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Abstract
Until the past few years, it has been thought that lymphoid and myeloid lineage segregation represents
the first step of lineage restriction during hematopoiesis from hematopoietic stem cell. Recent
investigation of the cell populations within multipotent progenitors in the bone marrow has led to
new understanding of how hematopoietic stem cells diversify into different hematopoietic cell types.
This review focuses on the recent advances in understanding the developmental events that occur
during HSC specification into the T and B lymphocyte lineages in adult mice.
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Introduction
All classes of blood cells are derived from bone marrow (BM) resident hematopoietic stem
cells (HSCs) in adults, through progressive loss of differentiation potentials for other cell
lineages. Due to the ease of isolation of HSCs and the established in vitro and in vivo assays
in studying blood cell differentiation, hematopoiesis serves as a model system to study the
molecular regulation of cell fate decisions and lineage commitment in stem and progenitor
cells during mammalian development (1).

Hematopoietic cells can be broadly separated into two major lineages: the lymphoid lineage
including T, B, and natural killer (NK) cells, or the myeloid lineage comprised of erythrocytes,
megakaryocytes, granulocytes, and monocyte/macrophage. Dendritic cells are also of
hematopoietic origin. However, their lineage affiliation remains unclear and controversial
(2). Identification and characterization of HSCs as well as multiple progenitor populations in
the BM have led to insights into the developmental hierarchy of each cell lineage. This review
will focus on discussing the characterization of cell populations upstream lineage committed
progenitors, which led to our current understanding of how HSCs diverge into the lymphoid
or the myeloid lineages.
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From HSCs to lineage committed progenitors
Upon receiving signals to undergo differentiation, the first biological change in HSCs is the
gradual loss of self-renewal ability. This is revealed by the characterization of the progenitors
immediately downstream of HSCs (3,4). Like long-term (LT−) HSCs (Thy-1.1loFlt3−
Lin−Sca-1+c-Kit+ (LSK) or CD34−Flt3− LSK or CD150+CD244−CD48−), short-term (ST−)
HSCs (Thy-1.1loFlt3+ LSK or CD34+Flt3− LSK) contribute to multi-lineage differentiation
and generate CFU-S (3,5,6). However, ST-HSCs could only sustain hematopoiesis in vivo for
about 6 weeks (3). Multipotent progenitors, defined as Thy-1.1−Flt3+ LSK or CD34+Flt3+

LSK, have limited burst size and lose the ability to self-renew, but retain transient multi-lineage
differentiation potential (3). These populations were found to be in a developmental sequence,
such that LT-HSC -> ST-HSC -> MPP (4). Since MPPs do not self-renew, it was thought that
the first step of lineage restriction occurs at this stage during hematopoiesis.

Early divergence of lymphoid and myeloid cell lineages from HSCs during hematopoiesis has
long been proposed. This concept was reinforced through the discovery of common lymphoid
progenitors (CLPs) and common myeloid progenitors (CMPs), which have differentiation
potentials restricted to all cell types within their respective lineage on the clonal level (7,8).
Because of the indispensable role of IL-7/IL-7R signaling in both T and B cell development
(9,10), CLPs were identified using the expression of IL-7Rα on primitive hematopoietic
progenitors, defined as IL-7Rα+Thy-1.1−Lin−Sca-1loc-Kitlo (7). By excluding the cell surface
markers that identified HSCs and CLPs such as Sca-1 and IL-7Rα, CMPs were similarly
isolated and defined as CD34+FcγRIII−/loThy-1.1−IL-7Rα−Lin−Sca-1−c-Kit+ (8). CMPs also
give rise to megakaryocyte/erythroid (MegE) restricted and macrophage/granulocyte (GM)
restricted bipotent progenitors, defined as CD34−FcγRIII−Thy-1.1−IL-7Rα−Lin−Sca-1−c-
Kit+ and CD34+FcγRIII+Thy-1.1−IL-7Rα−Lin−Sca-1−c-Kit+, respectively (8).

