Leibson, P. J., NKG2D-mediated signaling requires a DAP10-bound Grb2-Vavl
intermediate and phosphatidylinositol-3-kinase in human natural killer cells. Nat
Immunol 2006. 7: 524-532.

Gilfillan, S., Ho, E. L., Cella, M., Yokoyama, W. M. and Colonna, M., NKG2D recruits
two distinct adapters to trigger NK cell activation and costimulation. Nature Immunol.
2002. 3: 1150-1155.

Diefenbach, A., Tomasello, E., Lucas, M., Jamieson, A. M., Hsia, J. K., Vivier, E. and
Raulet, D. H., Selective associations with signaling proteins determine stimulatory
versus costimulatory activity of NKG2D. Nature Immunol. 2002. 3: 1142-1149.
Oppenheim, D. E., Roberts, S. J., Clarke, S. L., Filler, R., Lewis, J. M., Tigelaar, R. E.,
Girardi, M. and Hayday, A. C., Sustained localized expression of ligand for the
activating NKG2D receptor impairs natural cytotoxicity in vivo and reduces tumor
immunosurveillance. Nat Immunol 2005. 6: 928-937.

Stepp, S. E., Schatzle, J. D., Bennett, M., Kumar, V. and Mathew, P. A., Gene structure
of the murine NK cell receptor 2B4: presence of two alternatively spliced isoforms with
distinct cytoplasmic domains. Eur J Immunol 1999. 29: 2392-2399.



200

Christian A.J. Vosshenrich, Nicholas D. Huntington, Vera S.G. Ribeiro et al.

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Schatzle, J. D., Sheu, S., Stepp, S. E., Mathew, P. A., Bennett, M. and Kumar, V.,
Characterization of inhibitory and stimulatory forms of the murine natural killer cell
receptor 2B4. Proc Natl Acad Sci U S A 1999. 96: 3870-3875.

Veillette, A., Immune regulation by SLAM family receptors and SAP-related adaptors.
Nat Rev Immunol 2006. 6: 56-66.

Engel, P., Eck, M. J. and Terhorst, C., The SAP and SLAM families in immune
responses and X-linked lymphoproliferative disease. Nat Rev Immunol 2003. 3: 813-
821.

Lee, K. M., Forman, J. P., McNerney, M. E., Stepp, S., Kuppireddi, S., Guzior, D.,
Latchman, Y. E., Sayegh, M. H., Yagita, H., Park, C. K., Oh, S. B., Wulfing, C.,
Schatzle, J., Mathew, P. A., Sharpe, A. H. and Kumar, V., Requirement of homotypic
NK-cell interactions through 2B4(CD244)/CD48 in the generation of NK effector
functions. Blood 2006. 107: 3181-3188.

Taniguchi, R. T., Guzior, D. and Kumar, V., 2B4 inhibits NK-cell fratricide. Blood
2007. 110: 2020-2023.

Kim, S., lizuka, K., Kang, H. S., Dokun, A., French, A. R., Greco, S. and Yokoyama,
W. M., In vivo developmental stages in murine natural killer cell maturation. Nat
Immunol 2002. 3: 523-528.

Hayakawa, Y. and Smyth, M. J., CD27 dissects mature NK cells into two subsets with
distinct responsiveness and migratory capacity. J Immunol 2006. 176: 1517-1524.
Huntington, N. D., Tabarias, H., Fairfax, K., Brady, J., Hayakawa, Y., Degli-Esposti,
M. A., Smyth, M. J., Tarlinton, D. M. and Nutt, S. L., NK cell maturation and
peripheral homeostasis is associated with KLRG1 up-regulation. J Immunol 2007. 178:
4764-4770.

Hayakawa, Y., Huntington, N. D., Nutt, S. L. and Smyth, M. J., Functional subsets of
mouse natural killer cells. Immunol Rev 2006. 214: 47-55.

Chan, C. W., Crafton, E., Fan, H. N., Flook, J., Yoshimura, K., Skarica, M., Brockstedt,
D., Dubensky, T. W., Stins, M. F., Lanier, L. L., Pardoll, D. M. and Housseau, F.,
Interferon-producing killer dendritic cells provide a link between innate and adaptive
immunity. Nat Med 2006. 12: 207-213.

Taieb, J., Chaput, N., Menard, C., Apetoh, L., Ullrich, E., Bonmort, M., Pequignot, M.,
Casares, N., Terme, M., Flament, C., Opolon, P., Lecluse, Y., Metivier, D., Tomasello,
E., Vivier, E., Ghiringhelli, F., Martin, F., Klatzmann, D., Poynard, T., Tursz, T.,
Raposo, G., Yagita, H., Ryffel, B., Kroemer, G. and Zitvogel, L., A novel dendritic cell
subset involved in tumor immunosurveillance. Nat Med 2006. 12: 214-219.

Caminschi, 1., Ahmet, F., Heger, K., Brady, J., Nutt, S. L., Vremec, D., Pietersz, S.,
Lahoud, M. H., Schofield, L., Hansen, D. S., O'Keeffe, M., Smyth, M. J., Bedoui, S.,
Davey, G. M., Villadangos, J. A., Heath, W. R. and Shortman, K., Putative IKDCs are
functionally and developmentally similar to natural killer cells, but not to dendritic
cells. J Exp Med 2007. 204: 2579-2590.

Blasius, A. L., Barchet, W., Cella, M. and Colonna, M., Development and function of
murine B220+CD11c+NKI1.1+ cells identify them as a subset of NK cells. J Exp Med
2007. 204: 2561-2568.



Development of Natural Killer Cell Diversity 201

[56]

[57]
[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

Vosshenrich, C. A., Lesjean-Pottier, S., Hasan, M., Richard-Le Goff, O., Corcuff, E.,
Mandelboim, O. and Di Santo, J. P., CD11cloB220+ interferon-producing Kkiller
dendritic cells are activated natural killer cells. J Exp Med 2007. 204: 2569-2578.
Vosshenrich, C. A., Samson-Villeger, S. I. and Di Santo, J. P., Distinguishing features
of developing natural killer cells. Curr Opin Immunol 2005. 17: 151-158.

Di Santo, J. P., Natural killer cell developmental pathways: a question of balance. Annu
Rev Immunol 2006. 24: 257-286.

Yokota, Y., Mansouri, A., Mori, S., Sugawara, S., Adachi, S., Nishikawa, S. and Gruss,
P., Development of peripheral lymphoid organs and natural killer cells depends on the
helix-loop-helix inhibitor Id2. Nature 1999. 397: 702-706.

Boos, M. D., Yokota, Y., Eberl, G. and Kee, B. L., Mature natural killer cell and
lymphoid tissue-inducing cell development requires Id2-mediated suppression of E
protein activity. J Exp Med 2007. 204: 1119-1130.

Lohoff, M., Duncan, G. S., Ferrick, D., Mittrucker, H. W., Bischof, S., Prechtl, S.,
Rollinghoff, M., Schmitt, E., Pahl, A. and Mak, T. W., Deficiency in the transcription
factor interferon regulatory factor (IRF)-2 leads to severely compromised development
of natural killer and T helper type 1 cells. J Exp Med 2000. 192: 325-336.

Samson, S. I., Richard, O., Tavian, M., Ranson, T., Vosshenrich, C. A., Colucci, F.,
Buer, J., Grosveld, F., Godin, 1. and Di Santo, J. P., GATA-3 Promotes Maturation,
IFN-gamma Production, and Liver-Specific Homing of NK Cells. Immunity 2003. 19:
701-711.

Townsend, M. J., Weinmann, A. S., Matsuda, J. L., Salomon, R., Farnham, P. J., Biron,
C. A., Gapin, L. and Glimcher, L. H., T-bet regulates the terminal maturation and
homeostasis of NK and Valphal4i NKT cells. Immunity 2004. 20: 477-494.

Taki, S., Nakajima, S., Ichikawa, E., Saito, T. and Hida, S., IFN regulatory factor-2
deficiency revealed a novel checkpoint critical for the generation of peripheral NK
cells. J Immunol 2005. 174: 6005-6012.

lizuka, K., Chaplin, D. D., Wang, Y., Wu, Q., Pegg, L. E., Yokoyama, W. M. and Fu,
Y. X., Requirement for membrane lymphotoxin in natural killer cell development. Proc
Natl Acad Sci U S A 1999. 96: 6336-6340.

Kennedy, M. K., Glaccum, M., Brown, S. N., Butz, E. A., Viney, J. L., Embers, M.,
Matsuki, N., Charrier, K., Sedger, L., Willis, C. R., Brasel, K., Morrissey, P. J.,
Stocking, K., Schuh, J. C., Joyce, S. and Peschon, J. J., Reversible defects in natural
killer and memory CD8 T cell lineages in interleukin 15-deficient mice. J Exp Med
2000. 191: 771-780.

Ranson, T., Vosshenrich, C. A., Corcuff, E., Richard, O., Laloux, V., Lehuen, A. and
Di Santo, J. P., IL-15 availability conditions homeostasis of peripheral natural killer T
cells. Proc Natl Acad Sci U S A 2003. 100: 2663-2668.

Jamieson, A. M., Isnard, P., Dorfman, J. R., Coles, M. C. and Raulet, D. H., Turnover
and proliferation of NK cells in steady state and lymphopenic conditions. J Immunol
2004. 172: 864-870.

Lucas, M., Schachterle, W., Oberle, K., Aichele, P. and Diefenbach, A., Dendritic cells
prime natural killer cells by trans-presenting interleukin 15. Immunity 2007. 26: 503-
517.



202

Christian A.J. Vosshenrich, Nicholas D. Huntington, Vera S.G. Ribeiro et al.

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]
[79]

[80]

Dubois, S., Mariner, J., Waldmann, T. A. and Tagaya, Y., IL-15Ralpha recycles and
presents IL-15 In trans to neighboring cells. Immunity 2002. 17: 537-547.

Koka, R., Burkett, P. R., Chien, M., Chai, S., Chan, F., Lodolce, J. P., Boone, D. L. and
Ma, A., Interleukin (IL)-15R[alpha]-deficient natural killer cells survive in normal but
not IL-15R[alpha]-deficient mice. J Exp Med 2003. 197: 977-984.

Koka, R., Burkett, P., Chien, M., Chai, S., Boone, D. L. and Ma, A., Cutting edge:
murine dendritic cells require IL-15R alpha to prime NK cells. J Immunol 2004. 173:
3594-3598.

Williams, N. S., Moore, T. A., Schatzle, J. D., Puzanov, 1. J., Sivakumar, P. V., Zlotnik,
A., Bennett, M. and Kumar, V., Generation of lytic natural killer 1.1+, Ly-49- cells
from multipotential murine bone marrow progenitors in a stroma-free culture:
definition of cytokine requirements and developmental intermediates. J Exp Med 1997.
186: 1609-1614.

Colucci, F. and Di Santo, J. P., The receptor tyrosine kinase c-kit provides a critical
signal for survival, expansion, and maturation of mouse natural killer cells. Blood 2000.
95: 984-991.

McKenna, H. J., Stocking, K. L., Miller, R. E., Brasel, K., De Smedt, T., Maraskovsky,
E., Maliszewski, C. R., Lynch, D. H., Smith, J., Pulendran, B., Roux, E. R., Teepe, M.,
Lyman, S. D. and Peschon, J. J., Mice lacking fIt3 ligand have deficient hematopoiesis
affecting hematopoietic progenitor cells, dendritic cells, and natural killer cells. Blood
2000. 95: 3489-3497.

Garni-Wagner, B. A., Witte, P. L., Tutt, M. M., Kuziel, W. A., Tucker, P. W., Bennett,
M. and Kumar, V., Natural killer cells in the thymus. Studies in mice with severe
combined immune deficiency. J Immunol 1990. 144: 796-803.

Vosshenrich, C. A., Garcia-Ojeda, M. E., Samson-Villeger, S. 1., Pasqualetto, V.,
Enault, L., Richard-Le Goff, O., Corcuff, E., Guy-Grand, D., Rocha, B., Cumano, A.,
Rogge, L., Ezine, S. and Di Santo, J. P., A thymic pathway of mouse natural killer cell
development characterized by expression of GATA-3 and CD127. Nat Immunol 2006.
7:1217-1224.

Di Santo, J. P. and Vosshenrich, C. A., Bone marrow versus thymic pathways of natural
killer cell development. Immunol Rev 2006. 214: 35-46.

Veinotte, L. L., Halim, T. Y. and Takei, F., Unique subset of natural killer cells
develops from progenitors in lymph node. Blood 2008. 111: 4201-4208.

Freud, A. G., Becknell, B., Roychowdhury, S., Mao, H. C., Ferketich, A. K., Nuovo, G.
J., Hughes, T. L., Marburger, T. B., Sung, J., Baiocchi, R. A., Guimond, M. and
Caligiuri, M. A., A human CD34(+) subset resides in lymph nodes and differentiates
into CD56bright natural killer cells. Immunity 2005. 22: 295-304.

Watt, S. V., Andrews, D. M., Takeda, K., Smyth, M. J. and Hayakawa, Y., IFN-
gamma-dependent recruitment of mature CD27(high) NK cells to lymph nodes primed
by dendritic cells. J Immunol 2008. 181: 5323-5330.

Leon, F., Roldan, E., Sanchez, L., Camarero, C., Bootello, A. and Roy, G., Human
small-intestinal ~ epithelium contains functional natural killer lymphocytes.
Gastroenterology 2003. 125: 345-356.



Development of Natural Killer Cell Diversity 203

[83]

[84]

[85]

[86]

[87]

Tagliabue, A., Befus, A. D., Clark, D. A. and Bienenstock, J., Characteristics of natural
killer cells in the murine intestinal epithelium and lamina propria. J Exp Med 1982.
155: 1785-1796.

Satoh-Takayama, N., Vosshenrich, C. A. J., Lesjean-Pottier, S., Sawa, S., Lochner, M.,
Rattis, F., Mention, J.-J., Thiam, K., Cerf-Bensussan, N., Mandelboim, O., Eberl, G.
and Di Santo, J. P., Microbial Flora Drives Interleukin 22 Production in Intestinal
NKp46+ Cells that Provide Innate Mucosal Immune Defense. Immunity 2008. 29.
Biassoni, R., Pessino, A., Bottino, C., Pende, D., Moretta, L. and Moretta, A., The
murine homologue of the human NKp46, a triggering receptor involved in the
induction of natural cytotoxicity. Eur J Immunol 1999. 29: 1014-1020.

Wizer, T., Blery, M., Chaix, J., Fuseri, N., Chasson, L., Robbins, S. H., Jaeger, S.,
Andre, P., Gauthier, L., Daniel, L., Chemin, K., Morel, Y., Dalod, M., Imbert, J.,
Pierres, M., Moretta, A., Romagne, F. and Vivier, E., Identification, activation, and
selective in vivo ablation of mouse NK cells via NKp46. Proc Natl Acad Sci U S A
2007. 104: 3384-3389.

Zheng, Y., Valdez, P. A., Danilenko, D. M., Hu, Y., Sa, S. M., Gong, Q., Abbas, A. R,
Modrusan, Z., Ghilardi, N., de Sauvage, F. J. and Ouyang, W., Interleukin-22 mediates
early host defense against attaching and effacing bacterial pathogens. Nat Med 2008.
14: 282-289.






In: Cell Determination during Hematopoiesis ISBN 978-1-60741-733-0
Ed: Geoffrey Brown and Rhodri Ceredig © 2009 Nova Science Publishers, Inc.

Chapter 8

Thymic Epithelial Cell Development
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Abstract

The thymus is the primary lymphoid organ responsible for the lifelong generation of
T lymphocytes. The ability of the thymus to support T lymphocyte development is
intimately linked to specialised functions and architecture of thymic stromal cells, which
are mainly comprised of diverse subsets of thymic epithelial cells (TEC). It is the thymic
stromal cells that control the homing, expansion, maturation and selection of developing
T lymphocytes (thymocytes). While functional and developmental defects of the thymus
severely compromise the adaptive immune system and can cause life-threatening
immunodeficiency or autoimmunity, a limited understanding of the cellular and
molecular mediators of TEC development and function has hindered tissue engineering
of the thymus to correct such debilitating defects. Recent insights and new research
models have led to advances in understanding of both the origin and lineage relationships
of TECs. The identification of key genetic programs that are functional in thymus
development and maintenance has set the stage for elucidating mechanisms which may
allow control of TEC differentiation and function and support the development of
improved approaches for clinical management of immune disorders
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Introduction

Situated in the upper mediastinum, the thymus is the primary site for T lymphocyte
development (known as thympoiesis). It is the specialised structure and composition of the
thymus stroma which is key to this functional property [1, 2]. Through its unique stromal cell
environment, the thymus achieves two functions essential for the generation and maintenance
of the adaptive immune system: (i) the life-long generation of new T lymphocytes with a
diverse repertoire, and (ii) the production of regulatory T lymphocyte subsets, which are
essential for efficient immune function [3-5]. Thymus-dependent T lymphocytes are critical
mediators of the adaptive immune response and are essential for functional immunity to
bacteria, viruses and fungi as well as the maintenance of self-tolerance. The thymus functions
not only during the fetal and neonatal stages of development but importantly continues to
function and export new T lymphocytes throughout life, albeit at a progressively decreasing
rate from the post-natal period [6, 7].

The Role of the Thymus

As the thymus does not contain self renewing lymphoid precursor cells, thymus function
relies on a continual supply of blood borne, bone marrow derived T lymphocyte progenitors.
Once within the thymus stromal microenvironment, progenitor cells become restricted to the
T lymphocyte lineage and undergo an ordered maturational process of proliferation and
differentiation to subsequently give rise to a functionally and phenotypically mature T
lymphocyte population with an appropriately selected repertoire of antigen receptor
specificities [2]. The most important factor governing the developmental fate of thymocytes
is the random rearrangement of genes encoding the T cell receptor (TCR). It is through the
TCR that T lymphocytes recognize and are activated by foreign peptides in the context of
polymorphic major histocompatiblity complex (MHC) molecules, which are expressed by the
thymic stromal cells [8-10]. Thus, self-MHC:peptide complexes screen the specificity of the
TCR during the processes of positive and negative selection. These selection processes cause
the apoptosis of those thymocytes with “inappropriate” TCRs (approximately 98% of all
thymocytes) ensuring that only the T lymphocytes of potential use to the host are exported.
While commitment of lymphoid precursor cells to the T-lymphocyte lineage and limited
differentiation can be achieved using OP9 bone-marrow stromal cell lines transfected with
the Notch-ligand delta-like 1 or 4 (D114) [11], efficient generation of mature, fully functional
T lymphocytes is still only possible in cultures based on ex vivo thymus tissue [12-14].
Therefore it is the unique properties of the thymic stromal cells that are responsible for
efficient thymopoiesis.

As knowledge of T lymphocyte function has grown, so has interest in the mechanisms
regulating the development of these cells. An increased awareness of the role of the thymus
stroma as the primary mediators of thymopoiesis has sparked research into elucidating their
involvement in regulating thymus development. Understanding the composition and lineage
relationships between cells of the thymus stromal microenvironment, and importantly the
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mechanisms regulating the function of these cells, has potential clinical implications for both
transplantation immunology and for regenerative medicine. As such, the identification of
mechanisms by which the thymus tissue can be provided, replenished or functionally
enhanced may help clinicians rapidly and efficiently restore the T lymphocyte compartment
and greatly reduce the dangers associated with T cell lymphopenia.

Thymic Stromal Cells
Definition and Characterization

All non-hematopoietic cellular components of the thymus can be broadly characterised as
the thymus stroma. Irrespective of their origin and lineage, the typical feature of thymus
stroma cells is that they lack the pan-hematopoietic cell marker CD45. These stromal cells
constitute the indigenous microenvironment of the thymus, and together with hematopoietic
derived dendritic cells (DC), macrophages and B lymphocytes, they provide the supporting
three-dimensional matrix or scaffold on which thymocytes develop. The non-hematopoietic
thymus stroma itself is a heterogeneous population of cells: consisting of epithelial cells, as
well as various non-epithelial elements that include the thymus capsule and septae forming
connective tissue, endothelial cells that form the thymus vasculature, fibroblasts, neural crest
derived mesenchyme (NCC) and other mesenchymal elements.

In the mature thymus, separate anatomical regions including the subcapsular area, cortex
(outer region) and medulla (inner region) are readily identifiable in a structural organisation
that is well conserved throughout evolution. As such, the major component of the thymus
stroma, the TECs, which express MHC Class I, MHC Class II, EpCAM and intracellular
keratins, can be broadly classified as cortical (¢cTEC) or medullary (mTEC) based on
differential spatial arrangements as well as other morphological and antigenic properties (See
Figure 1).

On entry into the thymus and following interaction with DIl4-expressing TEC, T
lymphoid progenitor cells initiate their commitment to the T lymphocyte lineage [15, 16],
traffic to the outer regions of the thymus cortex and begin to express the afTCR and co-
receptors CD4, CD8 [2]. Newly generated CD4™*CD8"*® (double positive (DP)) thymocytes
interact via their TCR with the MHC:peptide complex that is expressed by cTEC and DCs in
the cortex and are selected for survival or death depending on the avidity of this interaction.
DP thymocytes that receive weak avidity TCR signals are induced to survive and continue
development into mature T lymphocytes. The differential kinetics of TCR interaction with
MHC determines whether DP thymocytes become either CD4™CD8™ (CD4) or CD4
Y*CD8"™* (CDS) single positive (SP) T lymphocytes [17, 18]. These processes of TCR-
mediated developmental progression of DP to SP thymocytes are referred to as positive
selection. By contrast, DP thymocytes that receive TCR signals with strong avidity are
instructed to die, a process termed negative selection. Positively selected thymocytes not only
survive and develop but also relocate to the medulla of the thymus, so that most SP
thymocytes accumulate there.
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Figure 1. Mature thymus structure and TEC characterization.

This migration is primarily regulated by the chemotaxis of CCR7-expressing, positively
selected thymocytes toward CCR7 ligands (CCL19 and CCL21) produced by mTECs [19,
20]. On entering the thymus medulla, positively selected semi-mature thymocytes further
interact with self-peptides displayed by mTECs, thymocytes and DCs. Thymic DCs, which
can efficiently present both endogenous and acquired peptides, are predominantly localised in
the medulla and are, at least in part, derived from the circulation and therefore can ferry
peptides into the thymus [21, 22].

It was initially thought that central tolerance induction via negative selection of auto-
reactive thymocytes covered only ubiquitous antigens, antigens specific for thymus cells and
peripheral self-antigens that have access to the thymus. However, it is now recognised that
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the scope of central tolerance is much more diverse, encompassing self-epitopes that
represent essentially all peripheral tissues. This insight emerged from the demonstration that
a myriad of genes classified as tissue-restricted, based on their cell type specific expression
pattern and function, are also transcribed in TEC. This phenomenon, termed promiscuous
gene expression, is a particular feature of mTEC [21]. The cellular and molecular regulation
of this partially unrestricted gene expression is still largely unknown. So far, only one
molecular regulator, the autoimmune regulator (Aire) has been identified, which directs
expression of a large subset (a few hundred) of promiscuously expressed genes. Consistent
with the pattern of promiscuous gene expression, the Aire protein is highly expressed in a
subset of mTECs, concomitant with induction of numerous Aire-dependent and -independent
tissue-restricted antigens (TRAs) [23, 24]. The interaction of positively selected thymocytes
in thymus medulla with a diverse set of self-peptides, including TRAs presented by mTECs
and DCs, is essential for establishing self-tolerance. Consequently, naive T lymphocytes with
a diverse yet self-tolerant repertoire are released by the thymus to the circulation via
sphingosine-1-phosphate receptor 1- (S1P1) dependent interactions [25]

The thymus is broadly divided into two regions, the cortex (C) and the medulla (M), each
of which contains several TEC subtypes. Upper portion of figure: In adults, blood borne
thymus settling progenitors (TSP) enter the thymus via vessels at the cotrico-medullary
junction [26] and begin a differentiation program, which is linked to migration through the
thymus stroma. Different thymocyte subsets are therefore found in spatially restricted regions
of the thymus in contact with different stromal cell microenvironments or niches.
Uncommitted progenitors ETPs are found close to the CMJ, where they are influenced by Flt-
3 ligand (FIt3L), interleukin-7 (IL-7), stem cell factor (SCF) and DII4 provided by the thymus
microenvironment. These cells undergo expansion and differentiate to CD4V°CD8™"* double-
negative (DN2) stage and subsequently have restricted lineage potential. T-lymphocyte
lineage commitment and the onset of TCR a-chain rearrangement occur in DN3 cells in the
subcapsular region followed by transition from DN to DP. DP cells then migrate back
through the cortex and, having differentiated into either CD4™° or CD8"® SP cell, into the
medulla. SP cells that have completed the differentiation program egress from the medulla to
the periphery. Lower portion of figure: Within each of the defined thymus regions TECs may
be categorised on the basis of antigenic properties. Immunohistochemical studies have
allowed the spatial arrangement of TECs to be characterised by the differential expression of
cytokeratins (K), adhesion molecules and lectin reactivity, with the majority of cTECs
expressing Ly51 and K8 (red) and mTECs UEA1 and K14 (green). Flow cytometric analysis
revealed that all TECs express EPCAM, MHC Class I and K8 (albeit at different levels).
Expression of Ly51 and binding of UEA1 lectin can be used to broadly define ¢cTECs and
mTECs, respectively. mTECs may be further characterised by expression of high levels of
MHCII and the accessory molecules CD40 and CD80. Aire expression is found exclusively
within the UEA1™°CD80™° mTECs. Aire expressing TECs demonstrate a differential
expression of K14, which suggests that intracellular keratin expression alone may not be an
accurate guide to identify mTEC subsets by flow cytometric analysis.
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Developmental Origins of the Thymic Epithelium

Thymus organogenesis requires a complex cascade of events involving reciprocal
interactions between adjacent tissues derived from different germ layers. As such the
developmental process is similar to that of other organs, and can be viewed as comprising
several distinct stages that must be carefully regulated and coordinated to ensure correct
organ formation. Identified stages of this developmental process include: positioning,
initiation, outgrowth and differentiation (reviewed in [27]) and results in the bilateral creation
of a thymus primordium that is able to attract fetal liver or bone marrow derived progenitors.
How the cells that form the lining of the foregut are induced to differentiate and acquire
competence to establish the initial thymus rudiment, and the molecular mechanisms that
direct their development along this pathway are key questions in the study of TEC biology.

Endodermal Origins

Throughout organogenesis, the endoderm gives rise to the digestive tract and also
contributes to the formation of the respiratory system, tympanic cavities, eustachian tubes and
the organs that branch from the main digestive tube. These organs include the thymus,
thyroid, parathyroids, ultimobrachial body, liver, pancreas, gall bladder and ceacum. In the
mouse, as soon as the definitive endoderm is formed at embryonic day (E) 6.5, certain genes
are expressed asymmetrically and are subsequently restricted to anterior regions of the
endoderm [28-30]. This regional differentiation is progressively refined, and by E9 several
transcription factors mark presumptive territories for the esophagus/stomach, liver,
pancreas/duodenum, small and large intestines [31-34].

Studies have shown however that while certain genes are located in subsets of the
endoderm, commitment of the endoderm to a regional fate or specific tissue lineage is not
fully determined at this stage. This suggests that a long term cross talk between endoderm
and mesoderm progressively commits endoderm cells to a specific fate. This commitment
may be in part mediated by the combination of growth factors produced by mesoderm
derived cells which are in close association with, and in part dependant on growth factors
provided by the developing endoderm, with fibroblast growth factors (FGF) implicated in this
process [35, 36]. This apparent discrepancy between fate determination and lineage
commitment has been observed in various tissues, highlighting the symbiotic relationship
between endoderm and mesoderm, a recurring theme throughout organogenesis.

Studies that have engrafted pharyngeal region endoderm of E8.5-E9 embryos under the
kidney capsule of nude mice have demonstrated that purified endoderm is sufficient to
generate functional thymus tissue, independent of a physical contribution from the
pharyngeal ectoderm [37]. This result indicates either that factors provided by the kidney
mesenchyme may be sufficient for thymus organogenesis to occur, or that at this early stage,
cells in the pharyngeal endoderm are already specified to enter the TEC lineage before overt
signs of thymus organogenesis. However no molecular markers have yet been identified in
the early endoderm that may be used to specifically distinguish definitive endodermal cells
specified to give rise to the thymus epithelium.
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The Cellular Basis of Thymus Organogenesis
Thymocyte Independent TEC Patterning

In order to establish the microenvironment necessary for thympoiesis, the epithelial
primordium of the thymus expands from a transient outpocketing of the pharyngeal
endoderm, the pharyngeal pouch. In mice, the epithelial-mesenchymal interaction between
the third pharyngeal pouch endoderm and NCC from the third and fourth branchial arches
creates a first visible parathyroid-thymus anlage as early as E10.5. At this stage each of the
bilateral primordia contains the precursors to one thymus lobe and one parathyroid gland
(reviewed in [27]).

Budding and outgrowth of the anlage is coincident with dorsal and ventral specification,
which may be identified by the onset of transcription factors Gem2 and Foxnl, which are
essential for parathyroid [38] and thymus development [39, 40], respectively. Foxnl, the gene
that is mutated in nude mice, is the earliest identified transcription factor in the pharyngeal
region that is specifically associated with and has an obligate and cell autonomous role in
TEC development [41]. Analysis of mice bearing a hypomorphic allele of Foxnl also
suggests an ongoing role for this transcription factor in the later stages of TEC maturation
and maintenance [42, 43]. As transplantation experiments suggest that the endoderm at ES8.5-
E9 is specified to a thymus fate before organ formation and Foxnl expression is detectible,
and no phenotype has been found in Foxnl mutants before E11.25, it is unlikely that Foxnl1 is
responsible for specifying thymus identity during initial organogenesis. As such, nude mice
do undergo the initial stages of thymus organogenesis, the primordium forms, but fails to
differentiate or be colonised by lymphocyte progenitors [44-47]. Therefore thymus
organogenesis may be separated into two phases. An early Foxnl-independent phase consists
of conversion of endoderm cells to a proto-differentiated state that culminates in TEC
specific protein expression (such as IL-7 [45]) and progenitor TEC (pTEC) specification. A
secondary Foxnl dependent transition of the proto-differentiated pTEC to differentiated cells
is associated with protein synthesis of MHC and DIl4 [44, 48]. At this stage, the prospective
thymus epithelium appears homogeneous in terms of cell phenotype and morphology. The
epithelial cells display ubiquitous expression of EpCAM, Plet-1 (MTS24), intracellular K8
and K19 and lack expression of markers associated with differentiated cortical and medullary
TEC [1]. Therefore using currently defined reagents, the phenotype of the early thymus
primordium is essentially indistinguishable from that of the endodermal epithelium lining the
pharyngeal region.

After day E11.5, the organization of TECs differs from most other epithelial organs in
the body. Rather than forming a sheet of cells positioned on a basement membrane, TECs
form a three-dimensional meshwork. The initial patterning of this thymus primordium is
dependent on mesenchyme-derived inductive signals but independent of hematopoietic cells
[49, 50], which seed into the avascular thymus anlage at E11.5. This active migration toward
the thymus anlage is influenced by the expression of chemokines CCL21 and CCL25 on the
parathyroid primordium, with their cognate receptors (CCR7 CCR9 respectively) on
immigrating hematopoietic cells [47, 51, 52]. Coincident with hematopoietic cell
colonization, immature TECs undergo further patterning and differentiation into distinct
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subtypes, characterised by an alteration in intracellular cytokeratin expression within a rare
population of centrally located cells. These cells express uniform levels of EpCAM, Plet-1
and K8 and co-express K5 and K14, which subsequently are primarily associated with mature
mTECs [53, 54]. At about E12.5, the shared primordia separate from the pharynx and migrate
towards the anterior thoracic cavity under the influence of NCCs. By E13.5 the parathyroid
and thymus domains are physically separated and resolved into separate organs localised in
their respective adult associated positions. TECs present at the E13.5 stage and beyond
develop further heterogeneity, which may be characterised by alterations in intracellular
cytokeratin distribution, variable expression of adhesion molecules and binding of UEA1
lectin.

The Role of Neural Crest Cell Derived Mesenchyme

Early in thymus organogenesis, a mesenchyme derived capsule surrounds each thymus
primordia. Initially derived both from pharyngeal mesoderm and the NCC, the cells
eventually establish an intra-thymus network of fibroblasts and also contribute to the thymus
capsule and septae [55]. While the physical contribution of NCC derived fibroblasts to
processes beyond initial organogenesis had been questioned, recently it has been
convincingly demonstrated that the majority (if not all) fibroblast tissue in the post-natal
thymus are actually NCC derived [56, 57], and these cells have an ongoing role in thymus
function. A functional role for NCCs in the establishment and differentiation of the thymus
has previously been inferred from deficiencies in thymus development following NC ablation
in chick embryos, from mutation of the Pax3 and the endothelin 1 genes in mice [58, 59], and
from physiological alterations seen in human DiGeorge patients [60]. A possible molecular
link between NCCs and thymus epithelium is provided via both insulin-like growth factor
(IGF) and FGF and their associated receptors. IGF1, IGF2, FGF7 and FGF10 are expressed
by the mesenchyme surrounding the embryonic thymus epithelium, which expresses IGFIR
and FGFR2-IIIb [61-63]. Defects in these signaling pathways disrupt both thymus size and
function, demonstrating a growth-promoting role for mesenchyme on thymus epithelium [63].
Another important role of thymus mesenchyme in regulating thymocyte cellularity is the
provision of other growth factors such as Wnts or BMPs to TECs and the provision of FIt3L,
IL-7 or c-kit ligand to developing thymocytes [64-66]. However, it is clear that the signals
provided from cells of mesenchyme origin are necessary but not sufficient for the subsequent
development of a regularly structured and normally functioning thymus, which is also
dependent on inductive interactions with developing hematopoietic elements.

Thymocyte Dependent TEC Patterning

The transition from an immature, essentially homogeneous primordium to a diverse
microenvironment with adult associated cortex-medulla organization is perturbed in mice in
which T lymphocyte development is blocked at immature stages. The influence of the
presence or absence of different stages of thymocyte development on TEC structure and
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composition has been viewed as interdependence between thymocytes and stroma [67], and is
referred to as thymus crosstalk [68].

Studies investigating the heterogeneity of fetal TECs have demonstrated that beyond
E14, the composition of TECs changes significantly, with the emergence of a population with
low expression of Ly51. These cells bind UEA1 and also express CD80 and Aire, and may be
characterised as bone fide mTECs. Small numbers of Aire expressing mTECs are detectable
even in RAG2-deficient mice that lack DP thymocytes [69, 70], demonstrating that mTECs
are generated independently of mature thymocytes. Aire expressing mTEC appearance in
ontogeny is however coincident with the presence in the thymus of a population of
CD4™*CD3™ lymphoid tissue inducer (LTi) like cells, which also express among other
markers CD127, CD117 and RANKL [70, 71]. Although the origins and lineage relationships
of these thymus resident LTi-like cells are at present unknown, it is believed these cells
represent a population of fetal-liver derived hematopoietic cells, which may be characterised
by expression of the retinoic-acid-receptor-related orphan receptor-yt (RORyt) and the
transcriptional repressor Id2. Phenotypically similar cells have been demonstrated to
influence the maturation of lymphoid environments of the spleen and lymph nodes. It has
been proposed that LTi-like cells in the embryonic fetal thymus have an important inductive
role in the development and maintenance of the Aire expressing mTECs. At present, although
they are sufficient to do so in in vitro models, it is unclear whether LTi cells are essential for
mTEC development. However as no significant impairment in the development of thymus
medulla or Aire expressing mTECs are evident in adult mice lacking 1d2 or RoRyt, where
LTi cells are rarely detectable, it is likely that 1d2- or RORyt-dependent LTi cells are
dispensable for mTEC development and medulla formation in postnatal mice [71, 72].

Whilst cells characterised phenotypically as cortical and medullary TECs are present
from the early stages of thymus ontogeny and the initial patterning of the TEC compartment
does not depend on inductive signals from T lineage cells, the expansion, differentiation and
maintenance of the epithelial cells of the medullary region is critically dependent on the
presence of positively selected thymocytes within the thymus medulla. This role is evident in
mice that lack positive selection (TCRa”", Zap70'/', and Rag2'/') or in mice that have
deficiencies in CCR7 or CCR7 ligands and hence defective thymocyte migration.
Consequently, these mice have severely defective or reduced numbers of mTECs [20][72-74].
Recent, detailed studies have demonstrated a role for CD4 ™ but not CD8"® SP thymocytes
in the proliferation and differentiation of mTECs [74]. This role was dependent on direct
MHC Class II-TCR interaction and not soluble factors, with autoantigen-specific interaction
(autoreactivity) of CD4™° SP thymocytes critical for the number of Aire expressing mTECs
present in the thymus medulla. It remains to be established whether the signals delivered by
CD4™® SP thymocytes promote the differentiation of mature Aire™® mTECs from
proliferating precursors in the CD80' population, the Aire’CD80" population, or both.
Together, these results indicate that positive selection, via the provision of CD4™¢ SP cells,
promotes the proliferation rather than the functional maturation of mTECs and thereby
nurtures the formation and maintenance of the thymus medulla. Investigation of molecules
differentially expressed by CD4™ and CD8™® SP thymocytes has recently provided insights
into some of the molecular mediators of TEC function and will be discussed in a later section.
Given that the thymus microenvironment is quite heterogeneous and varies considerably over



214 Jason W. Gill

time, questions remain as to whether the same molecular pathways operate in both the
embryonic and postnatal thymus, or do they exert their roles in different stages, differentially
effecting TEC differentiation, proliferation or organization?

Establishing Lineage Relationships
between TEC Subsets

Resident tissue-specific progenitor cells have been described for several somatic tissues,
and their asymmetric self-renewal has been linked to homeostatic tissue maintenance [75-77].
The observations that in the adult, cortical and medullary TECs proliferate and that post-
mitotic TECs are continuously replaced throughout life, have been taken as circumstantial
evidence for the existence of such progenitors within the postnatal thymus. However, while
the phenotypic characteristics of the early embryonic progenitors that give rise to mature
cortical and medullary TECs have now been identified and lineage relationships established
in ontogeny, the equivalent cell type and its cellular and developmental features in the
postnatal thymus still await discovery.

Lineage Model of TEC Differentiation

In contrast to the lymphoid components of the thymus, the stromal elements are
relatively poorly understood. This is primarily due to inherent difficulties in TEC isolation
and the fact that techniques for in vitro culture or in vivo lineage analysis to probe the stromal
cell subsets functionally or phenotypically have not been fully established. However, recent
advances in experimental techniques and development of new animal models have allowed
for a better understanding of lineage relationships among TEC subsets.

Techniques that are currently utilised for stromal cell isolation and analysis are
dependent on successful enzymatic digestion and stromal cell dissociation, followed by
phenotype-based cell sorting on the basis of the reactivity of monoclonal antibodies and other
reagents that specifically recognize subtypes of stromal cells (see Figure 1 and [78]). Isolated
TECs may then be utilised in assays aimed at probing the functional or developmental
capacity of TEC subsets in vitro and in vivo [48, 53, 79-81]. The observation that when
dissociated and allowed to reaggregate in vitro and subsequently engrafted under the kidney
capsule, suspensions of purified fetal thymus stroma are able to re-form a functional thymus,
has allowed examination of lineage potential and function of embryonic TEC subsets. This
capacity however has not been demonstrated beyond E18 in reaggregate thymus organ
culture (RTOC) [48].

Subsequent studies have utilised RTOC to examine the lineage potential of TEC subsets
and have established that, in the embryo, TECs that express Aire are contained within the
CD80™ subpopulation, and in in vitro models arise from CD80™° progenitors [70].
Heterogeneity of the CD80™° TEC population was evident at E13.5, when by flow cytometry
subpopulations could be identified and separated based on Claudin-3, 4 (CId) expression and
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UEA-1 binding [81]. In an RTOC setting, which allowed tracing of introduced cells by MHC
expression, Cld3,4" cells gave rise to both mTECs and cTECs following engraftment under
the kidney capsule. Cld3, 4" cells however gave rise only to mTECs suggesting the existence
of committed mTEC progenitors. This finding reflects earlier studies which demonstrated that
the thymus medulla is comprised of aggregations, or islets, of clonally derived cells that vary
in size [82] and suggests that commitment to the mTEC lineage can take place as early as
E13.5, at least in cells defined by CId3, 4 expression.

A Progenitor Sufficient to Generate Both Ctec cTEC and MtecmTEC

A characteristic of progenitor cell function throughout development and tissue
homeostasis is that a small pool of progenitor cells generates a larger pool of mature
downstream cells through proliferation and differentiation. This process is concurrent with a
progressive loss of developmental potential, and under normal conditions, once completed,
differentiation steps are believed to be irreversible. For a long time, steady-state adult TECs
were considered end-stage, post mitotic cells. However, several reports have found
substantial TEC proliferation, indicating rapid epithelial turnover in the adult thymus [83, 84]
raising the possibility that maintenance of the thymus microenvironment may also involve
expansion of mTEC- and ¢cTEC-committed cells, analogous to transit amplifying cells, which
have been described in various tissues. In adulthood, thymus atrophy (or involution) results in
a loss of normal cortical and medullary architecture. Under certain conditions, this atrophy is
reversible, and normal thymus architecture and T-lymphocyte output can be restored [85-87].
These findings further demonstrate plasticity of the TEC microenvironment and support the
idea that there are TEC progenitors that may persist and that can be activated to proliferate
and differentiate later in life. However, whether the development and maintenance of TECs
within the adult thymus occurs in the same way as in the embryonic thymus and if these cells
are generated from bi-potent progenitors are currently unknown.

To attempt to address these issues, bulk RTOC techniques using heterogeneous TECs
were refined to a clonal basis by mixing in a single, genetically marked (EYFP) E12 fetal
TEC, into a donor lobe that was then transplanted under the kidney capsule and then allowed
to develop for 4 weeks [88]. Subsequent visualization of single cell-derived TEC progeny
demonstrated that in 4 of 13 transplanted thymuses, fluorescent cells were detected and that
the progeny of single cells had contributed to both cTEC and mTEC lineages. Bleul and
colleagues [89] reported similar findings when using a transgenic mouse line based on the
Foxnl-deficient nude mouse strain. In this mouse line, TEC development is blocked at an
early stage. However, when Foxnl expression was randomly induced by Cre-LoxP
recombination in TECs, functional thymus tissue with defined cortical and medullary areas
was generated. These data suggest that at least some of the primordial epithelial cells in the
thymus remnant of the nude mouse retain the capacity to commit to a TEC fate.

In the same report [89], a separate experiment that addressed progenitor activity in TECs
was based on epithelial cell tracing using genetic in situ labeling. Random and very rare
‘leakiness’ in Cre recombinase under the control of the human Keratin 14 promoter (K14Cre)
acted as a switch that turned on YFP expression in TECs. Although no YFP™ cells were
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found in the thymus at birth mice, YFP™° TEC in the thymus increased with age. At all times
analyzed, labeled progeny remained very rare and patterns of progeny were either; mTEC or
c¢TEC clusters only or mTEC and cTEC clusters. These results tentatively suggest that
bipotent and committed cTEC and mTEC progenitors may co-exist in the postnatal thymus.
However, due to the unknown activity of the transgenic construct supplying Cre to the
different TECs, it cannot be unequivocally demonstrated that clusters of cTEC and mTEC
either arise from a single progenitor or separately from pre-committed progenitors. Taken
together [88, 89] these reports establish that in cells of the early thymus rudiment, or its
equivalent (the thymic promordium arrested prior to expression of Foxnl), at least a
population of cells possesses bipotent-pTEC potential and that this activity is dependent on
Foxnl function. These studies together with observations made throughout ontogeny and in
mutant mouse models have allowed a preliminary lineage model of TEC development to be
established (Figure 2).

Any capacity for self-renewal of cells with bi-potent pTEC potential is currently
unknown, and the existence and phenotype of a bi-potent progenitor in adult mice has not yet
been fully established. Based on limited data, two models have been proposed to address the
question as to whether in the adult steady-state thymus ¢cTECs and mTECs are derived from
pTECs or from two separate, unipotent precursors [90]. The first model is that a self-
renewing pTECs gives rise to two distinct, transient amplifying TEC populations without
self-renewing capacity from which the diverse populations of cTECs and mTECs arise. The
second model predicts that for each epithelial lineage there are separate cTEC and mTEC
progenitors with self-renewing capacity. This second model could further accommodate the
possibility that these lineage-committed precursors have only a limited life span and hence
need to be replenished from bi-potent precursors. However, until new experimental systems
are developed, it is unlikely that information on the self-renewal potential of specific TEC
subpopulations will be forthcoming.

At present the data on TEC development in ontogeny are consistent with this simplified
model of TEC development. Uncommitted endoderm cells in the developing primordium
become specified to a thymic epithelial cell fate, forming a proto-differentiated pTEC that,
subsequent to expression of Foxnl, become thymus committed bi-potent pTECs. These cells
undergo maturation to give rise to a range of more mature cTECs and mTECs. The various
stages of TEC differentiation arise sequentially through ontogeny and may be characterised
by the progressive initiation (green) or loss (red) of associated phenotypes, lower panel.
Although a committed mTEC progenitor has been identified in the embryo, no equivalent cell
population has been determined for the cTEC lineage.

The relationship between the various subpopulations of mature MHC Class II" TECs
also are not fully characterised, indeed whether under steady state conditions Aire induction
represents a terminally differentiated TEC destined to undergo cell death, or a separate
lineage is still unclear, as is any plasticity in lineages, such as a potential mTEC contribution
to ¢cTECs in the postnatal thymus. Solid arrows represent the proposed lineage progression
based on experimental observation, while those indicated by grey arrows remain to be
experimentally determined.
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Figure 2. Lineage model of TEC development.

Molecular Mediators of TEC Development
and Function

With knowledge of the cellular requirements for thymus development and the
identification of lineage relationships pertaining to TEC differentiation, we are now in a
position to identify the potential molecular mechanisms that control the generation of the
embryonic pTECs and that subsequently direct their differentiation and organization into
cortical and medullary regions. To this point Foxnl is the earliest identified transcription
factor in the pharyngeal region that is specifically associated with and that has an obligate
role in TEC development. Therefore expression of Foxnl may divide thymus organogenesis
into an early Foxnl-independent phase and ensuing Foxnl-dependent stage.
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Transcription Factors

The initiation of thymus organogenesis is dependent on the correct initial formation of
the pharyngeal region, therefore gene mutant mice with defective patterning of the
pharyngeal region and defective pouch formation, such as that observed in Chordin mutants
[91], will consequently demonstrate a failure in development of pouch-derived structures.
However, no direct role in thymus initiation, or Foxnl regulation, can be inferred from
analysis of such severe and early occurring mutations.

The analysis of mutant phenotypes and gene-expression patterns by in situ-hybridization
has identified a transcription factor regulatory network that is required for the initial
formation and patterning of the thymus rudiment. At present, this consists of five factors:
Hoxa3-Pax9-Eyal-Six1-Pax1. (Reviewed and referenced in [27, 92] and summarised in
Table 1). In mice, these transcription factors are expressed in multiple cell lineages, but are
co-expressed and presumed to act predominantly within the pharyngeal endoderm of the third
pharyngeal pouch. Mutation studies have shown these factors to have variable but important
roles in establishing the thymus primordiumal. However, with the exception of Pax1l and
Pax9, these factors are also expressed in the ectoderm and NCCs, complicating interpretation
of the indicated phenotypes. NCCs do however densely populate the third pharyngeal arches
independently of Hoxa3, although loss of Hoxa3 may affect the capacity of these cells to
induce the correct differentiation of the third pharyngeal pouch, which is required for
subsequent Foxnl expression.

Foxnl mRNA expression was not detected by in situ hybridization in Hoxa3, Eyal or
Six1 mutants. However Foxnl can only be detected in the third pharyngeal pouch by RT-
PCR at E10.5, or by in situ hybridization after E11.25 [119], which is well after the block in
thymus organogenesis observed in these mutants. As such, it is not clear which transcription
factors initiate and maintain the expression of Foxnl in the prospective thymus anlage, and
downstream targets of Hoxa3-controlled gene transcription in third pharyngeal pouch
endoderm, which directly promote Foxnl expression, have yet to be identified. These and
other early acting genes may function in both initial patterning of the pouch as well as in
thymus organogenesis and function, however it is difficult to determine a direct role in
thymus initiation and later function from examination of these mutant models. TEC specific
and temporally restricted deletion of such widely expressed and early acting genes will be
required to resolve their function specifically in thymus development.

The T-box transcription factor Tbx1 is normally expressed in the pharyngeal endoderm
and the arch mesenchyme as well as in the developing thymus at later stages [94]. Mutations
in Tbx1 cause thymus and parathyroid defects and have been implicated in the complex
phenotype of the DiGeorge syndrome [60, 120, 121], while expression in the pharyngeal
region appears to be regulated by sonic hedgehog (Shh) signaling [94, 95]. Analysis of gene
expression patterns in wildtype and Tbx1-deficient mice and experiments in vitro have
identified several downstream targets of Tbx1 transcriptional activation including FGF8 and
FGF10 [122, 123]. During development, FGF8 is secreted by epithelial cells and provides
survival, mitogenic and patterning signals to adjacent mesenchyme [111].
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Table 1. Early acting molecular mediators of TEC development and function

Gene

Chordin
Shh
Pbx1
Tbx1

Hoxa3

Eyal

Six1

Foxnl

Pax1

Pax9

FGF8
FGF7/10

FGFR2iiib

Noggin

BMP4

Abbreviations: End; endoderm, Ect; ectoderm, Mes; mesenchyme, NCC; neural crest cell,

Expression in pharyngeal

region
Initiated
9.5-10.5
9.5

10.5

75-95

9.5-10.5

9.5-10.5

9.5-10.5

10.5-11.25

85-10.5

8.5-10.5

9.5
E10.5

E13
E14

9.5
10.5
9.5
10.5
12.5

Lineage
Mes, End
Mes, End
(excluded
from pouch)
Ect, NCC,
End

Ect, NCC,
End

Ect, NCC,
End

Ect, NCC,
End
Ect, NCC,
End

End

End

End

End

NCC

End (dorsal)
Mes,

End (ventral)
End, Mes

Disrupted expression

Foxnl

N

N
Delayed*

N

N

Y**

Y***

Y

Thymus
No pouch
No pouch
Hypoplasia
No pouch

Absent

Absent

Absent beyond
E12.5

Primordium
arrested

Hypoplasia
Hypoplasia
Hypoplasia-
aplasia

Hypoplasia

Hypoplasia

Normal***

Y

*Foxnl expression in Pbx1 mutant mice is not detected by in situ until E12.5.

** Six] mutant have reduced expression of Foxnl at E11.5, increased apoptosis and loss of common
parathyroid/thymus primordia by E12.5

**#*Noggin mutants have no thymus phenotype, Tg expression of Xnoggin under control of the Foxnl
promoter results in a severely hypoplastic mosaic thymus, with partial loss of Foxn1 expression.
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While mice deficient either for FGF10 or for the FGF10-specific receptor, FGFR2IIIb
have, among other anomalies, a hypoplastic thymus, a phenotype similar to that of mice
where a Tbx1 deletion was induced at E10.5 [63, 112, 124]. A similar thymic hypoplasia and
reduced proliferative potential has been reported for mice deficient in p63 [125], which is
also upstream of FRFR2IIIb in the thymus [126]. However p63 expression in the thymus is
independent of Foxn1[125] and a direct relationship between Tbx-p63-Foxn1-FGFR is yet to
be established.

Eyal, which encodes a transcriptional co-activator, is expressed early in the pharyngeal
endoderm, mesenchyme and ectoderm. Eyal knockout mice have no thymus or parathyroid
and fail to express Wnt5b in the endoderm [101, 102], which has been shown to regulate
Foxnl expression in TECs in vitro [127]. Although together these studies have started to
define specific genetic programs controlling early thymus/parathyroid development, the
identity of the regulatory pathways and the molecular basis of epithelial-mesenchymal
interactions remain largely unknown.

Signaling Molecules

Although Foxnl1 is dispensable for the initial formation of the thymus anlage, subsequent
differentiation and functional maintenance of the TEC is dependent on Foxnl. The molecular
mechanisms that regulate Foxnl expression and activity are only incompletely understood,
however Wnt, Shh and TGF family proteins have been implicated in the transcriptional
control of Foxnl.

Wnts

Wnts are a large family of secreted glycoproteins, which regulate many aspects of
cellular development including fate specification, migration, proliferation and death. Wnt
expression can be detected as early as E10.5 in the developing pharyngeal pouch by in-situ
studies, while Wnts and downstream signaling components are expressed and maintained by
both TECs and developing thymocytes from early ontogeny. Transfection and in vitro TEC—
thymocyte co-culture studies have established that Wnts can induce Foxnl expression in
cultured TECs [127]. Studies in vivo have demonstrated that Cre- mediated deletion of the
Whnt signaling intermediate protein APC under control of the human-K14 promoter results in
severe TEC disorganization and development [128]. As these mice demonstrate stunted
growth and die before weaning, the thymus phenotype could not be dissociated from the poor
condition of the animals, and the expression level of Foxnl in TEC was not reported. Mice
that lack KREMENI1 a negative regulator of Wnt signaling have abnormal TEC architecture
suggesting a role for Wnt signaling in ¢cTEC [129], however whether this role was in the
initiation, expansion or maintenance of TEC was not addressed in this study. Taken together
these findings suggest regulation of Wnt signaling is important for either the correct
development or maintenance of the thymus. At least in part this may be through the
regulation of Foxnl expression in TECs. However any direct involvement of canonical or
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alternative Wnt signaling in TEC development and function in vivo remains to be fully
addressed.

BMPs

BMPs belong to the transforming growth factor (TGF) B family of cytokines that
encompass multiple ligands and receptors. Upon ligand binding, two transmembrane receptor
serine/threonine protein kinases (receptor types I and II) activate specific receptor-regulated
Smad proteins. Activated Smads form a multi-subunit complex with a common partner,
Smad4, which then translocates from the cytoplasm to the nucleus where they interact with
additional nuclear factors to regulate transcription. Several proteins have been identified that
may interfere with BMP signaling by either blocking ligand binding to the receptor (Noggin
or Chordin) or by altering the cytoplasmic signal transduction by competing with Smad4 thus
antagonizing BMP signaling (Smad?7).

BMPs are expressed very early in thymus development. BMP4 is expressed in the ventral
prospective thymus domain in the third pharyngeal pouch at E10.5 prior to the onset of
Foxnl [93, 116], and appears to act directly on thymus stroma leading to the up-regulation of
Foxnl [115]. In the third pharyngeal pouch, a dorsal domain of Shh expression opposes
BMP4 expression (See Figure 3). In the absence of Shh, the domain of BMP4 expression
extends dorsally with Foxnl expression at E11.5 also expanded throughout the entire pouch
[93]. Gem2 expression was absent, suggesting that a BMP signal may be responsible for the
induction of Foxnl, and hence the induction of a bipotent pTEC within the thymus primordia.
This was consistent with a previous report suggesting a role for BMP4 in the induction of
Foxnl in TECs in vitro [118].

In contrast, at E10.5 Noggin expression overlaps with those cells that express Gem2 and
that will become the parathyroids [119]. Noggin expression in the presumptive parathyroid
domain of the third pharyngeal pouch initiates after, but is independent of, the expression of
Gcem?2 [38]. Thus, the timing of Noggin expression within the pouch corresponds to that of
BMP4, possibly as part of a negative feedback loop where epithelial BMP inhibits its own
expression to allow specification of the Gem2 expressing parathyroid domain [116]. This
suggests that Foxnl expression is the default pathway for the pouch endoderm and that
Foxnl requires active suppression to allow the establishment of an alternative parathyroid
fate [117]. Another possibility is that Foxnl controls the development of TECs in order to
prevent the activation of a default pathway, which enforces a respiratory cell fate to
epithelium of the ventral aspect of the third pharyngeal pouch [105, 130]. If this conclusion is
correct, Foxn1 takes part in the specification of the third pharyngeal endoderm beyond a mere
role as a differentiation factor for epithelial cells that are already committed to a thymus fate.

Direct evidence for a role of BMP in the development of the thymus stroma, has been
demonstrated through analysis of a mouse in which transgenic expression in TECs of
Xenopus Noggin (Xnoggin) is controlled by the Foxn1 promoter.
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Figure 3. Regulation of the Foxn1 expression domain in the third pharyngeal pouch.

At E10.5 the future thymus anlage is marked by BMP expression, while that of the future parathyroid is marked by Noggin expression. Signaling through BMP within
the ventral region of the third pharyngeal pouch endoderm at E10.5-11.5 results in the expression of Foxnl and downstream products, such as FGFR. Ligation of FGFR
by specific mesenchyme derived ligands, FGF7 or 10 results in TEC proliferation. Expression of the BMP antagonist Noggin in the dorsal region, possibly regulated by
Shh, restricts the BMP signaling domain and allows for the maintenance of Gem2 expression which is essential for parathyroid development. In mice lacking Shh, loss
of Noggin expression results in broadened expression of Foxnl. In the Foxnl:Xnoggin transgenic mouse, decreased BMP signaling results in the loss of Foxnl
expression and impaired thymus development suggesting that BMP signaling might be involved at least in maintaining the reciprocal specification of parathyroid and
thymus anlagen in the pharyngeal pouch.
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In this model, interfering with BMP signals from E11.5 [116] may act on TECs either
directly, though action on presumptive TECs, or indirectly, via an effect on the surrounding
mesenchyme which expresses BMP at E12 and beyond, thus regulating the initiation,
differentiation or maintenance of the thymus rudiment. Such inhibition of BMP signaling
results in drastically impaired thymus development, with an epithelial mosaic, which may be
due to insufficient or incomplete blocking of BMP signaling in this transgenic line. Abnormal
TEC development was characterised by subsets of TECs failing to maintain Foxn1 expression
and an associated loss of characteristics of proto-differentiated or differentiated TEC, such as
IL-7, with a reversion to a phenotype characteristic of foregut epithelium [116, 117]. This
finding suggests that a prolonged threshold of BMP signaling from E11.5 onward is required
for the maintenance of Foxnl expression and the irreversible commitment of pharyngeal
pouch endoderm to the TEC lineage. Furthermore FoxN1 expression is required not only for
the induction, but the maintenance of the thymus epithelium. In support of this hypothesis,
recent analysis of Foxnl mutant mice suggests an ongoing role for Foxnl in thymus function
[43].

An ongoing role for TGFB/BMP signaling in TEC function has been investigated by
transgenic expression of the inhibitory Smad7 in a subset of TECs under control of the K5
promoter, which resulted in a mild thymus phenotype, with an organised TEC structure but
reduced thymus cellularity [131]. This mild phenotype is surprising as Smad?7 inhibits TGFp,
activin and BMP signaling as well as affecting functions independent of TGF/BMP
signaling, such as JNK activation and P-catenin degradation [132]. Compared to the
transgenic Foxnl:Xnoggin model, the decreased severity of this phenotype may be due to the
promoter used, which may not be expressed across all TEC and the cell autonomous effect
does not directly impair BMP signaling in cells of mesenchymal origin. However, as this
mouse is neonatally lethal, their reduced thymus cellularity could be a consequence of their
general ill health and therefore, an unambiguous, ongoing role for BMP signaling in the
thymus function could not be directly established. To address this, canonical TGFp signaling
in TEC was specifically inhibited beyond E12.5, by Cre-mediated deletion of Smad4 under
control of the Foxnl promoter [133]. The thymus of these mice demonstrate that Smad4 is
not required for TEC differentiation, but disruption of the TGFB pathway resulted in
progressive structural disorganization of the microenvironment with a loss of thymopoietic
potential and significant peripheral T cell lymphopenia. Such observations are characteristic
of age associated thymus involution and support the possibility that canonical TGF/BMP
signaling in TEC is required to maintain the postnatal thymus. Although these results indicate
that BMP signaling is necessary for the maintenance of Foxnl expression in the embryonic
thymus, it may not be sufficient for Foxnl initiation and such is likely to require additional
factors, such as activation of Wnt or FGF signaling pathways [134].

Late Mediators of TEC Differentiation and Function
The expansion, differentiation and maintenance of the epithelial cells of the thymus

medulla, in particular Aire expressing mTEC, is critically dependent on the presence of LTi
like cells or positively selected CD4™ but not CD8™® thymocytes within the thymus
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medulla. Until recently, however, it remained unclear precisely how these cells maintain the
TEC compartment and what the regulators of TEC functions are at a molecular level.
Analysis of the cellular regulators of the mTEC compartment, together with observations
made from mutant models that demonstrate an abnormal mTEC development, has resulted in
a number of molecules being recognised as specifically required for the differentiation of a
normal medulla, and hence provided insights into some of the molecular mediators of mTEC
function (Figure 4).

Nuclear Factor-xB (NFxB)-Mediated Signals

NF«B activation is mediated by either the canonical or alternate NFkB pathways, which
trigger signal transduction events that lead to the translocation of NF«xB subunits to into the
nucleus, predominantly in association with RelB (Recently reviewed in [135]. In the thymus,
NF«xB-mediated signaling, through both TNFR-associated factor 6 (TRAF6) dependent and
independent pathways [136], plays a central role in the development and organization of the
thymus medulla. The severe reduction of the mTEC compartment in the RelB”~ thymus
includes a dramatic loss of Aire expression and a paucity of UEA1™® mTEC [137].
Inactivation of signaling pathways that regulate RelB, namely TRAF6 [138], NFxB-inducing
kinase (NIK) [139] or inhibitor of NFkB-inducing kinase—a [140], leads to mTEC
abnormalities that variably recapitulate the RelB”~ thymus phenotype. In all of these mice,
central tolerance induction is invariably compromised with development of organ specific
autoimmunity consistent with a deficiency in the role of TECs, and in particular Aire
expressing mTECs, in safeguarding tolerance to peripheral antigens. These observations
suggest that activation of the alternate NFxB pathway is essential for full TEC function. The
receptors upstream of the signal transducers of NFxB that activate the alternate NFxB
signaling pathway include lymphotoxin 3 receptor (LTBR), Receptor Activator of NFkB
(RANK) and CDA40.

Lymphotoxin-g receptor

Targeted disruption of the LTPR signaling in TEC results in abnormal medullary
organization with reduced numbers of mTECs and Aire-independent TRA expression, which
leads to autoimmunity. However the loss of central tolerance in these mice is not caused by
either the lack of differentiation or Aire expression in mTEC [141-143]. These findings show
that LTPR signals have an important role in formation of the thymus medulla, but not at the
level of Aire™* mTEC maturation or maintenance. Importantly, signaling through LTBR does
not involve TRAF6 [144], which is essential for the development of Aire ™ mTECs.

Receptor Activator of Nuclear Factor kappa B (RANK) and CD40

TRAF6 interacts with a variety of TNFRs expressed by TEC including RANK and
CD40. RANK ligand (RANKL) and CD40L are expressed in the thymus by LTi-like cells
[70, 72] and CD4 SP thymocytes from as early as E18 [72, 74, 145], suggesting that RANK—
RANKL and CD40-CD40L interactions between TECs and lymphoid cells might regulate
mTEC development and Aire expression. In vivo analysis of mice deficient for RANKL or
CD40 has revealed a marked reduction in Aire™® mTECs [72, 74, 145], while double
deficiency of RANKL and CD40 resulted in the abolishment of mature mTEC development,
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Aire and TRA expression, with exacerbated symptoms of autoimmunity [145]. The RANKL
decoy receptor OPG is strongly expressed in mTECs and deficiency in OPG results in an
increase in the number of mTEC and enlargement of the thymus medulla, suggesting that
OPG-mediated fine-tuning of RANKL availability at the mTEC surface crucially regulates
RANK-mediated signals in mTECs [72].

Studies in vitro have demonstrated that stimulation of embryonic TEC with recombinant
RANKL or CD40L is sufficient to induce TEC proliferation and the induction of Aire and
TRA expression, independent of the presence of hematopoietic elements. Furthermore RANK
or CD40 ligation induces the expression and translocation of RelB into the nucleus of
mTECs, which was dependent on TRAF6 and NIK [72, 74, 145]. Collectively the data
demonstrate that two TNF-family receptors RANK and CD40 cooperatively regulate the
development of mTECs through the TRAF6- and NIK-dependent alternate NFxB activation
pathway to establish self-tolerance (Figure 4). However, many questions still remain. A
primary question is how these signals work to activate Aire expression in TEC and do they
exert their roles in different stages of TEC development? Does the duration or strength of
interaction between auto-antigen specific TCR bearing thymocytes and MHC:peptide bearing
mTEC affect the activation of TRAF6-dependant pathways in addition to NFkB, such as
INK, p38, and Akt? If so, what is the threshold of affinity that allows for prolonged
interaction that is sufficient to activate the alternate NF-xB pathway, which has significantly
slower kinetics that the canonical pathway?

Early embryo

MHCII™*
CD40/80%
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MHCIM
CD40/800
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MHCII"e
CD40/80%
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MHCIY
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0 | :
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Figure 4. mTEC differentiation and proliferation is mediated by NF«B dependent thymus crosstalk.




226 Jason W. Gill

LTi-like cells or CD4""° SP thymocytes bear TNFsf molecules, which interact with specific receptors on
mTECs resulting in activation of the non-canonical NFkB signaling pathway that culminates in RelB
activation. Ligand engagement activates NIK, which phosphorylates the downstream IKKa. Activated IKKa
in turn phosphorylates the NFkB2/p100 leading to ubiquitin-dependent degradation and release of the N
terminal polypeptide, p52. The formation of RelB/p52 heterodimers permits shuttling of RelB from the
cytoplasm into the nucleus where it functions as a transcriptional regulator. Red symbols denote intracellular
NFkB pathway intermediates that have been shown by functional inactivation in vivo to have an essential
role in mTEC differentiation and proliferation. Abbreviations: NIK, NFkB-inducing kinase; IKK, inhibitor of
kB kinase; p100/p52, NFxB2; p50, NFkB1; Rank, Receptor Activator of NFkB.

The Thymus and Regenerative Medicine

Loss and Regeneration of Thymus Function

Progressive, age related changes in the immune system contribute to an overall reduction
in immune responsiveness, leading to increased susceptibility to infections [146, 147]. Age
associated thymic senescence (or involution) is an important contributor to this immune
dysfunction. The precise cellular and molecular mechanisms that underlie thymic senescence
are only incompletely understood but are likely to affect hematopoietic as well as thymic
stromal compartments [83, 85, 148, 149]. While the aged thymus may be sufficient to
maintain some level of immune competence, these changes have important clinical
implications, particularly in delayed immune reconstitution with minimal recovery which is
likely following damaging immuno-depletive regimes for cancer treatment, such as
chemotherapy and irradiation, or severe viral infections such as HIV where prolonged
immunodeficiency can contribute to increased morbidity and mortality.

A number of methods to improve immune function by activating the regenerative
capacity of the thymus can be revealed in a variety of experimental models (recently
reviewed in [150]). Inhibition of sex steroid hormones can induce recovery in thymus
function and return immune competence to young levels [85, 151, 152]. Signaling via FGFs
enhances thymopoiesis via induction of post-natal TEC proliferation and also protects TECs
from injury by irradiation or by graft versus-host disease [86, 152-154], while IGF
administration has also been demonstrated to enhance thymopoiesis, primarily through TEC
expansion [155]. As such, the use of inhibitors of sex steroid hormones, FGFs, GH and IGFs
represent the first candidates in thymus-based regenerative therapies. However, further
studies are clearly required to understand TEC development and function in more detail and
to explore potential therapeutic interventions to overcome TEC senescence.

New Beginnings

Developments in the rapidly emerging field of stem cell biology combined with the
identification of pTECs in the embryonic thymus has raised the possibility of generating
thymus tissues from extrathymic sources such as embryonic stem (ES) cells. ES cells are
derived from the inner cell mass of the blastocyst of both human and the mouse and can be
maintained in a pluripotent state under defined conditions [156, 157]. The capacity of ES
cells to differentiate and generate diverse cell types in culture, together with the access to
virtually unlimited numbers of potential tissue-specific progenitors in these differentiation
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cultures, provides a novel source of cells for cell replacement therapy [158]. Furthermore, the
recent discovery that adult, somatic cells can be reprogrammed using a relatively simple
procedure to an induced pluripotent state (iPS) [159, 160] opens the way for the generation of
patient-specific ES cells [161]. This may overcome the current rejection problems associated
with transplantation of ES-derived tissues [162]. As such ES cells are a potential source of
replacement TEC that could be used to generate an immune system in people with congenital
thymic deficiencies (such as in DiGeorge or velocardiofacial syndromes), or to improve
acquired thymic dysfunction, such as occurs with aging or after immuno-depletive regimes
for cancer treatment, or severe viral infections such as HIV.

However, in order to implement such a strategy, research on how to direct the
development of TEC from ES cells is necessary. The identification of factors that govern the
differentiation of ES cells towards the endoderm lineage are still relatively new [163, 164],
and currently protocols for the derivation of thymus-specified progenitors, have not yet been
elucidated. A central element of this research will involve the identification and investigation
of factors that act upstream of Foxnl, (see Table 1) which have a role in directing the
transition from ES cells to endoderm and subsequently to pTEC. In addition, as expression of
Foxnl and DII4 are highly dependent on the three-dimensional organization of the thymic
stroma [127] and the ability to support thymopoiesis is lost when TECs are cultured in a
monolayer [165], techniques to overcome this dependence or the establishment of
matrices/scaffolding to preserve a three-dimensional structure in in vitro cultured cells may
be required for efficient generation of pTEC. ES cell technology is in its infancy, but
knowledge is advancing rapidly, and has clear prospects for use in the future treatment of
states of clinical immunodeficiency.

New Animal Models to Study TEC
Development and Function

It is clear that there are large gaps in our understanding of the sequence of events
occurring during differentiation from endodermal progenitors to mature TEC. Specifically,
factors responsible for regulating TEC proliferation, death, differentiation and function are
incompletely understood. To address the current lack of knowledge new animal models have
recently been designed and as a result, mutations can now be introduced specifically into
TEC, either by gene targeting using the FoxN1 promoter [116] or by employing a Cre/lox
strategy with expression of the Cre-recombinase in TEC under the control of the Foxnl
promoter [15, 133, 166, 167]. These recently established models will prove useful in studying
gene function in thymus organogenesis and for fate and functional mapping of TEC subsets.
However, care must be taken in the interpretation of the resulting phenotypes of these
mutation or deletion systems, as the interdependence of the thymus microenvironment results
in difficulties in demonstrating function of specific TEC subpopulations in a physiological
context. In addition, the identification of direct from indirect TEC phenotypes is not easily
distinguishable and may be relative to the experimental settings used. For example, timing of
gene deletion and cessation of function may vary between experimental strains, and needs to
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be clearly determined for each line used. Differential timing of deletion may result in
ambiguous findings or to the creation of chimeric tissues [117].

Additionally without knowledge of early transcriptional mediators, which act prior to
Foxn1 induction, the current models may shed limited information on genes functional in the
earliest inductive stages of anlage formation (< E10.5). Models in which gene deletion may
be specifically targeted to developing pharyngeal regions prior to the onset of Foxnl (Foxgl-
[168], FGF15-[124] or Hoxa3-Cre [169]) may reveal information on early gene function,
although the ability to determine direct from indirect TEC phenotypes may prove difficult
due to strain-dependent variable Cre activity or wide distribution of Cre expression.
Conversely, deletion of a gene required in early thymus ontogeny may result in severe
thymus hyoplasia making it difficult to study any effect of the gene in adult thymus function.
These difficulties in determining the differential gene function in embryonic from adult TEC
may eventually be overcome by a new generation of mouse lines, which promise TEC
specific expression of Cre by controlled transcriptional activation, utilizing either Cre-ERT or
Cre-TET off systems. The use of these new and proposed models promise to provide insights
into TEC development and maintenance and to reveal temporal and spatial changes in gene
expression patterns in TECs.

Conclusion

As the primary mediators of T lymphocyte development, a better understanding of the
cellular and molecular mechanisms underlying TEC specification and maintenance will be of
interest both for basic and clinical immunology. As thymus function deteriorates with age or
under certain congenital, disease or treatment-associated conditions, it would be highly
desirable to improve thymus function and de novo T lymphocyte production in these
situations. Recent research has provided novel insight into thymus organogenesis and
function. The observation that the generation of a thymus is the result of pTEC activity,
subsequent establishment of lineage relationships among TEC subsets and the identification
of key molecular mediators of mature TEC function ensures that new approaches to clinical
management of immune disorders will continue to evolve. As such, research on TEC
development and function stands to offer significant clinical contributions to both
transplantation immunology and for regenerative medicine in the coming years.
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The Biology of Lymphoid Tissue
Inducer Cells™
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Abstract

Lymphoid tissue inducer (LTi) cells are a unique set of hematopoietic CD4" IL-
7Ra" lineage™ cells, which are required for the development of lymph nodes (LNs) and
Peyer’s patches (PPs) in mice. The differentiation of fetal liver (FL) progenitors into LTi
cells is regulated by transcription factors and by cytokines provided by non-
hematopoietic cells. During fetal development, LTi cells colonize the intestine and
putative sites of LN formation, where they associate with vascular endothelial cells and
mesenchymal stromal cells. They express a number of tumor necrosis factor super-family
(TNFSF) members, amongst them lymphotoxin (LT) o1p2 engages LTPR expressed by
stromal cells. Activation of the LTPBR signaling pathway within stromal cells induces the
NF«kB-dependent transcription of genes that is required for the development of lymphoid
tissues. LTPR signals also contribute to the formation of the splenic white pulp during
fetal development. Fetal LTi cells not only migrate to putative primordia of secondary
lymphoid organs, but also to the fetal thymus, where they are proposed to promote the
differentiation of medullary thymic epithelial cells (mTECs). In adult mice, LTi cells
persist in lymphoid organs and intestinal follicles, where they have a function in
lymphoid tissue organization and adaptive immune responses.
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Introduction

In mice, the development of secondary lymphoid organs (SLOs), such as lymph nodes
(LNs) and Peyer’s patches (PPs), is coordinated by the collaboration between CD45"
hematopoietic and mesenchymal cells (1-3). In fetal mice, SLO anlagen and the splenic white
pulp are in place before they become colonized with mature lymphocytes. The first sign of
SLO anlagen is the formation of cell clusters composed of hematopoietic “lymphoid tissue
inducer (LTi)” and mesenchymal “organizer cells”. Signals mediated by tumor necrosis
factor receptor super-family (TNFRSF) members that are expressed by LTi cells trigger the
expression of adhesion molecules and chemokines by the organizer cells. This further
enhances hematopoietic-mesenchymal interactions and cell cluster formation. In addition,
TNFRSF engagement induces the differentiation of stromal cells into T and B cell zone
stroma and the specification of post-capillary high endothelial venules (HEVs), the entry site
for naive lymphocytes. In mice lacking LTi cells, the formation of LN and PP primordia is
completely blocked indicating that these cells are indispensable for lympho-organogenesis
(4). After birth, other TNFSF-expressing lymphocytes, such as B lymphocytes, play a role in
maintaining the architecture of lymphoid tissues and the generation of germinal centers
containing follicular dendritic cells (5). Hence, lymphoid tissue formation requires a
coordinated sequence of interactions between hematopoietic and mesenchymal cells, thereby
leading to the maturation of microenvironments, where adaptive immune responses can be
generated.

It has been recently shown that TNFRSF member signals, induced by interactions with
ligands such as receptor activator of nuclear factor kB ligand (RANKL) and CD40L, are
required for mTEC development in the thymus (6-9), and that LTi cells, in addition to their
role in SLO development and organization, can trigger the development of autoimmune
regulator (AIRE)-expressing mTECs (9). These new findings indicate a more general role of
LTi cells in the development and function of the immune system than previously thought. In
addition, LTi cells expressing a similar genetic profile as fetal LTi cells are still detectable in
adult mice (10, 11). They are found in SLO and in specialized intestinal compartments called
isolated lymphoid follicles (ILF) and cryptopatches (CP) (10, 12). In these sites, tThey
function as bystander cells for adaptive immune responses and promote de novo ILF
formation (13) and lymphoid tissue organization after viral infection (14).

The molecular requirements for generating LTi cells during fetal and adult life remain
largely unknown. Studies in knockout mice, chimeric mice and analysis of in vitro
hematopoietic lineage commitment revealed that precursor cells derived from the fetal liver
(FL) and adult bone marrow (BM) may exist that can give rise to fetal and adult LTi cells,
respectively. The LTi precursor cells appear to exert multi-potent lineage potential with the
capacity to differentiate into various lymphoid lineages except B lymphocytes (15, 16).

Cytokines are essential for the differentiation, homeostasis and function of hematopoietic
cells. We have recently shown that interleukin 7 (IL-7) is a crucial cytokine for the
generation and survival of LTi cells and its FL progenitor (17). Other cytokines may have
overlapping functions or collaborate with IL-7 in regulating the differentiation, homing and
maintenance of LTi cells. Dependent on the anatomical site, the repertoire of cytokines that is
produced differs amongst various subsets of stromal and epithelial cells.
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In this review, we summarize our current knowledge on the origin of LTi cells and on the
pathways which regulate LTi cell biology. We discuss recent advances in understanding the
regulation of LTi cell numbers by cytokines, and the function of LTi cells in adult animals.

Characterization and Origin of Fetal LTi Cells

Although numerous studies in the last 10 years have improved our knowledge on
regulation of lympho-organogenesis and have highlighted the role of fetal LTi cells for LN
and PP development in mice, little is known about the origin and the molecular requirements
for differentiation and maintenance of LTi cells. In addition, it is currently unknown if there
is a relationship between LTi cells and other hematopoietic lineages.

LTi cells are a unique population of IL-7Ra (CD127)" cells (18, 19), which do not
express any lineage marker with the exception of various levels of CD4 (19). Fetal CD4" and
CD4" LTi cells share an anatomical location, and both express CD25, CD44, CD90, CD122,
CD127, CD117, CDI132 and TNF family member molecules (LTa1B2, LIGHT, TNF-a,
RANK, DR3, 4-1BB), suggesting that both subsets are developmentally linked (20). In
addition, both express the nuclear hormone receptor RORyt (12). This transcription factor is
expressed in double positive (DP) thymocytes (4) and in pro-inflammatory IL-17" T helper
cells (21), but not in any other lineages.

The function of CD4" LTi cells was identified by their capacity to restore PP and
nasopharyngeal-associated lymphoid tissue (NALT) development after adoptive transfer into
CXCR5" and 1d-27" mice, respectively (22, 23). It was previously shown that the level of
CD4 expression varied depending on the presence of IL-7 (16), whereas other workers
described a constant ratio of CD4" and CD4" cells in cultures containing IL-7 (20). Since an
inducer capacity was only shown for CD4-expressing cells, the LTi cell population discussed
in this report refers to CD4" IL-7Ra" lin™ cells.

In the absence of RORYy, LTi cells, LNs and PP were undetectable (4). In the same study,
it was shown that RORy was essential for the survival of DP thymocytes (4). We generated
Bcl-2tg RORy” mice in order to test if LTi cell numbers and peripheral LN could be restored
through over-expression of an anti-apoptotic gene. Bcl-2tg RORy”" mice were completely
devoid of LTi cells and LNs indicating that RORYy is unlikely to act exclusively as a survival
factor, but rather promotes the generation of the cells.

In the context of lymphoid organ development, disruption of the gene encoding the
transcriptional repressor Id2 results in a phenotype similar to that of RORy” mice (24). Id2
null mice lack LNs, PPs, LTi cells and natural killer (NK) cells suggesting the existence of a
common LTi/NK cell precursor. In a more recent study, it was reported that by deleting 1d2
and E2A, an E protein transcription factor required for B lymphocyte development and a
target molecule of the Id2 repressor, mature NK cells developed in the BM (25). In addition,
in 1d2"E2A”" double mutant mice LTi cells developed normally during fetal life, and LNs
and PPs were readily visible in adult mice. These data suggest that Id2 inhibited E protein
activity in a lymphoid precursor subset thereby allowing LTi cell and NK cell development
but simultaneously limiting B lymphocyte differentiation. A partial decrease in the E2A
protein in Id2""E2A"" mice rescued only mesenteric and cervical LN development indicating
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that there is a dose effect of E protein activity. This strongly suggests that there is a threshold
of LTi cell numbers required for LN differentiation that varies with anatomic site.

LTi cells develop normally in RAG-2"", scid/scid and nu/nu mice and these animals have
small but detectable LNs and PPs (18). In addition, LTi cells and LNs are found in spleen-
deficient Hox117" mice (18). Thus, LTi cells do not require gene rearrangement, and a
functional thymus or spleen for their development. Ikaros” mice and animals, which express
a dominant negative form of Ikaros, are completely devoid of LNs and PPs (26, 27). Using a
GFP reporter-gene expression cassette, Ikaros was found to act on both erythroid-myeloid
progenitors (EMP) and lymphoid-myeloid progenitors (LMP) in the BM as a “fate decision”
factor (28). In the absence of Ikaros, EMPs developed into erythroid lineages whereas LMPs
developed into myeloid cells. Whether LTi cells failed to develop in Ikaros null mice has not
been studied, and such may explain the lack of LNs and PPs. Ikaros null lymphoid-primed
multipotent progenitors (LMPP) fail to express IL-7Ra (28), a receptor that is clearly
involved in the generation of T, B and LTi cells. Since the phenotype of Ikaros” mice is
more severe than in IL-7Ra” mice, it is likely that Ikaros has a crucial role in generating LTi
cells from early LMPs.

In the mouse embryo, hematopoietic stem cell (HSC) activity is detectable from E11 in
the FL (29). Two independent studies have shown that a progenitor cell exists in the FL
which could give rise to LTi cells (E12.5) (16, 30). In one of the studies, the cells were
reported as a4fB7" c-Kit" IL-7Ra" lin" cells, and upon in vitro stimulation with IL-7 they
differentiated towards CD4" LTi cells.

My |oi clf
ewthrmd lineage

Oa%oﬂ/m
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progenitor multipatent lin- cell
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Figure 1: Origin of fetal LTi cells. .Multipotent progenitor cells colonize the FL between E10 and 12. They
can give rise to 047" c-Kit" IL-7Ra.” lin” LTi precursor cells (yellow), which have lost the potential to
differentiate into B and T cells and retained the capacity to differentiate into DCs, NK and LTi (orange) cells

(16).

This is in agreement with the observation that the increased availability of IL-7, through
transgene expression, promoted the survival and commitment of a4f7" c-Kit" lin® LTi
precursor cells, thereby increasing the pool of peripheral LTi cells (17). Interestingly, CD4"
LTi cells were not found in the FL (15, 16, 30). In contrast, LTi cells and a4B7" c-Kit" lin®
LTi precursor cells could be isolated from the fetal gut (16). Since intestinal epithelial cells
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are a major source of IL-7 (Thomas Schueler, personal communication) and high levels of IL-
7mRNA were found in the fetal intestine (31), this organ may serve as a site for
differentiation of LTi precursors into LTi cells.

In addition to their capacity to differentiate into LTi cells, a4p7" c-Kit" IL-7Ra" lin°
cells were capable of generating NK cells and DCs, but had lost the potential to differentiate
into B or T lymphocytes. In vitro differentiation assays further suggested that in WT mice,
lin" IL-7Ra.” 04B7 cells in the FL were progenitor cells of a4p7" c-Kit" IL-7Ra” lin” LTi
precursor cells (16). They have characteristic features of FL multi-potent progenitor cells
(MPP) with the capacity to differentiate into both lymphoid and myeloid lineages (32)
(Figure 1).

There has been a debate about the potential of LTi cells to differentiate into other
lineages. On the one hand, in vitro studies revealed that LTi cells could give rise to NK and
DC-like cells (18). On the other hand, fate mapping experiments using RORyt”"-reported
mice ruled out this possibility (33). We cannot fully exclude that LTi cells harbor lineage
commitment capacity that is only detectable in the absence of competition with lymphoid
cells. Therefore, the adoptive transfer of sorted LTi cells isolated from fetal spleen or LNs
into RAG™y,"" mice will allow this question to be addressed further.

LTi Cell Localization and Cell-Cell Interactions
in Developing Lymphoid Organs

LTi cells are detectable in the peripheral blood, spleen, fetal LN anlagen, stomach, gut
and thymus between E12.5 and 14.5. The requirements for migration of LTi precursors from
the FL to these sites are unknown. It is likely that, analogous to other hematopoietic lineages,
they enter tissues via blood vessels, which proceed the development of lymphatic vessels and
LNs (34). In SLO anlagen, the first LTi cells are found as single cells in close vicinity to
vessels further supporting the idea that they enter tissues from the blood vasculature (12, 22,
35-37). The perivascular distribution of LTi cells could be mediated by the chemokines
CCL19, CCL21, CXCL12 and CXCL13, which all are highly expressed by endothelial cells
(39).

In LN, specialized post-capillary venules, termed HEV, mediate the entry of circulating
naive lymphocytes. LTi cells are negative for L-selectin (CD62L), an adhesion molecule that
can mediate the transient attachment and rolling of naive lymphocytes to CD34 expressed by
HEV. In contrast to adults, HEV of fetal LNs express the vascular addressin MAdCAM-1
(39). As LTi cells are present in fetal blood (18, 40), and homogenously express the
corresponding integrin a4B7 (18), MAACAM-1/04p7 interactions might allow the exit of
LTi cells from the circulation. Indeed, treatment with antibodies (Abs) against MAdCAM-1,
o4 or B7 partially prevented the entry of LTi cells into LN anlagen (39). The fact that in
contrast to y3 T cell entry, which was completely inhibited, LTi cell colonization was not
completely abrogated by Ab treatments suggest that either LTi cells can use other adhesion
molecules to enter the LN anlage, and/or some of them enter tissue via venules that are
different from MAdCAM-1" HEV. These hypotheses are in line with the fact that in fetal



246 Stephane Chappaz and Daniela Finke

mice, some LTi cells were found in LN anlagen prior to the presence of MAdCAM-1" HEV
(35). In addition, B7” mice have normal LN and PP development (41), ruling out that a4p7 is
essential for LTi cell colonization and lympho-organogenesis.

In tissues, LTi cells form cellular clusters with VCAM-1-expressing stromal cells (42,
43). Nishikawa and colleagues were the first to identify this stromal cell subset in the fetal
gut, and termed them “PP organizer cells” because of their capacity to produce chemokines
that were able to recruit mature lymphocytes (3). Later, similar subsets of stromal cells were
found in LN anlagen, but their expression profile was dependent on the anatomical site from
which they were isolated (35, 44). Since they are of mesenchymal origin (45), they may
originate from cellular subsets present in the lymphoid anlagen. The aggregates of LTi and
organizer cells indicate the PP anlagen. Within the primitive anlagen, cells first form diffuse
aggregates, before they develop into segregated sub-regions (12, 45). A recently described
CDl11c" c-Kit" cell population was apparent in PP anlagen as early as LTi and organizer cells
formed clusters (46). By deleting CD11c" cells, the number of PPs was significantly reduced
suggesting that PP organogenesis requires the presence of these cells. CD11c¢" c-Kit" cells
were positive for both GR-1 and NK1.1, markers which are not expressed by adult DCs. In
addition, a substantial proportion of these cells expresses RET, a tyrosine kinase receptor,
which is important for formation of the enteric nerve system (47). In mice deficient for RET,
PP primordia were absent although the relative frequency of LTi cells was normal. This
strongly suggests that RET is required for cluster formation by of LTi cells.

Adhesion molecules expressed during early embryonic development are essential not
only for homing but also for the retention of cells in developing organs, thereby leading to a
cluster of cells. LTi cells express a4B1 and a4fB7 integrin; both these molecules mediate
adhesion to organizer cells that express the Ig super-family adhesion molecules VCAM-1 and
MAdCAM-1, respectively. In addition, LTi cells express ICAM-1 (35), but its role in
interactions with mesenchymal organizer cells is unknown. In RORyt” mice, VCAM-1" cell
clusters are undetectable in the fetal and neonatal gut, clearly demonstrating that the cluster
formation of organizer cells is strictly dependent on the presence of LTi cells. Amongst other
TNFSF members, LTi cells express lymphotoxin o3, (LTo,f,), which engages the LTBR
expressed by the organizer cells. The critical role for LT signaling has been clearly
demonstrated by the discovery that LTa”", LTP” and LTBR” mice lack peripheral LNs and
that administration of a LTPBR inhibitor (LTBR:Ig) during pregnancy leads to defects in both
LN and PP development (48-51). LTPR engagement activates NFkB, which then induces the
transcription of genes required for lymphoid organ formation, such as adhesion molecules
and chemokines (5, 45, 52). Chemokine production by organizer cells may further recruit LTi
cells and B and T lymphocytes. Despite the unequivocal role of LTa,p, in organizer cell
clustering and lymphoid organ development, LTi cells can colonize fetal LN anlagen
independently of LTa (12, 37). In addition, the early LN anlagen appear to develop
independently of LTa,B,, as iLNs were readily found in LTa” mice showing normal
numbers of LTi and CD45" stromal cells (53).

There is evidence that the colonization of SLO anlagen with B lymphocytes precedes T
lymphocyte colonization. In E 18.5 PP anlagen LTi cells aggregate in follicles whereas B
cells remain diffusely localized in the inter-follicular region (46) (Figure 2). .
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Figure 2. Peyer’s Patch of fetal wild type mouse. Immunostaining with anti-CD4 Ab (green) and anti-B220
Ab (red) illustrates the formation of CD4" follicles surrounded by B220" B cells. CD4" cells were negative
for CD3 and CD11c (data not shown).

In LNs of 2 day old severe combined immunodeficient (SCID) or wild type (WT) mice,
LTi cells were found in the cortical region (18). Studies in CXCL13”" mice revealed that the
predominant cortical localization of these cells occurs independently of CXCL13 (54). At this
time point B cell follicles were not observed in LNs. It is likely that through the engagement
of the LTPBR, stromal cells are activated to produce chemokines allowing the entry of B
lymphocytes to putative follicle zones. Notably, studies in WT and CXCL13”" mice have
shown that neonatal B lymphocytes express low levels of CXCRS, are unresponsive to
CXCL13 in vitro, and can colonize the outer cortex of d4 LNs in the absence of CXCL13
(54). However, the subsequent formation of B cell follicles is dependent on CXCL13.
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Altogether, these data strongly suggest that LTi cells play a substantial role in B cell follicle
formation by instructing stromal cells to differentiate into B cell zones.

Independently of mature lymphocytes, the splenic white pulp containing LTi cells is
already in place at E15.5 (38). The transfer of in vitro IL-7- activated fetal LTi cells was
shown to restore the B and T segregation in the spleen of LTo”” mice suggesting a role of LTi
cells in the development of the splenic white pulp. (55). However, RORy” mice have a
normal splenic architecture. One explanation could be that a RORy-independent cell
population exists which can contribute to the organization of the developing spleen.

CD4" c-Kit" Lin™ cells are detectable in the fetal thymus (9), and these thymic cells
express the tumor necrosis factor-related activation induced cytokine TRANCE (RANKL).
This cytokine was originally found to play a role in osteoclastogenesis and LN development
(56). The corresponding receptor RANK is expressed by mTECs and signals via TRAF6.
TRAF6” mice exhibit a defective thymic medulla development, which results in severe
autoimmune disorders (57). RANK signaling was recently shown to regulate the development
of AIRE-expressing mTECs during fetal life (9, 58). Since LTi cells, but no other SP or DP
thymocytes were shown to express TRANCE in fetal thymus, LTi cells may have a major
role in mTEC maturation during fetal life. In adult mice, however, RANK signals were
mediated by single positive (SP) thymocytes, and occurred independently of LTi cells (6-8).

Box 1. The role of TRANCE in mTEC Development

Amongst other TNFSF signals, the cellular cross-talk between TRANCE"™ hematopoietic
cells and RANK-expressing mTEC plays an essential role in establishing a normal medulla in
the thymus, where central tolerance induction occurs. Fetal LTi cells express both TRANCE
and RANK (11, 59), suggesting that there might be cis activation of RANK signaling in LTi
cells. In addition, TRANCE signals by LTi cells promote the in vitro generation of mTECs
that express AIRE (9), which is essential for the presentation of self-tissue-restricted antigens
by mTECs (60). Aire” mice fail to eliminate self-reactive thymocytes and hence develop
systemic autoimmune diseases (61). Id2”" mice completely lack LTi cells, but have normal
numbers of AIRE™ mTECs cells in the adult thymus (7). In contrast to fetal mice, TRANCE is
expressed by SP thymocytes in the adult thymus suggesting that these cells could induce
RANK signaling in mTECs. Indeed, in H2-Aa”" mice, mature mTEC subsets are substantial
reduced demonstrating a pivotal role of CD4" thymocytes in generating a normal medulla in
the adult thymus (8). Altogether, these findings suggest that CD4" thymocytes-driven mTEC
development after birth can compensates for the lack of fetal LTi cells. Alternatively, other
Id2-independent subsets may provide TRANCE signals during fetal life.

The Roles of Cytokines and Chemokines
in LtiLTi Cell Biology

Stromal cells in SLO produce cytokines, which are crucial for the survival of
hematopoietic cells and for the generation of adaptive immune responses. During fetal life,
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organizer cells from mesenteric LN anlagen produce TRANCE (35, 44), and organizer cells
from both mesenteric LN and PP anlagen express IL-7 mRNA (44, 62). Studies in knockout
mice (see below) revealed that cytokines are essential for LN and PP development, and there
is strong evidence that the main function of cytokines that are produced during fetal
development is to control the generation and function of LTi cells.

IL-7 is required for LN development, as IL-77, IL-7Ra”" and y.” mice lack several
peripheral LN (17, 40). The lack of LN is identical in y.” mice and IL-7Ra”" mice (40),
suggesting that IL-7 is the main vy, cytokine for LN formation. The reasons why IL-7"", y,”"
and IL-7Ra”” mice have a reduced number of LNs remain unclear, but several studies
indicate that IL-7 has pleiotropic effects on LTi cells and their putative FL precursors. Firstly,
IL-7 directly affects the function of LTi cells by up-regulating LT expression in vitro (63, 64)
and in vivo in IL-7tg mice (17). Secondly, IL-7 over-expression increases the size of the FL
a4B7" population that contains LTi cell progenitors (17). Thirdly, IL-7 is required for the
generation of LTi cells from FL precursors in vitro (17, 65, 66), and regulates the size of the
LTi cell pool in vivo (17). In line with this, mesenteric LNs from IL-7Ra”" newborn mice
contain decreased numbers of LTi cells (40). Finally, LTi cells are not in rapid cell cycle (12)
and we found that IL-7 promoted the survival rather than the proliferation of LTi cells (17).

IL-7"" mice have normal numbers of VCAM-1" PP anlagen, while such clusters are
absent from the gut of newborn IL-7Ra”” mice (62, 67). These results indicate the existence
of an unidentified alternative ligand for IL-7Ra, which is instrumental for PP formation. IL-
7Ra”, JAK3™ and y.”" mice have no VCAM-1" clusters indicating that this ligand may be
dependent on y. and JAK3. Thymic stromal lymphopoietin (TSLP) is a cytokine which binds
to a receptor composed of the IL-7Ra chain and a specific subunit called TSLPR (68, 69).
The fact that TSLP signals independently of y. and JAK3 (69, 70) make it an unlikely
candidate for triggering PP development (62). Consistent with this hypothesis, IL-7" TSLPR®
" mice develop PP anlage similar in size and number to IL-7"" and WT controls (our
unpublished data). An alternative ligand for IL-7Ra is likely to act specifically in the
intestine, as IL-7"" and IL-7Ro”" mice have very similar defects in LN development (17, 40).

Mice deficient in TRANCE, RANK or in the downstream signaling molecule TNF
receptor associated factor 6 (TRAF6) lack all LNs but have normal numbers of PPs (64, 71,
72). The effect of TRANCE on LN development is reflected by its expression pattern, as
TRANCE mRNA is found at higher levels in organizer cells of mesenteric as compared to
intestinal origin (44). Except for a sub-epithelial population of PPs, intestinal stromal cells in
PPs appear to be TRANCE negative (73).

LTi cells express both TRANCE and RANK (59) (Figure 3), and TRANCE expression
levels increase following stimulation with IL-7 or TL1A (VEGI, TNFRSF12), a TNF family
member produced by endothelial cells (74). The close proximity of LTi cells to endothelial
cells after entry into lymphoid anlagen may help to increase TRANCE production by LTi
cells beyond the threshold required for cis activation of RANK signaling in LTi cells.
TRANCE can induce LT expression by LTi cells in vitro and in vivo (64), suggesting that the
failure of optimal LT expression in TRANCE" mice might prevent LTi cells from properly
inducing organizer cell clustering, thereby preventing the formation of LNs. However, the
fact that agonist anti-LTPR antibody failed to restore LN development in TRANCE™ mice
(72) indicates that TRANCE has additional LT-independent functions. LTi cells can migrate
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to LN anlagen of TRAF6” mice demonstrating that, analogous to LT, the TRANCE/TRAF6
axis is not absolutely required for the colonization of LN anlagen with LTi cells (37). The
anlagen, however, involute after birth, most likely because LTi cells and VCAM-1 organizer
cells fail to form aggregates. Considering that mesenteric LNs from newborn TRANCE™
mice (72) and from E17.5 TRAF6” embryos (64) contain lower percentage of LTi cells than
WT mice, TRANCE was proposed to promote LTi cell differentiation and/or survival in LN
anlage (35, 72). Hence, the number of LTi cells might be the limiting factor for the further
maturation of LN anlage. LN formation in TRAF6” mice can be partially rescued by
intraembryonic injection of IL-7 (64), but it is not clear yet whether in this experimental
setting IL-7 restores LN development by up-regulating LT on LTi cells and/or by promoting
LTi cell accumulation within LN anlagen.
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Figure 3: Receptor expression by LTi cells. Activation of cytokine receptors and adhesion molecules controls
the development, homing and the effector functions of LTi cells. Shown are the chemokine receptors, TNFR
super-family members and adhesion molecules with a known function for LTi cells.

Increased IL-7 availability leads to a significant increase in LTi cell numbers, and to the
formation of ectopic LNs and additional PPs, which is a LTi cell-dependent process (17).
These findings further support the idea that the availability of cytokines controlling LTi cell
numbers is mandatory for the formation of lymphoid organs. Mice doubly deficient for Flt3
Ligand (FIt3L) and IL-7Ra lack all LNs (75), indicating that cytokine synergism might
participate in the homeostasis, function and differentiation of LTi cells. Other molecules,
such as thrombopoietin and TNF, might partially contribute to LN organogenesis by inducing
LT expression by LTi cells (64).
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PP and mesenteric LN organizer cells express the lymphoid chemokines CXCL13,
CCL19 and CCL21 (44, 63). LTi cells express the cognate receptors CXCRS and CCR7 (40,
63, 76) (Figure 3), and migrate in response to each of these chemokines (63). Chemokines are
likely to play a central role in the function of LTi cells by attracting LTi cells to the LN
anlage. Ectopic expression of CXCL13 in the pancreas is sufficient to recruit LTi cells (40),
while mice deficient for the chemokine CXCL13 (77) or its receptor CXCRS (78) lack
several peripheral LNs. Furthermore, peripheral LNs are completely absent in mice deficient
for lymphoid chemokines or chemokine receptors, such as CXCL13" plt/plt (40) and
CXCR5" CCR7" mice (76). Altogether, these results suggest that the recruitment of LTi
cells via chemotaxis is a crucial step for LN formation. Chemokines not only recruit LTi cells
to the LN anlage, but also modulate LTi cell adhesion. The CXCL13-CXCRS interaction
activates the a4p1 integrin expressed by LTi cells and, in turn, allows LTi cells to interact
with VCAM-1 molecules expressed by intestinal organizer cells (22). This chemokine-
mediated integrin activation is a crucial event in PP organogenesis, as suggested by the fact
that CXCR5™ mice have greatly reduced PP numbers (78). These findings illustrate the
importance of adhesion molecules in LN development lympho-organogenesis. Altogether, the
results indicate that the chemokines might play a crucial role in LN and PP organogenesis by
recruiting LTi cells to the LN and PP anlage and by modulating their capacity to interact with
organizer cells.

LTi Cells in the Adult

In adult mice, CD4"CD3" cells were identified in B cell follicles and the B-T interface of
the spleen (10). They are localized in close association with VCAM-1" stromal cells, DCs
and, like fetal LTi cells, around central arterioles of the spleen (55). Following in vitro
stimulation with IL-7, adult splenic CD4"CD3" cells express OX40L and CD30L. Both these
molecules are important to the promotion of T-cell help for memory antibody responses (79).
Adult CD4"CD3" cells share a similar gene transcriptional profile with fetal LTi cells and
were hence termed LTi-like cells (11). However, mRNA levels for RORyt are significantly
lower in adult cells. Our explanation is that the pool of adult CD4'CD3" cells may be
heterogeneous, consisting of both RORyt" and RORyt” cells. Adult BM-derived LTi-like cells
adoptively transferred into LTa”™ mice were proposed to play a role in B/T segregation of the
splenic white pulp (55). BM chimera experiments also revealed that adult LTi-like cells
helped reorganizing the splenic architecture following lymphocytic choriomeningitis virus
infection (14). Altogether, there is clear evidence that adult CD4'CD3 cells exist which have
similar properties to fetal LTi cells. We have experimental evidence that adult CD4"CD3"
cells are able to induce PP development following adoptive transfer into PP-deficient
CXCR5™"" mice, thus confirming their function as inducers of lymphoid tissue formation.

Likewise, RORyt"CD4'CD3" cells were observed in the lamina propria of the gut in
lymphoid aggregates termed isolated lymphoid follicles (ILF) and cryptopatches (CP) (33).
Unlike PPs, which form during embryogenesis, ILF are inducible lymphoid aggregates,
which develop after colonization of the intestine with bacteria (80), and are highly dynamic
structures, which can vary in size and number. ILF localize to the antimesenteric side of the
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intestine. They are composed of B lymphocytes, DCs, few T lymphocytes and RORyt" c-Kit"
IL-7Ra" cells, the latter closely localizing to the sub-epithelial dome. Interestingly, TRANCE
was found to be exclusively expressed by a small subset of sub-epithelial stromal cells in ILF
and PPs of adult WT mice (73). It remains to be investigated whether local TRANCE
production in this dome region plays a role in the local persistence of intestinal RORyt" c-
Kit" IL-7Ra." cells.

CP and ILF appear at approximately the same time after birth (between 7 and 25 days
after birth). CP are smaller than ILF, localize to the intestinal crypts and contain fewer B
lymphocytes (81). Morphological intermediates between CP and ILF suggest that CP can
differentiate into ILF depending on the extrinsic environmental signals (82). LT signals
provided by hematopoietic cells are involved in the formation and maturation of ILF and CP
(80, 83, 84). Although ILF are not absolutely required for adaptive immune responses to oral
antigens (85), ILF can generate IgA plasma cells in the absence of PPs (13). Hence, ILF may
contribute to specific immune responses by sensing the intestinal microflora.

RORy” mice lack CP suggesting that adult LTi-like cells are involved in the
development of these structures (33). RORyt™ cells are often seen in close contact with DCs.
They may indirectly help B lymphocytes to colonize the lamina propria, since RORy”" mice
were reported to have fewer B lymphocytes at this anatomical site (86). In line with this, the
adoptive transfer of adult LTi-like cells induced the de novo formation of ILF together with a
considerable increase in IgA plasma cell numbers (13). The effect of adult LTi-like cells on
lymphoid stromal cell differentiation was further augmented by Toll-like receptor
stimulation, thereby suggesting a cross-talk between intestinal LTi-like cells, stromal cells
and bacteria.

Altogether, these data clearly demonstrate that LTi cells are found during adult life. They
may function in preserving lymphoid architecture and in promoting adaptive immune
responses. There are several questions that remain to be addressed. Firstly, it will be
important to identify the stimuli that trigger the activation of adult LTi cells during infection
and the accumulation or expansion at sites of infection. Secondly, a role of adult LTi cells in
the development of ectopic lymphoid follicles in chronically inflamed non-lymphoid organs
has to be studied. Finally, it is unclear whether LTi cells persist from fetal to adult life or are
continuously produced from BM precursor cells. Reconstitution experiments in mice lacking
CP and ILF have shown that CP and ILF can be reconstituted by the adoptive transfer of WT
BM (13, 84, 87) and that B and T lymphocytes are dispensable for the induction of follicle
formation. These data suggest that the adult BM can be the source of precursors for adult LTi
cells.

Conclusion

Approximately 20 years after the discovery of CD4"CD3" cells in neonatal LNs (88), our
knowledge on the function of LTi cells in the immune system has been substantially extended
at both the cellular and the molecular level. Challenging recent data indicate that LTi cells are
not only found in SLO but also in the thymus, where they may play a role in fetal mTEC
development, a process that leads to central tolerance induction. Another striking observation
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is that in lymphoid organs and the intestine of adult mice, LTi-like cells continue to act as
inducers of lymphoid tissue formation and organization. Additionally, LTi cells may provide
signals that promote immune responses during infection. The data summarized here further
support the idea that LTi cells are responsive to inflammatory signals produced during
pathogen-host interactions.

An important question that remains to be answered is the nature of the specific
transcription factors downstream of Ikaros and Id2, which control lineage commitment
towards LTi cells. Moreover, the specific niches where the LTi cell pool can persist or
become replenished from hematopoietic progenitor cells are still to be identified. The
function of LTi cell cross-talk with other cell subsets such as stromal cells, TECs, vascular
endothelial cells, CD11c" cells and lymphocytes will be subject of future research in order to
better understand the function of LTi cells in the fetal and adult immune system.
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Abstract

For more than twenty years, most models of hematopoiesis have been branching
trees that include an early lymphoid/myeloid dichotomy. However, the field now appears
to be turning away from such deterministic viewpoints. Events such as the recent demise
of the common lymphoid progenitor have spawned a plethora of new developmental
trees, but without leading to consensus on any single depiction. Instead of precise trees,
we offer a model that simply considers a series of pair-wise developmental relationships
between the various hematopoietic lineages, with decisions also influenced by signals
from cell-surface receptors (for interleukins, colony-stimulating factors, etc.). The
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evidence for pair-wise relationships comes from: (i) the sets of fates available to various
cell lines and oligopotent progenitors; and (ii) the patterns of regulation of various
hematopoietic fates by complex sets of transcription factors. Each transcription factor
seems, by promoting or suppressing lineage options on either side of fate boundaries, to
contribute to determining the boundaries of sets of contiguous and related fates and to
drive final choices between adjacent fates.

Introduction

Since the 1960s the hematopoietic system has been a key model for determining how
diverse types of cells are generated within an organ system, with the discovery of tissue-
specific hematopoietic stem cells (HSC) a fundamental early step. HSC self-renew and give
rise, via several types of intermediate progenitor cells, to all types of blood and immune cells
— platelets, erythrocytes, neutrophils, basophils, eosinophils, macrophages, at least two types
of dendritic cells, B and T lymphocytes (of several types), natural killer cells and maybe
others. An understanding of how cell lineages are forged demanded ways of identifying
progenitor cells that are committed to various lineage fates. Till and McCullochk [1] started
this process when they observed that donor bone marrow cells injected into recipient mice
whose own bone marrow had been eliminated by irradiation gave rise to clonal colonies in
the spleen that contained various types of mature blood cells. Moreover, bone marrow cells
that were dispersed in semi-solid medium in vitro gave rise to heterogeneous colonies of
differentiating and mature cells, each made up of the progeny of a single progenitor cell [2].
For hematopoiesis to occur in vivo, the developing cells must interact with marrow stromal
cells. Recognition of these interactions led to the development of adherent monolayer
cultures of stromal cells that would predominantly support either myelopoiesis or
lymphopoiesis by providing appropriate growth and/or survival factors [3, 4].

So what are the developmental pathways that the progeny of HSCs follow to develop into
each type of differentiated cell? Information from diverse experimental systems, both in vivo
and in vitro, has led to the proposal of a multiplicity of branching ‘tree’ maps of
hematopoietic development — sometimes giving the impression that each major research
group was nurturing its own bit of woodland. In recent years an added inconvenience has
been the need for some of these trees to include more than one developmental route to some
types of blood cell.

Rather than comparing the individual merits and deficiencies of hierarchical lineage
trees, we will consider another way of representing the information that trees attempt to
summarise. This alternative model views hematopoiesis as a process in which the sets of
possibilities available to HSCs and the various progenitor populations they give rise to are
contiguous segments of a single, continuous, and plastic spectrum of lineage options. It
represents the tendency of maturing HSCs and haemopoietic progenitors to progress from
having a complete spectrum of lineage options towards more restricted subsets of available
lineage options, but considers all of the subsets of options available to haemopoietic cells as
contiguous segments of this fixed spectrum. We shall compare this idea of a continuous
spectrum of pair-wise inter-relationships between the various hematopoietic fates against the
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bifurcating patterns of progressive loss of lineage options that characterize more traditional
‘tree’ representations.

The Sequential Determination Model

Starting in 1985, one of us developed the Sequential Determination (SD) model of
hematopoiesis, an early version of which is in Figure 1 [5]. This envisaged that the various
lineage options become available in HSCs in a preferred order and then become latent — the
depicted sequence encompasses the full hematopoietic spectrum, from megakaryocyte
development at one pole to T lymphocyte development at the other: see the legend for more
details.

Mast Cell/Basophil Neutrophil B lymphocyte
Eosinophil Monocyte T lymphocyte

Platelet Erythrocyte

o @
000
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Figure 1. The Sequential Determination model of hematopoiesis.

The model, originally proposed in 1985 [5, 17], envisages a developmental program running in HSC that
leads to a preferred sequence for the acquisition and loss of lineage potentials. A maximum of two options is
available at any given time: as the probability of one decreases that of the next increases, so there is an
overlap between each pair of options. The SD model arose from consideration of the combinations of lineage
option pairings that were retained in various bipotent (and oligopotent) progenitor cells and in cell lines.
Eight different fates were recognized in 1985, but only some of the 28 possible pairings of these — presumed
to reflect close relationships — were observed experimentally, and these were combined into the sequence
shown. Some of these relationships are exemplified by hematopoietic cell lines: HL60 cells can differentiate
towards basophils, eosinophils, neutrophils or monocytes [18-21]); HT93 cells show eosinophil-neutrophil
bipotency; and YJ cells show eosinophil-neutrophil-monocyte tripotency [22].
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Lymphoid/Myeloid Progenitors
in the Bone Marrow

A simple myeloid-lymphoid dichotomy was ruled out by the observations which revealed
that the potentials for B lymphocyte and monocyte differentiation do not always segregate
early. This conclusion has been reinforced by the detailed characterization of progenitor cell
populations from mouse bone marrow that combine lymphoid and myeloid potentials [6].
These Early Progenitors with Lymphoid and Myeloid potential (EPLM) are B220™*°,
CD117°%, CD93™¢, CD19™¢, CD3™ and NK1.1™°, and they resemble pre-B cells that are
found in knock-out mice lacking Pax-5, a B cell transcription factor [23]. In vivo, EPLM give
rise to T and B lymphocytes, but they can be provoked to differentiate in vitro to B and T
lymphocytes, natural killer (NK) cells, dendritic cells or macrophages. Differentiation to T
lymphocytes requires a persistent Notch signal and IL-7; in the absence of Notch and the
presence of IL-7, B lymphocytes are generated; NK cells develop following a transient Notch
signal in the presence of IL-2 (or, probably, IL-15) [24]; and dendritic cell or macrophage
development is Notch-independent but requires macrophage colony-stimulating factor (M-
CSF) [25]. Despite the T lineage potential of EPLM, the thymus does not harbour EPLM-like
cells, so EPLM probably represent the last stage in a developmental pathway that is
predominantly B lymphocyte-directed, but in which a Notch signal can rescue T
lymphopoiesis.

Endeavours to understand hematopoiesis in the mouse have focused on a bone marrow
cell population that expresses high levels of stem cell antigen-1 (Sca-1) and c-kit (the
receptor for stem cell factor, SCF) and lacks surface markers of differentiating or mature
blood cells. These cells, termed LSK (Lin” Sca-1" Kit") cells, can reconstitute hematopoiesis
in ablated mice. Also in the isolated LSK cell population are some multipotent progenitor
cells (MPPs) that — unlike reconstituting HSCs — express FIt3 (LSKFIt3"). This LSKFIt3"
subpopulation also includes lymphoid-primed multipotent progenitors (LMPPs) that have
granulocyte, monocyte and lymphoid potentials and little or no aptitude for megakaryocytic
or erythroid differentiation [26]. Megakaryocyte/erythroid potential is observed only in those
LSKFIt3" cells that express the thrombopoietin receptor.

LSKFIt3" cells that lack the thrombopoietin receptor have the potentials for granulocyte,
monocyte and lymphoid differentiation and their transcriptional patterns include elements
typical of each of these linecage programmes. As they develop, a graded increase in
transcriptional priming for lymphoid differentiation coincides with a graded reduction in the
potentials for granulocyte and monocyte differentiation, suggesting that they progress in a
gradual manner from including all potentials, through loss of megakaryocye/erythroid
potentials but retention of propensity for differentiation towards granulocytes and monocytes,
finally to become restricted to lymphoid pathways [15, 27] — this is the sequence of preferred
options postulated by the SD model and also matches the branching patterns of many trees.
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Lymphoid Progenitors in the Thymus Retain
Myeloid Potential

Thymus-settling progenitors (TSP) are cells that have recently arrived in the thymus and
are CCR9™, CDI135"¢, CD117"e" CD44"° and CD25™ [28]. Upon loss of CCR9 and
CD135, TSP are converted to early thymocyte progenitors (ETP, also called DN1 cells). In
turn, ETP/DNI1 gain CD25 to become double negative-2 (DN2) cells; and DN2 cells, upon
loss of CD117 and CD44 and gain of cytoplasmic CD3, become DN3 cells. This DN2 to
DN3 transition is particularly crucial, but still poorly defined [29]. In addition to maturing
into T lymphocytes, TSPs have the potential to develop to myeloid cells, dendritic cells and B
lymphocytes. B lineage potential is lost at the transition from TSP to ETP, prior to loss of
CDI135 expression, and myeloid-dendritic cell and NK cell potentials are lost as the cells
convert from DN2 to DN3. DN3 cells contain abundant T cell receptor (TCR) B-chain V-DJ
rearrangements and are fully T lymphocyte-committed. TCR B-chain D-J rearrangements are
present in myeloid and NK cells generated from DN2 cells, so these rearrangements must
occur before cells become committed to become T lymphocytes and they do not prevent
differentiation towards other fates [25, 30].

Studies of clones of cells that are derived from ‘T lymphocyte progenitors’ under culture
conditions that permit both lymphoid and myeloid cell-types to mature has demonstrated the
existence of progenitors that combine lymphoid and myeloid potentials: ETP and DN2 cells
both retain the potential for either T lymphocyte or myeloid differentiation, but have already
lost the ability to develop into B lymphocytes [31, 32]. Their myeloid potential is
predominantly monocytic, but granulocytes, dendritic cells and NK cells are also observed.

Multiple Routes towards a Particular Fate

As just illustrated, each of the diverse types of hematopoietic progenitor that has been
identified maintains the ability to mature along a defined set of lineage options, and
description of each ‘new’ type of progenitor has tended to demand some refinement of
previous lineage maps. Redrawn versions of some of the recent tree models that are shown in
Figure 2 illustrate two issues. Some elements, notably an early lymphoid/myeloid division,
are common to all of the three maps, but the maps differ in their exact views of the
relationships between myeloid and lymphoid cells. As a consequence, these trees suggest a
variety, and sometimes a multiplicity, of routes from HSCs to myeloid fates.

That some hematopoietic fates might be reached by more than one route is an idea that to
a degree echoes an early ‘stochastic’ model of hematopoiesis, which held that the progeny of
HSCs choose in a fairly random manner from those lineage options that they still retain, with
the various lineage potentials becoming assorted amongst committed colony-forming cells in
an unpredictable pattern [35]. Later studies showed that the patterns of expression of the
various transcription factors that govern lineage specification in progenitor cells are widely
expressed at low levels in a variety of combinations, in a manner that seems compatible with
this type of ‘stochastic’ model [36, 37], and it was suggested that these fluctuations then
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influence the apparently random adoption of fates [38]. Although simple versions of such
stochastic models of fate determination are now not widely favoured, such findings suggest
that the properties of intermediate progenitor cells are more plastic than has often been
acknowledged (see later).
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Figure 2. Branching models that suggest multiple routes to myeloid cells.

In the Katsura model a common lymphoid-myeloid progenitor gives rise to progenitors whereby there are
close relationships between the options for myeloid and T lymphocyte development and for myeloid and B
lymphocyte development [33]. In addition to HSCs veering in these directions, they also veer towards the
potentials for erythroid and megakaryocyte development whilst retaining the potentials for myeloid
development. In the model proposed by Jacobsen [15] there are multiple routes towards some end cell types.
The question marks alongside the arrows indicate that the relationship between progenitor cell populations
remains to be definitively established. The Ye and Graf model envisages flows along branches of a tree
towards the options for megakaryocyte/erythroid/myeloid differentiation and those for lymphoid
differentiation [34].

A Continuum Depiction of Lineage Inter-

Relationships and their Links to Progressive
Specification during Hematopoiesis

Given the limitations of the models that lie at two extremes — invariant lineage trees or
stochastic lineage choice — what view of hematopoiesis would both recognise that
intermediate progenitors have tendencies to give rise to particular combinations of fates (and
to exclude others) and also reject strict determinacy of the type that lineage trees suggest. For
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example, how do ‘committed lymphoid progenitors’ and ‘committed myeloid progenitors’
both give rise to apparently identical dendritic cells [39]?

Starting from the ‘sequential’ model [5] we have further developed our depiction of the
developmental relationships between the various hematopoietic cell types: see Fig 3, which is
a modification of an earlier figure in [40]. Below we consider whether this might better
express the diverse ways in which cells progress — from the initial ‘stem-cell’ state of HSCs,
through various oligopotent (‘progenitor cell’) states, to one of the many final types of fully
differentiated cells.

The mixed final cell populations that arise when the progeny of normal oligopotent
progenitors are allowed to mature, regularly recapitulate the same sets of partnerships
between pairs (and larger multiples) of final hematopoietic fates. The same applies to the
many cell lines derived from hematopoietic cells. For example, neutrophil/monocyte and
erythrocyte/megakaryocyte pairings are commonplace. By contrast, other lineage
combinations — such as a progenitor or cell-line giving rise only to megakaryocytes and T
lymphocytes — have not been seen and are presumed to be prohibited.

Figure 3 simply arranges the known pair-wise relationships between lineage fates around
a broken circle. It makes no assumptions about any underlying branching pattern that might
appear to dictate a preferred route to a particular fate. This pattern of pair-wise relationships
appears to be governed by a cell-intrinsic program that operates in stem cells and in the
various oligopotent progenitors derived from them. Each fate potential varies between being
dominant (and likely to be adopted), being available (but less available than one of its
neighbours), and already having been lost (though maybe not irretrievably). Like others, this
model envisages that a cell progressively closes down other fates as it moves towards finally
committing to a differentiated fate — with the last fate potentials to be lost being the two with
which the chosen fate has immediate pair-wise relationships. Many different transcriptional
programs may have been primed in the HSCs and multipotent progenitors, but all but one will
have been extinguished — or at least suppressed to ineffectual levels — once final commitment
occurs [41-44].

A problem with tree representations is that they are best suited to depicting only one
route from an initiating stem cell to each final differentiated cell. By contrast, the depiction in
Figure 3 simply considers a series of pair-wise relationships between adjacent fates available
to HSCs. Each final differentiated fate can be represented by a small arc that takes in only
that lineage, and each type of intermediate progenitor is represented by an arc that
encompasses all of the contiguous fates that it can yield: arcs representing many of the
commonly analyzed progenitor populations are displayed outside the central circle. If the fate
repertoires of two or more types of progenitor include the same mature lineage then the arcs
that represent these progenitors overlap appropriately (for example, EPLM and LMPP in
Figure 3).

This depiction shares important features with the lineage trees discussed above, but
presents relationships between the various lineages as a continuum — from megakaryo-
cyte/erythroid potentials, through myeloid (neutrophil/monocyte) potentials to those for
lymphoid development. Whilst there is still some uncertainty about exactly how to place each
lineage option, the most profound separation seems to be between the megakaryocyte and
erythroid pathways on the one hand and the various types of lymphoid cells on the other, with
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granulocytic and phagocytic lineages intermediate. For example, the progressive lineage
restriction of mouse LSK cells — from pluripotency, through the loss of erythro-
cyte/megakaryocyte and then granulocytic/monocytic potentials, finally to lymphoid
restriction — corresponds to this pattern. Similarly, Lai and Kondo have suggested that there
is a hierarchy to for the loss of differentiation potentials in which early loss of erythroid
potential is followed by loss of both neutrophil and monocyte potentials and that a silencing
of myeloid genes is prerequisite for commitment to lymphoid development [45].
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Figure 3. A simple depiction of the specification of hematopoietic lineages.

The figure shows a simple depiction of the pair-wise relationships between different hematopoietic lineages.
Cell-intrinsic programs running in both HSCs and in the various oligopotent progenitors derived from them
allows the initial wide spectrum of fates to become progressively restricted to parts of the spectrum (as
shown by the arcs) and finally to a chosen lineage. The arrowheads on some arcs indicate that apparently
identical dendritic cells can be derived from a progenitor with meg <> monocyte potentials and a progenitor
with B <> T potentials. Hence these two arcs overlap as to dendritic cell potential.

The original SD model did not include dendritic cells and NK cells. A sub-population of
CLPs expresses the tyrosine kinase receptor Flk2, and in vitro CLPs yield B and T
lymphocytes, dendritic cells and NK cells, but not cells of myeloid lineages [46]. Hence,
these are a set of related fates. The option for NK cell development is placed next to that for
T Iymphocytes: this reflects the order of loss of potentials by stem cells entering the thymus
(see above) and the fact that these cells have related cytolytic functions. As already
mentioned, apparently identical dendritic cells can be derived from cells purified either as
CMP or CLP, even though these are clearly distinguishable progenitors [47], again
suggesting where dendritic cells may be placed in the sequence: the option for dendritic cell
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development may best be viewed as operating independently of myeloid and lymphoid
pathways. Placing dendritic cells between monocytes and B lymphocyte is compatible with
their generation from both ‘myeloid’ and ‘lymphoid’ progenitors. However, the fact that ETP
and DN2 cells in the thymus have lost the potential for B lymphocyte development yet
retained myeloid (including macrophage and dendritic cell) potential [25] appears at odds
with this sequence. Perhaps the contiguity of fates is not inviolate, and can change under
certain in vivo and in vitro circumstances by, for example, the strength of Notch signaling
(see below). As mentioned earlier, adult mouse bone marrow and foetal liver yield a bipotent
monocyte/B lymphocyte progenitor — it would be of interest to know whether this cell might
be persuaded to exhibit dendritic cell (and T lymphocyte?) potential under appropriate
conditions.

Evolutionary Emergence of the Mammalian
Hematopoietic Repertoire

It is likely that the inter-relationships between cell-types in the complex adaptive
hematopoietic system of mammals and other jawed vertebrates are evolutionarily derived
from the simpler, mainly innate, immune systems in the common ancestors from which they
evolved. New specialized lineages are likely to have been added, one by one, to various parts
of the hematopoietic continuum: examples include the multiple types of lymphocytes and
granulocytes. Primordial defense mechanisms such as non-specific recognition and
phagocytosis of pathogens by macrophages (which are also needed to clear apoptotic cells
during morphogenesis and tissue turnover) seem to have evolved earlier than lymphocyte-
mediated specific and adaptive immunity [48, 49]. For example, Drosophila melanogaster
has innate and non-specific immunity, mediated by macrophage-like plasmatocytes and
neutrophil-like crystal cells, but lacks lymphocyte-mediated adaptive immunity. Coagulation
of the type that is mediated by platelets, which probably evolved to restrict pathogen
dispersal within an organism (for instance, in Drosophila melanogaster), is considered an
even more primordial defense mechanism than phagocytosis.

Monocytes, B lymphocytes and dendritic cells share some common functions, including
the processing of antigens and presentation of antigenic peptides at their cell surface in
association with MHC Class II molecules. Some B lymphocytes from teleost fish and the
amphibian Xenopus laevis are phagocytic, whereas the more specialized B lymphocytes of
mammals have lost this capacity [50]. This suggests that B lymphocytes and monocytes
might have evolved from a previous phagocytic cell type, with functional attributes
segregated between the two cell-types and refined. Consideration of the notion that B and T
lymphocytes evolved more recently than myeloid cells has led to an interesting interpretation
of the different numbers of transcription factors that are required to specify these groups of
lineages. Activation of two factors seems to be enough to specify each of the myeloid fates,
but more complex combinations of at least four factors are needed to specify B and T
lymphocyte development: it is suggested that “the basic wiring of myeloid cells may have
served as a platform for the development of more complex cell phenotypes” [51].
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Mapping Transcription Factor Requirements
onto the Pair-Wise Relationships Model

What are the processes in HSCs and multipotent progenitors that cause the segregation
and adoption of fates? The general answer is that changes in the concentrations of
transcription factors (TFs) govern how a cell progressively loses its plasticity and finally
adopts a particular lineage fate. A complex network of TFs selectively enhances or represses
expression of individual genes, which in concert facilitate or repress each lineage option.
Important variables include the achievement by TFs of various thresholds within a range of
TF concentrations and the covalent regulation of TF activities, for example by
phosphorylation or sumoylation. The relative concentrations (or activities) of two or more
factors are important. This can be exemplified by the CCAAT enhancer-binding protein-
o (C/EBPa) and GATA-2: granulocyte/monocyte-restricted progenitor cells express
C/EBPaq,; elevated GATA-2 expression redirects these cells to the eosinophil lineage; but if
C/EBPa expression is suppressed prior to GATA-2 expression the granulocyte/monocyte
progenitors commit to mast cell development [52].

The TF circuitry is interactive, with TFs regulating one another’s expression and activity.
For example, EDGA expression is a target of GATA-1, and GATA-1 and PU-1 exemplify
mutual cross-inhibition. Erythroid and megakaryocytic cells express GATA-1 and
myelomonocytic lineages express PU-1; elevating GATA-1 promotes
erythroid/megakaryocytic fates; elevating PU-1 shifts the balance towards myelomonocytic
options; and over-expression of each can suppress expression of the other [53] (reviewed in
[51]). Another example of interference circuitry is FOG-1 restriction of mast cell
development by disrupting the requirement for GATA-1 to associate with PU-1 [54].

How do the requirements for activity of the various TFs map onto the pair-wise
relationships spectrum of lineage fates? To what degree do the expression and activation
states of various TFs correspond with the array of pair-wise relationships between lineages?
WAnd what changes in TF activity characterise choices between adjacent fates, leading to the
losses of fate potentials that occur as cells move outwards into the ever-smaller arcs of Fig 3?
Fig 4 attempts to summarise available information on these points. It is apparent that the
permissive and/or stimulatory effects of each TF tend to be exerted on a contiguous series of
interrelated fates, and that a stimulatory TF often exerts inhibitory effects on the lineage
options on one or both sides of that span.

Shared usage of TFs by contiguous fates is exemplified by the roles played by GATA-1
and its structurally similar binding partner Friend Of GATA-1 (FOG-1) in the megakaryocyte
< > erythrocyte < > basophil/mast cell < > eosinophil span of the spectrum (see Figure 4).
GATA-2 plays a role in early development along pathways and is later replaced by GATA-1
[55, 56]. GATA-1 concentration is important, as variations in its expression in Myb-Ets-
transformed myeloblasts can reprogram these cells to become thromboblasts (high GATA-1)
or eosinophils (lower GATA-1) [57]. GATA-1 restricts mast cell development: mice with an
inactivating GATA-1 mutation have an excess of mast cell progenitors [58], and a
megakaryocyte/erythrocyte/mast cell progenitor is expanded in mice carrying a GATA-1"%
mutation [59]. Other TFs are also important — high GATA-1 plus FOG-1 specifies
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megakaryocyte/erythroid-restricted progenitors, but moderate GATA-1 plus C/EBPo/B
generates eosinophils [53]. Three findings emphasise the importance of GATA-1 to
eosinophil development: (i) mice carrying inactivated GATA-1 do not make eosinophil
progenitors; (ii) GATA-1 levels rise when murine embryonic stem cells undergo eosinophil
development [60]; and (iii) over-expressing GATA-1 in granulocyte-macrophage-restricted
cells forces eosinophil development [57, 61].

Meg 3Ery 3Bas3 EosiNeuf Mon3 D(:3 B :NK

o@@.@“ﬂbﬁ@‘@o

—

MLLT3
GATA-1
GATA-2
FOG-1
EDAG
Myb
EKLF
PU.1
C/EBPa.
EBF-1
Pax5

E proteins
Notch/CSL

Figure 4. Mapping TF usage to the continuum of pair-wise relationships.

The green blocks indicate which TFs must be active for adoption of a particular fate, and the red blocks
identify TFs that prevent cells from adopting that fate. Text on the blocks adds detail to information given by
the colour (e.g. a TF must be at a high concentration or be phosphorylated to achieve the function depicted).
The arrows indicate diversion to an adjacent fate. Meg, megakaryocyte; Ery, erythroid; Bas, basophil/mast
cell; Eos, eosinophil; Neu, neutrophil; Mon, monocyte; DC, dendritic cell; B, B lymphocyte; NK, natural
killer cell; T, T lymphocyte.

Like GATA-1, FOG-1 is essential for erythropoiesis and megakaryopoiesis and restricts
mast cell development. Loss of FOG-1 arrests erythropoiesis and causes complete failure of
megakaryopoiesis [62, 63]. Conditional FOG-1 expression in mouse ES cells followed by
induction of hematopoietic cell differentiation reprograms hematopoietic progenitors from a
mast cell to a neutrophil fate. FOG-1 expression in mature mast cells leads to their
dedifferentiation [54], and ectopic expression of FOG-1 in mast cell progenitors redirects
them to the erythroid, megakaryocytic and granulocytic lineages [64].

As in the above lineage grouping, there is a progenitor restricted to the adjacent
megakaryocyte and erythroid lineages (reviewed in [65]) and MLLT3 interacts with GATA-1
to facilitate both of these fates [66]. By contrast, the mast cell and eosinophil pathways both
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require down-regulation of FOG-1 alongside GATA-1 expression [64]: FOG-1 may skew
cells from the mast cell fate by disrupting an association between GATA-1 and PU-1 [54].

C/EBPa. is  important  for  differentiation to  lineages  within  the
eosinophil/neutrophil/monocyte/dendritic cell span. Neonatal mice lacking C/EBPa lack
granulocytes, monocytes and their progenitors [67, 68], and C/EBPa is also required for
eosinophil and dendritic cell maturation [69]. The level of activity of C/EBPa influences
options within this span of the sequence, with increased C/EBPa activity skewing cells
towards a preference of monocyte over granulocyte development. For example, estradiol
activation of an introduced C/EBPa-estrogen receptor construct in murine marrow
mononuclear cells leads to a preponderance of monocytes and their progenitors over
granulocytes and their progenitors [70], and C/EBPa:AP-1 heterodimers direct monocytic
commitment more potently than C/EBPa homodimers [71]. In a further level of regulation,
inhibitory phosphorylation of C/EBPa by glycogen synthase kinase-3 (GSK-3) can bias the
neutrophil/eosinophil balance in hematopoietic progenitors towards eosinophils, and
expression of a C/EBPa construct that cannot be phosphorylated at the inhibitory site directs
differentiation towards neutrophils. At a yet higher level, inhibitory phosphorylation of GSK-
3 by protein kinase B (PKB/c-akt, which is itself regulated downstream of phosphoinositide
3-kinase activation) prevents C/EBPa phosphorylation, promotes neutrophil and monocyte
development and suppresses eosinophil differentiation [72].

PU.1 activity makes stem/progenitor cells veer away from the erythroid end of the
spectrum towards myeloid fates [73-75], and is essential for murine embryonic stem cells to
generate eosinophils [60], neutrophils and macrophages [76] and dendritic cells [77], and
also for basophils/mast cells to produce 1L-4 [78]. At the other end of the lineage sequence,
PU.1 concentration must be low for B lymphocyte development [79].

The concentration of the Erythroid Differentiation-Associated Gene product (EDAG)
must be low for successful differentiation to fates at the lymphoid end of the lincage
spectrum. EDAG is expressed in HSCs, early progenitors and megakaryocytic and erythroid
progenitors and is a target of GATA-1 [80]. In transgenic mice, increased EDAG expression
causes an expansion of myeloid cells, blocks B lymphocyte development at the B1 to pre-BII
stage and blocks T lymphocyte development at the most immature DN1 stage [81]. Multi-
component TF complexes that include basic helix-loop-helix (HLH) E proteins (including
SCL/TALI1, E2A, HEB and E2-2, and the inhibitor Id) play multiple roles both in the choice
between T lymphocyte and non-T lymphocyte fates and in later developmental stages, for
example, during erythrocyte development [82, 83]. When DN3 thymocytes are diverted
towards myeloid or dendritic cell fates — by re-introducing C/EBPa. or PU.1, respectively —
one of the earliest effects is suppression of the inhibition of the net activity of E proteins [51,
83-85].
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Progression of Lineage Restriction towards
a Single Fate

Centrifugal progression from the central spectrum out to ever-smaller arcs representing
decreasing numbers of options involves closure of fates. Changing concentrations of the
relevant TFs tend to promote one fate or a group of contiguous fates whilst suppressing those
to either side of the promoted sector.

c-Myb and the Erythroid Kruppel-like factor (EKLF) play a directive role in
megakaryocytic versus erythroid fate choice. High c-Myb in megakaryocyte/erythroid-
restricted progenitors promotes erythropoiesis and suppresses megakaryopoiesis, as revealed
by a transgenic mouse in which an enhancer for c-myb gene expression was disabled by gene
insertion: a marked decrease in c-Myb leads to an increase in megakaryocytes and a decrease
in erythroid cells [86]. Various c-myb-dysfunctional mice have increased megakaryopoiesis
and diminished erythropoiesis: these include a c-myb knockdown [87] and mice bearing
mutations in the DNA-binding or leucine zipper domains of c-Myb [88] or in p300, which
interacts with c-Myb [89].

EKLF plays an important role in erythroid differentiation. GATA-2 and Smad5 cooperate
to induce expression of EKLF in a progenitor population, and EKLF is controlled by GATA-
1 once cells have become erythroid-commited [90]. EKLF represses megakaryocyte
differentiation [91], at least partly by repressing mRNA levels of Fli-1, a TF that drives
expression of megakaryocytic-specific genes [91, 92]. Sumoylation of EKLF is important for
inhibition of megakaryopoiesis: mutation of a single sumoylation site attenuates its repressive
ability without affecting its ability to stimulate transcription. The sumoylated EKLF interacts
with the Mi-23 ATPase-containing subunit of the NuRD repression complex rather than with
activators such as p300, CBP and P/CAF [93].

As already noted, differences in TF concentrations can simultaneously drive cells
towards a contiguous set of fates and suppress options to either side of this group. For
example, PU.1 enforcement of myeloid and B lymphocyte identity (see above) appears to
involve diversion of cells away from erythroid, NK cell and T lymphocyte options [94].
Genes activated by high PU.1 tend to be myeloid-specific, whereas erythroid-, NK cell- and
T-lymphocyte-affiliated genes are repressed. Similarly, C/EBPa can divert
megakaryocyte/erythroid progenitors towards macrophages [95], is important for
myelopoiesis and suppresses lymphopoiesis: its enforced expression in CLPs, pro-T and pro-
B cells promotes myeloid differentiation. C/EBPa. inhibits B lymphoid development by
cross-inhibiting the B lymphoid-promoting transcription factor Pax5 [96] and maybe other
regulators: enforced C/EBPa expression completely suppresses Pax5 [97].

The Early B Cell Factor (EBF-1, also called EBF or Olf-1) provokes B cell development
whilst antagonising myeloid and T lymphocyte options. It is expressed exclusively in B
lineage cells and is essential for B lymphocyte commitment of multi-potent progenitors.
Moreover, enforced EBF-1 expression in multi-potent progenitors directs B lymphocyte
development at the expense of myelopoiesis, and sustained EBF-1 expression in HSCs or in
foetal liver progenitor cells from Pax5”" embryos suppresses both T cell and myeloid
potentials [98]. There is no information on whether EBF-1 blocks the dendritic cell and NK
cell fate options: dendritic cells and NK cells, as well as myeloid cells and T cells, are
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generated when progenitor cells from EBF-1"" mice are transferred into lethally irradiated
host mice, so it is not required for development along these pathways.

Environmental Signals Influence the Progress
of Cells towards TF-Prescribed Lineage Options

TFs determine the availability of lineage options to progenitor cells, environmental
signals, such as cytokines, couple to the TF network to facilitate and/or force options.

Notch is the prototype of a family of transmembrane receptors that bind ligands of the
Jagged and Delta/Serrate families. Ligand binding leads to proteolytic cleavage of an
intracellular domain of Notch which translocates to the nucleus and converts its nuclear
cofactor CSL into a transcriptional activator. Notch signaling is important for T lymphocyte
development: entry into the earliest discernable T cell progenitor stage fails in mice lacking
Notch [99]. Continued Notch signaling in the thymus is essential for the commitment of
multipotent thymus settling progenitors (TSP) to the T lymphocyte lineage, and for
progression of early thymocyte progenitors (ETP) towards T lymphocytes.

Notch signaling is also important to closing the B lymphocyte and NK cell options in
TSP/ETP [100]. Expression of activated Notch-1 in fetal liver-derived progenitors drives T
lymphocyte development and inhibits differentiation along the B Iymphocyte and NK cell
pathways [101], and co-culture of these progenitors on stromal cells that express Delta-like-1
has the same effect [102]. Both the strength and duration of Notch signaling regulate
progenitor cell fates. A weak signal is enough to inhibit the B lymphocyte potential, a weak
and transient signal is needed to initiate progenitor cell development into NK cells, and a
strong signal blocks NK cell development [24, 103].

Wnat proteins are a family of secreted signals that regulate self-renewal of HSCs and the
fates of these cells and progenitor cells in culture [104, 105] and can also modulate the
primary effects of Notch signaling on lineage choice [106]. For example, Wnt modulates
Notch’s effects on the balance of T lymphocyte and NK cell development. Treatment of
human CD34™° cord blood cells with Wnt3a provokes an increase in Notch activation, and
these cells can be driven along the NK and T lymphocyte pathways by the Notch ligand
Delta-1. Co-addition of Wnt3a increases the proportion of T lymphocyte precursors, and
inhibiting Wnt signaling — even when Delta 1 is present — favours NK cell development.

-catenin is generally though to be essential for Wnt signaling, but the combined absence
of B- and y-catenins has no effect on hematopoiesis in vivo [107, 108]. This emphasizes that
environmental cues mainly exert ancillary, rather than deterministic, influences on
hematopoiesis — they particularly support survival, self-renewal and proliferation of cells at
various developmental stages [109].
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Cell Fate Decisions and Leukemia

In recent years, attention has focused on identifying rare leukemia stem cells and
determining how these differ from their normal counterparts. The resulting information can
be used to direct the targeting of anti-leukemia therapies [110, 111]. In many types of
leukemia the cells undergo maturation arrest at an early stage of lineage development, and
understanding this is important to understanding the genesis and progression of these
diseases. Moreover, TFs that play a role in cell fate decisions are perturbed in leukemia: these
include tandem duplication of Myb in T acute lymphoblastic leukemia and inactivation of
Pax5 (essential for B lineage commitment) in B progenitor acute lymphoblastic leukemia
(reviewed in [112]). AML-ETO can redirect erythroid-programmed progenitor cells to
granulocytic fates, and the AML-1-ETO chromosomal translocation is commonly associated
with acute myelogenous leukemia in which granulocyte precursors accumulate in the blood
and marrow [113]. The AML-1-ETO fusion protein inhibits the transactivation activity of
PU.1 [114], and suppression of PU.1 function has been proposed as a key component of the
malignant transformation process in myeloid leukemia ( reviewed in [115]).

In the model shown in Fig 3, choices between one fate and the adjacent fates are
decisions between a series of fates arrayed along a continuum, and outward movement from
the centre represents a drift of lineage potentiality away from pluripotency to more restricted
sets of potentials. Under some special circumstances, cells may also move in the opposite
direction — towards greater lineage flexibility. This level of plasticity within stem and
progenitor cells, together with the modulating influences of cytokines such as erythropoietin,
thrombopoietin, GM-CSF and others, probably permits the balance of various types of blood
cell to be matched to the prevailing needs of the organism. In other words, HSC and
progenitor cells are behaving autonomously but also in a ‘social’ manner. But, what happens
to a cell that gets ‘stuck’ in a particular fate window and so loses the means to move sideways
within the spectrum of options or outwards towards more restricted and mature states? A
possibility is that these abnormal stem cells accumulate and preferentially give rise to cells of
the lineage option at which the HSC or progenitor cell is ‘stuck’: for example, giving rise to
erythroleukemias or acute monocytic leukemias. The bulk of the cells in these and other
leukemias remain substantially immature — their maturation is incomplete. In most cases,
whether this is coupled to perturbations of the processes that drive HSC fate decisions
remains to be seenincompletely understood. But, TFs function repeatedly to trigger and
sustain the process of commitment and progression along differentiation pathways [83], so
any transcription factor defect that perturbs fate determination might also affect progression
along a maturation pathway.

Conclusion

Our preferred depiction of the development of blood cells, which is an updated version of
our earlier Sequential Determination model, is that HSCs make a series of decisions between
invariant pair-wise relationships between possible lineage fates. Unlike the classical ‘tree’
depictions of hematopoiesis, our model makes no assumptions about underlying branching
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patterns that might appear to dictate a preferred route to a particular fate. Cells may find their

way to a final outcome via more than one type of intermediate progenitor. In other words,
there is greater plasticity in the sequences in which the various steps of lineage restriction
occur than is acknowledged by most models.
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The Epigenetics of Haematopoiesis®
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Abstract

Epigenetics is the generation of heritable changes in gene expression without
alteration of the DNA sequence. During hematopoiesis, pluripotent hematopoietic stem
cells (HSCs) differentiate to produce all the blood cell types. A major goal in cell biology
is to understand how the gene expression potential remains extensive but controlled in
HSCs and their progeny, namely progenitor cells, yet becomes directionally restricted as
differentiation occurs to produce separate blood cell lineages, defined by their individual
patterns of gene expression and silencing. This chapter examines the principles
underlying the epigenetic regulation of gene expression status during hematopoiesis, in
the context of the three-dimensional nuclear landscape.

Introduction

The recent development of high-throughput and genome-wide methods to analyze
chromatin interactions has provided us with abundant new information about the impact on
gene expression wrought by changes in the spatial organization of the genome during
development. The DNA of the genome is packaged as chromatin. Local changes in chromatin
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structure facilitate the control of gene expression by permitting or restricting access of
transcriptional modulators to gene control elements. It is becoming increasingly apparent that
topological changes in chromatin that allow distant control elements to interact are more
common than previously supposed. At the local level, chromatin loop formation can allow
contact between enhancers and promoters to facilitate high levels of transcription.
Conversely, alternative loop structures can form that prevent such contacts, leading to
transcriptional down-regulation. Loops can be remodelled during differentiation. Large-scale
chromatin loop formation allows groups of genes to explore the nuclear space beyond the
limits of their home chromosome territory and permits regulatory contact between different
chromosomes.

Recent improvements in live cell microscopy, together with the ability to tag gene loci
and proteins, have revealed the nucleus to be a highly dynamic environment. The nuclear
compartmentalization of both gene loci and proteins has been found to have a significant
impact on the initiation and maintenance of gene expression status. How
compartmentalization is achieved and maintained within the context of high locus mobility
and transitory regulator protein-chromatin interactions is a major question.

The relatively static, two-dimensional model of gene regulation is being replaced by a
more dynamic model encompassing the effects on gene regulation of the three-dimensional
organization of the epigenome. We are now in a position to begin to understand gene
regulation in a way that moves beyond the study of individual genes to encompass a global
understanding of the whole genome in its endogenous environment of nuclear space and
time.

Mammalian Haematopoiesis

Mammalian haematopoiesis is the process by which HSCs give rise to all blood lineages,
including T and B lymphocytes (lymphoid lineage), erythrocytes, neutrophils, basophils,
eosinophils, macrophages, monocytes, megakaryocytes and platelets (myeloid lineage) [1]
(Fig 1). Each cell type is characterized by a specific pattern of actively transcribed and
silenced genes that is established during cellular differentiation. HSCs differentiate according
to the functional needs of the organism through their response to extracellular signals,
mediated by the actions of regulatory proteins that modulate gene expression by association
with, and spatial organization of, genes and their control elements.

Epigenetic regulation refers to heritable changes in gene expression that occur without
alteration in DNA sequence. The mechanisms of epigenetic regulation include DNA
methylation [2] as well as control of the accessibility of the DNA sequence through
modification of chromatin, in which genomic DNA is packaged. 'Euchromatin' refers to a less
condensed, more accessible and gene-rich form of chromatin, whereas 'heterochromatin'
refers to the more condensed, less accessible and gene-poor form of chromatin, present at
centromeres and telomeres. The building blocks of chromatin are the nucleosomes, in turn
composed of histones that can be modified. Complex, transcription status-dependent, patterns
of histone modification arise by methylation, acetylation, phosphorylation, SUMOylation and
ubiquitinylation of the histone tails. This ‘histone code’ can be interpreted by factors that are
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able to recognize specific chromatin motifs [3] and alter gene expression profiles
accordingly.

LT-Hematopoietic Stem Cell

Self-renewal (LT-HSC) Pluripotent Stem Cells

ST-Hematopoietic Stem Cell
(ST-HSC)

Multipotent progenitors

Committed precursors

Mature blood cells

S —0

Mast cell ; B lymphocyte T lymphocyte
l neutrophil E - % t
ev e
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platelets

Figure 1. Schematic representation of lineage restriction during hematopoiesis.

Characteristic combinations of chromatin marks have been correlated with
transcriptionally active, inactive or 'poised' chromatin states. Increasing the degree of histone
acetylation of chromatin at a genetic locus, for example, influences gene expression both by
increasing the accessibility of the DNA at gene control elements to trans-acting transcription
factors [5], and by affecting the physical properties of chromatin: acetylation decreases the
compactness of chromatin and increases its flexibility [6]. The relative abundance of the
different combinations of chromatin marks at regulated loci can be modified during
development, and correlates with changes in gene expression.

How does the gene expression potential remain extensive but controlled in HSCs and
multi-potent progenitors, yet become directionally reduced as specific cell types form (i.e.
alternative lineage possibilities close off) during development? Once cells are committed to
terminal differentiation, further stabilization or spreading of local chromatin modifications
can confer a heritable (less easily reversible) gene expression status. For example, when the
mouse terminal transferase gene Dntt is heritably silenced during thymocyte maturation,
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histone modifications characteristic of silent chromatin are nucleated at the promoter.
Repositioning of the Dntt locus to nuclear compartments centred on pericentromeric
heterochromatin correlates with the heritable silencing of the Dntt gene [7]. When the Dntt
locus is repositioned to pericentromeric heterochromatin in activated thymocytes, the histone
modifications characteristic of the silent state spread across the coding region of the gene. In
contrast, in a transformed thymocyte cell line (VL3-3M2) where Dntt silencing can be
initiated yet remains reversible, the locus is not repositioned within the nucleus, and although
similar histone modification changes are observed at the promoter, they do not spread [8].

Committed cell types retain plasticity of gene expression potential, however, despite
reaching an advanced stage of differentiation. For example, the commitment of hematopoietic
progenitors to the B cell lineage and their development to mature B lymphocytes was found
to depend on the transcription factor Pax5. Deletion of Pax5 in mice allowed their mature B
lymphocytes to dedifferentiate into early, uncommitted progenitors that are able to rescue T
lymphopoiesis in T lymphocyte-deficient mice [9]. Such findings suggest that 'heritable' gene
expression patterns may be actively maintained, even during the latter stages of
differentiation.

Recently, the importance of higher order folding of the chromatin into activation- or
repression-promoting loops, the formation of larger loops allowing loci to explore the nuclear
space, together with nuclear compartmentalization of the genome and the regulatory contact
between the chromatin of different chromosomes within the nucleus are becoming recognized
as mechanisms of epigenetic control [10]. The linear model of gene regulation has been
extended to take account of the three-dimensional organization of the epigenome. The
restriction of a locus to a nuclear compartment rich in either transcriptional activators or
repressors could favour the stabilization of an active or silent state. The local balance of
opposing activities that promote either heterochromatin or euchromatin formation determines
the epigenetic state of a genomic region [11].

Gene expression can also be controlled at the post-transcriptional level, e.g. by antisense
microRNA (miRNA) silencing (targeted destruction of the RNA message). It has become
apparent recently that miRNAs, small interfering RNAs (siRNAs) and Piwi-interacting RNAs
(piRNAs) are able to regulate gene expression at the transcriptional, post-transcriptional and
epigenetic level [12].

This chapter focuses on the way in which regulated changes of chromatin structure and
conformation at specific gene loci, together with changes in locus position within the nuclear
space, contribute to the control and heritability of gene expression patterns during lineage
specification, differentiation and terminal maturation of the functional cell types of the blood.

Regulation of the Globin Loci
during Erythropoiesis

Erythropoiesis is the process by which red blood cells are produced. In mammals, the
yolk sac and then the foetal liver are the first sites of primitive then definitive erythropoiesis
[13]. In mice, erythropoiesis starts around embryonic day 8.25 (ES8.25) in the yolk sac and
E10 in the foetal liver. In the adult, the spleen is the major erythropoietic organ. During
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definitive red blood cell maturation, cells progress through a series of stages defined on the
basis of changing cellular morphology. Committed immature erythroid progenitors called
‘pronormoblasts’ are the first morphologically distinct erythroid precursor cells, which
mature into ‘basophilic’, ‘chromatophilic’ and then ‘orthochromatophilic’ normoblasts.
Haemoglobin accumulates in the cytoplasm as maturation progresses, the nuclear chromatin
compacts and cell diameter decreases. The nucleus is eventually extruded, leaving a
reticulocyte, which matures into a biconcave erythrocyte, packed full of haemoglobin (Fig 2).

Pronormoblast
* Dispersed chromatin (purple)
* Basophilic cytoplasm (blue)

Basophilic normoblast
¢ Chromatin begins to condense
(purple)

i * Basophilic cytoplasm (dark blue)

Chromatophilic normoblast
* Condensed chromatin (dark
purple)
* Haemoglobin accumulation in
l the cytoplasm (brown)

Orthochromatophilic normoblast
* Highly condensed chromatin
(dark purple)
l * High haemoglobin content
(dark brown)

Eventual nuclear extrusion

Reticulocyte
*  Anuclear
Q ¢ High haemoglobin content
4 l (dark brown)

Erythrocyte
* Biconcave disc
* High haemoglobin content

(pink)

Figure 2. The progression of definitive erythroid maturation.

The successive stages of definitive erythroid maturation can be distinguished on the basis of relative nuclear
size and cytoplasmic haemoglobin content. Cytospin preparations of foetal liver cultures were stained with
‘Diff Quick’, containing a basophilic stain to stain the cytoplasm (blue) and nuclear chromatin (purple),
together with a benzidine solution, which stains haemoglobin (brown).
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Despite the increasingly compact chromatin structure and down-regulation of the vast
majority of genes [14], some genes are up-regulated during terminal erythroid maturation.
For example the o- and B-globin genes as well as Bcl-x_ (an anti-apoptotic protein that
maintains the viability of mature definitive erythroid cells) are up-regulated after the
induction of maturation [15]. The co-ordinated expression of the erythroid-specific globin
genes ensures that the o- and B-globin proteins are produced in balanced amounts at the right
developmental stage. The analysis of a- and B-globin gene expression in transgenic mice,
primary erythroid cells and cell lines, and cells derived from thalassemia patients has
established many of the principles underlying the regulation of mammalian gene expression
[16-18].

In both humans and mice, the B-globin locus consists of a set of B-like globin genes
arranged in the order of their expression during development, together with a locus control
region (LCR) containing five DNAse 1 hypersensitive sites spread over 20-30kb, located 10-
60 kb upstream of the genes. The LCR contains binding sites for ubiquitous and tissue-
specific transcription factors and is required for the correct level of gene expression, but not
for chromatin opening activity [19]. The tissue-specific expression of embryonic, foetal and
adult globin genes is developmentally regulated and there are two stage-specific switches of
expression: firstly, from embryonic globin to foetal globin expression and secondly, from
foetal to adult globin expression. The LCR is acetylated to the same extent in both foetal and
adult erythroid cells, though the degree of acetylation of the coding regions correlates with
expression status as it changes during development [20].

Several studies have shown a correlation between the silent state of a gene and its
proximity to pericentromeric heterochromatin [21, 22]. Suppression of B-globin transgene
silencing and maintenance of its open chromatin conformation were found to require a
functional enhancer and separation from the pericentromeric heterochromatin [23]. It is likely
that a multi-step process is involved in the initiation of B-globin expression: localization
away from pericentromeric DNA to achieve general locus acetylation and open chromatin
structure, followed by LCR and promoter hyperacetylation [24] to permit association of
transcription factors. It has been established that B-globin expression requires chromatin
looping between the B-globin LCR and the promoter of the particular globin gene expressed
at a given time. The structure formed has been termed the Active Chromatin Hub (ACH)
[25]. An analogous structure forms at the a-globin locus, involving the a-globin genes and
the LCR-like (HS-containing) upstream regulatory region, despite the very different local
chromatin environments of the o- and B-globin loci [26]. Recently, the formation of such
structures has been found to underpin the developmental control of gene expression at many
loci, and can be considered to represent a paradigm of epigenetic control.

Chromatin Loops Allow Interactions
between Widely Spaced Regulatory Elements

The clustering of interacting regulatory elements separated by large genomic distances
creates chromatin loops [10]. Looping allows positive or negative regulatory communication
between widely spaced sites in the genome, by bringing co-operating elements into
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proximity, or by topologically separating them. The ability of distant enhancer elements to
interact with promoter regions has been recognized for some time [27]. The development of
techniques able to probe chromatin interaction across the genome, such as Chromosome
Conformation Capture (3C) [28], RNA Trap [25] and 4C [29], has provided new tools with
which to probe interactions between chromatin regions [30].

N

Clustered LCR
Hypersensitive sites

Primitive globin genes

Adult globin genes

Alternative genes associate with the ACH according to developmental stage

After Palstra et al., 2003.

Figure 3. Schematic representation of the Active Chromatin Hub (ACH).

Erythroid-specific clustering of the hypersensitive sites of the $-globin LCR and the concomitant clustering
of binding sites for transcription factors and associated chromatin modifiers provides a microenvironment
favouring efficient globin transcription. Active globin genes associate with the ACH when transcribed
according to developmental stage (indicated by arrows), with one gene being transcribed at any given time
whilst the others are topologically excluded.

Loop formation can augment transcription by establishing contact between enhancers and
promoters, possibly increasing local transcription factor concentration. Loops form between
the upstream enhancers and the active promoter within a locus, such that non-transcribed
genes within the locus are topologically excluded from interaction with the enhancer [28].
Loci retain a linear conformation in cells that do not express any gene of the locus, such that
no chromatin contacts can be detected between the upstream regulatory regions and
downstream promoters. Enhancer-promoter contacts facilitate efficient loading of polymerase
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onto the promoter within a looped structure, to allow the transition from basal to high-level
expression of the activated 3-globin gene, for example [31].

Looped chromatin structures can be stabilized by the recruitment of protein complexes.
GATA-1 is a hematopoietic transcription factor expressed in erythroid, megakaryocyte,
eosinophil and mast cell precursors. It is required for erythroid differentiation, the expression
of erythroid-specific genes, and establishes an open chromatin structure at the 3-globin locus.
Contact between distant regulatory elements of the B-globin locus requires GATA-1 and its
associated factor Friend of GATA-1 (FOG-1), for example [32]. The introduction of GATA-1
into cells that do not normally express it resulted in chromatin remodelling at the B-globin
locus, along with transcription of erythroid-specific genes [33].

Chromatin loops may be additionally stabilized through attachment to structural
components of the nucleus. Loop ends may be tethered to the nuclear matrix [34] or perhaps
to transcription and replication sites [35, 36], an energetically favourable situation [37]. The
way in which particular looped chromatin conformations are formed, maintained or
reconfigured during cellular differentiation is currently an active area of research.

Loop Reconfiguration during Development
Correlates with Altered Gene Expression Status

Chromatin interactions are highly dynamic, and loops can be reconfigured to permit
changes in gene expression during development. Research is underway to elucidate the
molecular mechanisms by which hematopoietic transcriptional regulators function co-
operatively or antagonistically according to cellular context and the temporal progression of
development. Many transcription factors have been found to share a limited number of
broadly expressed co-regulators, yet show the ability to distinguish between and selectively
bind to a small sub-set of consensus sequences amongst the many scattered throughout the
genome in a cell-type and developmental stage-specific way [38].

The concentration of regulator proteins can change during development, to favour their
inclusion in or exclusion from regulatory complexes. For example, when the Kit gene is
expressed early in erythroid development, a distal enhancer bound by the transcription factor
GATA-2 is in physical proximity to the active Kit promoter. When Kit expression is down
regulated upon erythroid maturation, GATA-1 concentration increases and GATA-1
displaces GATA-2 to trigger the loss of the enhancer-promoter interaction, with a reciprocal
increase in spatial proximity of distinct downstream GATA elements. This indicates that the
GATA family is involved in the formation of chromatin loops during both gene activation
and repression [39]. Loop reconfiguration was not found to be accompanied by changes in
overall chromatin acetylation, excluding the role of changed chromatin flexibility in this case
[40].
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Figure 4. The reconfiguration of chromatin looping at the Kit locus during erythroid maturation.

In immature erythroid cells, GATA-2 binds to the enhancer at -114 to form an activating chromatin loop, and
c-kit is transcribed. Upon maturation, the concentration of GATA-1 increases and it replaces GATA-2 at the
enhancer, increasing the interaction of downstream elements at the expense of the enhancer-promoter
interaction, perhaps contributing to the loss of c-kit expression.

Some functions of the GATA family members in the control of hematopoiesis are unique
and others are redundant. The differential stability of the alternative members of the GATA
family may be important in determining relative chromatin site occupancy, and therefore the
establishment of the networks controlling hematopoiesis [41]. The co-factor FOG-1 is
required for repressive chromatin loop formation, indicating that the GATA-induced changes
in chromatin conformation are not simply the result of transcriptional inhibition during
erythroid maturation [39].

Regulatory complex composition can change in accordance with changes in the
chromatin status of the regulated locus during gene activation. For example, MafK-NF-
E2p18 has a tandem binding site in the 5'HS2 of the B-globin LCR. MafK-NF-E2p18
switches from a repressive to an activating mode during erythroid maturation. When it
exchanges the dimerization partner Bachl for NF-E2p45, B-globin expression is activated in
Murine ErythroLeukemia (MEL) cells. This shift occurs when the B-globin locus is poised
for expression (i.e. when the chromatin structure of the locus is 'open') and is associated with
changes in MafK's association with other co-activators [42].

It is likely that other, as yet unidentified, factors are involved in balancing the probability
of forming particular activation or repression-promoting loops at particular loci or nuclear
locations, to allow dynamic regulation of changes in gene expression. Such factors may also
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be required for the recruitment of activator or repressor complexes and to co-operatively
maintain a transcribed or silent state. Erythroid Kriippel-Like Factor (EKLF) associates with
GATA-1 and FOG-1 at the active B-globin locus on formation of the B-globin Active
Chromatin Hub (ACH), indicating that several interacting factors are necessary, though
perhaps not sufficient for loop formation[43].

The way in which chromatin context at particular enhancers confers regulatory protein
complex selectivity to promote the formation of a particular loop conformation or to inhibit
the formation of an alternative chromatin arrangement remains an open question. The higher-
order organization of chromatin loops with respect to each other, and the way in which loops
may be recruited to and anchored at particular nuclear compartments in a way that might
promote efficiency of co-regulation of tissue-specific genes is another current area of interest.

Association of co-expressed loci with the same transcription factory [44] might be a way
in which control elements can be brought into the presence of high concentrations of loop-
stabilizing factors confined to transcription-promoting nuclear compartments. In foetal liver
cells, for example, where there is al- and a2- but not &-globin expression, only the active
genes co-localize with the expressed neighbouring housekeeping genes, and their promoters
are enriched with Pol II. In contrast, in cells that do not express a-globins, the a-globin genes
do not associate with the expressed housekeeping genes [26]. Much remains to be discovered
about the parameters governing chromatin loop formation. Since entire chromatin domains
cannot be reconstituted in vitro, it is vital to dissect the underlying mechanisms at
endogenous loci using the range of new molecular and genetic tools that are becoming
available.

Insulation Loops Cluster and Inhibit
Gene Expression

Insulation is a major mechanism for the epigenetic control of gene expression. Insulators
are DNA elements that prevent inappropriate interactions between adjacent chromatin
domains. In an analogous way to the formation of transcription-enhancing chromatin loops,
insulator elements are able to cluster and inhibit gene expression by isolating enhancer and
promoter elements in spatially distinct chromatin domains or regions of the nucleus.
'Enhancer blockers', active only when located between an enhancer and the promoter it
affects, isolate enhancers from promoters by establishing separate chromatin domains.
'‘Barriers' prevent the spread of heterochromatin, permitting active genes to be surrounded by
constitutively silent chromatin structures [45]. Enhancer-blocking insulator sequences can
interact with each other or tether the chromatin fibre to structural domains within the nucleus,
isolating the enhancer and promoter sequences on separate chromatin loops. Barrier
insulators may generate comparable structures.

The cHS4 element [46] is located at the 5' end of the chicken B-globin locus, and
combines enhancer-blocking and barrier activities. The enhancer-blocking activity of this
element correlates with binding of the ubiquitously expressed zinc finger protein CTCF. The
ubiquitously expressed CTCF has multiple context-dependent functions including acting as a
transcriptional activator, repressor and an enhancer blocker. It possesses 11 zinc-fingers,
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permitting dimerization and interaction with DNA and a range of other proteins. CTCF
molecules can cluster together to generate closed loop domains [47], implying that CTCF
may function through topological organization of the genome [48]. It is also involved in the
generation of chromatin loops at the B-globin locus [49].

It has been proposed that CTCF could tether the chromatin fibre to the nucleolar surface
by interacting with nucleophosmin, such that the CTCF molecules don't interact with each
other but instead create open loop domains to separate enhancers and promoters from each
other. The finding that cHS4 transgenes localize to the nucleolar surface in a CTCEF-
dependent manner provides support for this model [47].

Barrier activity may be linked to the ability of barrier elements to target a region of
chromatin to a specific nuclear compartment that is refractory to the spreading of
heterochromatin [50]. Barrier activity has been linked to tethering to the nuclear pore, an area
unfavourable to heterochromatin-mediated silencing in yeast since it is enriched in
transcriptional activators that favour euchromatin formation [51]. The mechanisms by which
enhancer-blocking and barriers act are thought likely to be evolutionarily conserved [46].

The barrier insulation activity of cHS4 is not CTCF-dependent [52], but is rather thought
to depend on the ability of upstream transcription factor 1 and 2 (USF1 and USF2) sequence-
specific DNA binding proteins [53]. Mutations in cHS4 which abolish USF1 and USF2
binding eliminate both HAT recruitment and barrier activity, suggesting that cHS4-mediated
acetylation and H3K4 methylation of the local nucleosomes makes them resistant to H3K9
trimethylation, H3K9 trimethyl-dependent HP1 binding and hence the spread of
heterochromatin.

Imprinting Loops are Able
to Control Allelic Exclusion

The versatile CTCF protein has a key role in imprinting (i.e. the expression of a single
allele from either the maternal or paternal chromosome) in B lymphocytes. Alternate
interactions between the H19 imprinting control region (ICR) and one of the two Igf2
differentially methylated regions (DMR) has been proposed as an ‘imprint switch’ model of
regulation of the reciprocal imprinting of Igf2 and HI19. A scanning chromosome
conformation capture (3C) method was used to reveal the existence of a complex ‘knotted
loop’ on the maternal chromosome, where Igf2 is silent, keeping the Igf2 enhancers away
from the Igf2 promoters but allowing them to interact with the H19 promoter, permitting H19
expression from the maternal chromosome. On the paternal chromosome, from which Igf2 is
expressed, this loop is absent and so the enhancers and promoters are able to interact. The
looping structure at the maternal allele is formed by interactions involving DMR1, the ICR
and enhancers. Binding of the transcription factor CTCF to the maternal (unmethylated) ICR
in conjunction with the presence of multi-complex components, including inter-chromosomal
interactions, create a barrier blocking access of all enhancers to Igf2, thereby silencing the
maternal Igf2 allele. This configuration exists in newborn liver, murine embryonic fibroblasts
(MEF) and embryonic stem (ES) cells, persists through mitosis and, therefore, confers
epigenetic memory [54].
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It is of interest that cohesins are found at most CTCF sites. Cohesins appear to regulate
gene expression and promoter-enhancer interactions, and may be recruited by CTCF to a
subset of DNAse 1 hypersensitive sites. CTCF appears to be required to enrich cohesins at
particular binding sites, where their role is separate from the well-characterized function of
cohesion [55]. Since CTCF binding is sensitive to DNA methylation status, cohesin
positioning may integrate DNA sequence and epigenetic state [56].

CTCF binding sites are often found adjacent to the binding sites of other regulatory
factors, and so CTCF action may be highly context-dependent. Its function can be affected by
modifications such as ADP-ribosylation. The diversity of CTCF function and mechanisms of
action are only beginning to be appreciated.

Large Chromatin Loops

Chromosomes occupy reasonably distinct territories within the nucleus [57]. Whole gene
clusters, several mega bases (Mb) in size, have been found to loop out of their home
chromosome territories on activation [58]. The correlation between chromatin
decondensation and relocation outside a chromosome territory is not absolute. The Hoxd
locus, for example, is active and visibly decondensed whilst remaining within its
chromosome territory in embryonic nuclei [59]. Although not all transcribed genes form part
of giant chromatin loops, they may be more common that previously anticipated.
Chromosome territory intermingling has been found to be more extensive than expected [60],
and the formation of giant chromatin loops may contribute to this.

The Nuclear Compartmentalization of the Genome

The regulated localization of genes within the nuclear space is increasingly thought to be
a key contributor to the epigenetic regulation of genome function. The functional
consequence of relocating genes within the nucleus relative to nuclear landmarks is under
investigation. Nuclear compartmentalization of activating or silencing factors at specific
‘nuclear addresses’ may facilitate programmed epigenetic changes at loci following their
recruitment to such compartments, through the spatio-temporal concentration of activating or
silencing factors (or complex components) in the functionally distinct compartments, driving
the equilibrium of factor association with the recruited locus in favour of either transcription
or repression.

Under the microscope, the nucleus appears to be partitioned into areas of
heterochromatin and euchromatin, nucleoli and concentrated areas (or speckles) rich in
particular proteins. Transcription 'factories', for example, are rich in RNA polymerases and
other proteins required for transcription [61]. Estimation of the number of nascent transcripts,
active polymerases and sites of transcription within a typical nucleus implies that each
transcription ‘factory’ may contain an average of 30 active polymerases with their associated
transcripts [62]. Different genes have been found to share the same transcription factory [63].
Genes have been shown to congregate at shared transcription factories (or transcriptional
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‘industrial estates”), which may contribute to the co-ordinated regulation of tissue-specific
genes in Cis [44] or trans [64, 65]. The murine a-globin genes a-1 and a-2, for example,
participate in an active chromatin loop involving their upstream regulatory elements in
erythroid cells (where they are expressed) and this loop shares a transcription factory with
four neighbouring housekeeping genes. The highly expressed housekeeping genes remain
clustered in brain, but the silent a-globin genes are excluded from the transcription factory
[26].

Gene loci can move within the nucleus, and the principles governing their movements
and inter-chromosomal interactions are currently under intensive study [66]. Although genes
may relocate according to their own activation status, adjacent genes may also be relocated
with them, perhaps resulting in selective pressure to maintain clusters of broadly expressed
genes in proximity on particular chromosomes. The way in which spatially separate genes
travel to 'network’ at the same nuclear compartments is an area of ongoing investigation.

Genome-wide Dbioinformatic analysis of mammalian gene expression profiles
(transcriptosome mapping) together with mapping of gene position on the chromosomes have
confirmed that genes are non-randomly distributed in the genome. Highly expressed
housekeeping genes, for example, are often clustered within specific chromosomal regions
(RIDGES) [67]. When the linear arrangement of genes together with chromosome
organization were analyzed during erythroid development, co-regulated genes were found to
be proximal and lineage-specific gene domains were found to be juxtaposed spatially [68].

Activated genes may travel within the nuclear environment in a stochastic way, with
increased mobility when the chromatin is in an open, flexible state [69]. Alternatively,
directed motion may occur through interaction with motor proteins and actin filaments [70].
It has been proposed that the spatial associations of active genes would nevertheless be rare
events, such that cells in which they have been observed have in fact been selected for
preferential survival [71].

Intra-chromosomal interactions between loci have been found, and may possess
important biological functions. Control regions on one chromosome can influence gene
expression of a locus on a different chromosome [72, 73]. The interaction of co-regulated
genes from different chromosomes with the same (possibly specialized) transcription factory
may increase the efficiency of co-ordinated regulation of gene expression [65]. These
findings have contributed to the replacement of the traditional linear model of gene control
with a three dimensional alternative model.

Nuclear Localization: A Cause or Consequence
of Transcriptional Status?

Until recently, it has remained unclear whether genes move to functional nuclear
compartments as a cause or a consequence of their state of activation [74]. It is, therefore,
essential to show that co-localization of factors in nuclear compartments has significant
functional consequences. Recent support for this notion is provided by studies showing that
inducible tethering of tagged loci to the periphery of mammalian nuclei correlates with
decreased (though not entirely extinguished) gene expression [75], and that passage though
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mitosis is required for re-localization to occur [76]. Repression of the tagged loci was found
to spread to genes tens of Mb away, indicating that the periphery is an area of decreased
transcriptional efficiency. The down-regulation was found to be reversible on release of the
tagged locus from the periphery, indicating that heritable changes in gene expression (and,
therefore, heritable modifications in the chromatin at the locus) had not occurred [77]. The
nuclear periphery is not considered to be a homogenous silent 'compartment' since active and
silent regions are known to co-exist there [78]. For example, expression of the B-globin locus
is initiated at the nuclear periphery prior to its movement to a more central nuclear position
during erythroid maturation, a process that requires the LCR [79].

Repositioning a locus may exclude it from undergoing a process confined to a specific
nuclear location or compartment. During B lymphocyte development, for example, the 3Mb
Igk locus undergoes monoallelic recombination. Prior to induction, both Igik alleles are in a
structurally contracted state, Vi genes are transcribed at the basal level and hence both alleles
appear poised for recombination. Upon induction, only one Igk allele is relocated to a nuclear
compartment centred on pericentromeric heterochromatin, and recombination within the non-
centromeric allele follows [80].

Regulatory complexes with common components have activating roles at some genes,
whilst having repressive roles at others in the same nucleus at the same developmental stage.
Compartmentalization of the different factors and/or their target loci may represent a way in
which factor composition at a locus is controlled during development. The structurally
similar GATA family members are important regulators of hematopoiesis. GATA-1 promotes
erythroid, megakaryocyte and mast cell development, GATA-2 is required for the function of
multipotent hematopoietic precursors and GATA-3 regulates lymphopoiesis. GATA proteins
are able to bind to a range of different regulatory proteins and form complexes able to recruit
other activators, repressors and chromatin-modifying factors to their target loci. GATA-1 can
recruit FOG-1 and NuRD to repress some target loci, or can interact with the activating
transcription factors Spl, EKLF or PU.1, perhaps reflecting unique requirements for the
regulation of distinct loci. GATA factor levels change dynamically during erythropoiesis
[81]. GATA-1 targets differ in their sensitivity to changes in GATA-1 levels and/or activity
[82]. In addition, GATA-1 can activate or repress target genes in a FOG-1 dependent or
independent manner [83]. The development of ChIP-on-chip has recently increased the factor
binding data available for the elucidation of the rules governing protein complex binding
[84]. The control of target site sensitivity to the presence of altered transcription factor
concentrations is an active area of investigation.

Chromatin Mobility within the Nucleus

Advances in live cell microscopy, such as tracking of fluorescently-tagged proteins at
unique chromatin sites [85], have allowed chromatin motion to be tracked in vivo. Chromatin
in mammalian cells has been revealed to be highly mobile at the local level, but
chromosomes appear to be relatively static at the global level during the cell cycle. Both
degrees of motion may be functionally significant. As a gene becomes active, its chromatin is
remodelled to be more accessible to transcription factors as well as more flexible. These
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changes may also have the effect of making the locus more mobile and able to move in a
stochastic manner, allowing it to randomly find a nuclear compartment that corresponds to
and supports its transcriptional status, such as a transcription factory, where its rate of
transcription can be enhanced [69].

Photo bleaching experiments involving fluorescently-tagged proteins have revealed that
proteins are highly mobile within the nucleus [86]. The heterochromatin-associated protein
HP1 is a key component of condensed chromatin and is involved in creating a compact
heterochromatic structure at many inactive genes [87]. Fluorescence recovery after
photobleaching (FRAP) revealed HP1 to be much more mobile in both the euchromatin and
heterochromatin of resting murine T lymphocytes than previously imagined [88].
Transcription factors are also highly mobile, with typical binding times on chromatin of only
a few seconds [89]. The binding of the key hematopoietic transcription factor NF-kB to its
cognate sites is highly transient, for example [90]. The free proteins are highly mobile within
the nuclear space, and can access nuclear compartments with ease [91].

The retention of a specific gene locus (with consensus binding sites within its promoter
for both activating and repressing factors) within a particular nuclear compartment may
depend on competition between activating and repressing factors, whose concentrations
change during development. The promoter of the lymphocyte specific gene terminal
deoxytransferase (TdT), for example, contains overlapping binding sites for Ikaros (a
repressor of TdT expression, enriched at pericentromeric heterochromatin) and an Ets
transcriptional activator. Binding and competition experiments show that lkaros and Ets
compete for TdT promoter occupancy. When TdT is down-regulated, it is associated with
heterochromatic foci, where Ikaros is abundant, favouring binding of Ikaros to the promoter
to maintain the silent state. Increasing the concentration of Ets activator could shift the
equilibrium, displacing Ikaros in favour of Ets and perhaps relocating TdT away from the
heterochromatic domain to a nuclear location favouring TdT transcription [92].

A number of nuclear bodies rich in different factors have been identified [93] and many
of these are highly dynamic, changing nuclear location and their extent of interaction with
chromatin throughout the cell cycle [94]. RUNXI1 is an essential factor for tissue-specific
gene expression during hematopoiesis. It is located at punctate foci in the nucleus that are
involved in transcriptional control and association with the nuclear scaffold. Removal of the
C-terminal localization signal results in mis-localization of RUNX proteins and defective
hematopoiesis, implying that the dynamic association of RUNX proteins at fixed nuclear foci
provides a mechanism for formation of localized regulatory complexes essential for RUNX-
dependent differentiation [95].

The post-translational modification of mRNAs and proteins within specific nuclear
compartments can change their localization and hence modify the structure and function of
the compartments [96]. Some nuclear bodies may represent storage areas for inactive factors,
though others are thought to be functionally active. The impact of their large-scale movement
on gene regulation within the nuclear environment continues to be investigated.

Chromosome territories have been found to maintain a distribution within the nucleus
according to chromosome size and/or gene density [97]. Different relative distributions of
chromosome territories have been reported to be lineage- or differentiation stage-specific.
The mouse chromosome 6 territory (home of the differentially expressed T lymphocyte
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markers CD4 and CD8) in immature CD4™°*CD8"*® thymocytes was found to undergo
differential changes in nuclear position depending on whether the cells differentiated into
CD4™ or CD8"* single positive cells [98]. Since the size and gene-richness of the territory
is similar before and after differentiation, such reproducible differences in the distribution of
chromosome territories may have functional significance.

Recent technical developments include high-throughput techniques for the analysis of
contacts between distinct regions of the genome, more sensitive proteomics (mass
spectrometry) together with the development of sensitive microscopy in the 2-200 nm range
and improvements in modelling and bioinformatics. These techniques are generating vast
mounts of data that should greatly increase our understanding of the dynamics of genome
organization [99].

Non-Coding RNAs are Epigenetic Regulators
of Gene Expression

Most transcription occurs from intergenic regions of the genome in mammals.
Transcriptosome studies have revealed a plethora of non-coding RNAs in mammals, some of
which are involved in pathways that ultimately act on genome architecture and gene
expression. Long non-coding RNAs (nc-RNAs) are able to repress transcription in CiS using
mechanisms that may involve sequestration into nuclear sub-compartments and/or through
association with or recruitment of repressive complexes to chromatin [100]. The ability of
anti-sense nc-RNA to mediate transcriptional silencing by targeting a gene to the
perinucleolar region, for example, shows that anti-sense RNA may mediate epigenetic control
through restricting genes to regions of the nucleus rich in heterochromatin-forming
machinery [101].

The Three-Dimensional Organization
of the Genome

If the epigenetic regulation of gene expression and silencing is dependent on the
topological organization of the genome, organizational bridging factors must exist. Some
may be expressed ubiquitously, whilst others are likely to be tissue-specific. There are a
number of candidate molecules. The ubiquitously expressed factor CTCF is able to dimerize,
and has 14,000-15,000 binding sites in the human genome. Knockdown of CTCF doesn't
result in global changes in gene expression [102], however, and so other candidates must be
considered. SATBI1, for example, has been implicated in the regulation of thymocyte
architecture, since it is able to direct long-range interactions within the T helper 2 cytokine
locus [103, 104]. Other candidates include cohesins, which co-localize with CTCF [55, 56],
the methyltransferase MeCP2 [105] and MENT [106]. Disruption of the function of key
bridging factors is likely to affect visible nuclear architecture together with regulated gene
expression and silencing and hence, the progression of differentiation. Identification of such
factors is a new goal in cell biology.
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Epigenetics and Disease: Epigenetic Drugs

Malignancy is often characterized by translocations resulting in fusion proteins that can
lead to the deployment of transcription factors in a spatio-temporally inappropriate manner.
This in turn can lead to the aberrant recruitment of chromatin modifying proteins (HATSs as
well as modifiers) and resultant inappropriate epigenetic effects on gene expression [107].
One effect of the resultant global shift in gene expression pattern is increased self-renewal of
the malignant cells rather than their differentiation.

The essential role of chromatin modifying enzymes during blood development is
highlighted by the finding that members from all families of chromatin regulators are
deregulated in many haematological malignancies, leading to both local and global
modification of the histone code in malignant cells. Leukemias are often characterised by
expansion of progenitor cells that are unable to mature correctly, which may involve
epigenetic faults. Acute myeloid leukaemia (AML) provides a classic example. Here, the
most common genetic fault involves a translocation creating a fusion protein AMLI1/ETO,
which participates in a protein complex with the retinoic acid receptor o (RARa) at
regulatory regions of RARP2, a key all-trans retinoic acid (RA) target gene. At these sites,
AMLI1/ETO recruits a histone deacetylase (HDAC), DNA methyltransferase (DNMT) and
DNA methyl binding activities that promote a repressed chromatin conformation. siRNA
against the fusion protein or administration of the DNA methylation inhibitor 5-azacytidine
(5-Aza-C) can revert these epigenetic alterations and restore the RA differentiation response
in AMLI1/ETO blasts [108]. The discovery that the aberrant histone marks can be reversed
and transcriptional regulation altered by administration of drugs that target histone-modifying
factors has revealed potential for the development of epigenetic medicine or 'epi-drugs' [107].

The ability to reactivate fetal y-globin in patients with sickle cell disease using the
HDAC inhibitor sodium phenylbutyrate [109] and the DNMT inhibitor 5-aza-2’-
deoxycytidine (5-Aza-dC) [110] highlights the therapeutic potential of reversing epigenetic
marks. Gene re-activation is thought to occur by depletion of functional DNMTs, which bind
5-Aza-dC-incorporated DNA, and the drug may also selectively degrade DNMT1 [111]. The
use of combined DNMT inhibitors and HDAC inhibitors has been employed to reactivate
hypermethylated tumour suppressor genes in human cancer cell lines. Clinical trials in
patients with AML involving administration of 5-Aza-C followed by sodium phenylbutyrate
have demonstrated an enhanced clinical response rate associated with demethylation of the
cyclin-dependent kinase inhibitor p15™%** and acetylation of histones H3 and H4 [112].

Modification of the global acetylation state of a cell may have many effects, since the
chromatin at many genomic sites, in addition to the intended target site, may be affected by
the administration of relatively non-specific modulators of HDACs, such as trichostatin A
(TSA). In addition, the activity of many transcriptional regulators can be altered by their
degree of acetylation, leading to non-specific side effects and unexpected toxicity. The
development of more specifically targeted chromatin modifying factor inhibitors together
with cell-type specific delivery systems may ameliorate these effects to some extent, but
currently the use of epigenetic medicines is limited by these concerns [113].
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Conclusion

The extensively characterized regulation of the erythroid-specific globin genes, once
thought specialized owing to the apparently complex nature of the locus organization, has
increasingly become recognized as a paradigm of controlled gene expression following
increasing realization that many gene loci are controlled by distant elements brought into
proximity of the regulated alleles by higher-order chromatin structural transitions, resulting in
chromatin loop formation. In addition, the discovery that trans interactions also occur within
the nuclear space, which may be involved in the co-regulation of genes housed on separate
chromosomes, has widened our appreciation of the role of dynamic changes in gene location
within the nucleus as a mechanistic cornerstone of epigenetics. The involvement of widely
expressed transcriptional regulator proteins (such as CTCF, the GATA family and EKLF, for
example) acting in a context and developmental stage-specific way, in part influenced by the
local chromatin microenvironment, shows that study of hematopoiesis is extremely valuable
in informing us of the fundamental principles which convey genomic information.

The recent development of high throughput, genome-wide methods for analysis of the
gene expression landscape has provided us with an abundance of information, and it is
becoming apparent that genetic diversity between individuals in many gene loci is higher
than previously imagined, making regulation of the epigenome increasingly significant for
understanding the control of gene expression and its mis-regulation in disease. We are now in
a position to begin to understand gene regulation in a way that moves beyond the study of
individual genes to encompass a global understanding of the whole epigenome in its
endogenous environment of nuclear space and time.
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