Identification of these lineage-restricted progenitors separated the lymphoid and myeloid
lineage on the progenitor level. Furthermore, the existence of a lymphoid lineage committed
progenitor suggests a common origin of all lymphocytes, rather than a separate developmental
pathway for each lymphocyte lineage from HSCs. The characterization of these early
hematopoietic progenitors and their developmental hierarchy formed the basis of the
“classical” model of hematopoiesis, where the lymphoid and myeloid lineages diverge from a
single MPP in a symmetrical fashion, representing the first step of irreversible lineage
commitment from HSCs during early hematopoietic ontogeny (Figure 1). More recent
characterization of MPPs, however, provided a higher resolution of the hematopoietic tree
upstream of CLPs and CMPs, and suggests that lymphoid and myeloid lineage commitment
do not occur as previously proposed in the “classical” model.

Heterogeneity in MPPs: Step-wise loss of myeloid differentiation during early
lymphoid lineage differentiation

In the past five years, multiple laboratories have characterized subfractions within the MPP
population with different lineage differentiation potential. Adolfsson et al. reported that MPPs
could be separated based on Flt3 expression level (11). They found that the 25% of MPPs that
express the highest density of Flt3 do not have MegE differentiation potential in vitro and in
vivo, but have robust GM in addition to T and B cell differentiation potential in vitro (11).
Using VCAM-1 and Flt3 in combination, Lai and Kondo further subdivided the MPP
populations into 3 distinct subsets, Flt3loVCAM-1+, Flt3hiVCAM-1+, and Flt3hiVCAM-1−
MPPs (12,13). Characterization of the in vivo differentiation potential of these cell populations
indicated that Flt3loVCAM-1+ MPPs represent true multi-lineage progenitors, with the ability
to give rise to MegE, GM, and lymphoid lineages (13). In agreement with the studies by
Adolfsson et al., Flt3hiVCAM-1+ MPPs have lost MegE differentiation potential, but retain
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high GM and T/B differentiation potential both in vitro and in vivo (13). Although the vast
majority of Flt3hiVCAM-1− MPPs also have GM differentiation potential in vitro on the clonal
level, they preferentially give rise to lymphocytes when injected into lethally irradiated mice
(12,13). These studies also defined the relationship between the MPP subsets with CMPs and
CLPs. Only the most primitive Flt3loVCAM-1+ MPPs can give rise to CMPs (13). In contrast,
the most developmentally advanced Flt3hiVCAM-1− MPPs give rise to CLPs (12).

Together these studies demonstrated that the first step of lineage restriction is not simply
lymphoid and myeloid lineage commitment. Adolfsson et al. proposed an alternative
hematopoietic hiearchy to the classical model, where the MegE lineage first diverges from ST-
HSC or MPPs, and this loss of MegE differentiation potential is a prerequisite lineage
restriction step prior to GM or lymphoid lineage differentiation (11). However, since
Flt3loVCAM-1+ MPPs can give rise to CMPs, the classical model is still valid, only that
lymphoid-committed CLPs are not generated from the same MPP that give rise to CMPs. While
myeloid lineage cells seem to be able to diverge off different subsets of MPPs, lymphoid lineage
differentiation appears to go through multiple obligatory lineage restriction steps, through a
step-wise loss of MegE and then GM differentiation potential prior to lymphoid lineage
commitment (Figure 2).

Lymphoid specification vs. lymphoid commitment
As mentioned above, one subset of MPPs (Flt3hiVCAM-1−) predominately give rise to
lymphocytes in vivo, although they retain robust GM differentiation potential when cultured
in vitro (12). These lymphoid-biased progenitors are very similar to early lymphoid progenitors
(ELPs) previously characterized by Igarashi et al (14). In fact, 90% of the ELP population,
defined as GFP+LSK in RAG1-GFP KI BM, overlaps with Flt3hiVCAM-1− MPPs (Lai and
Kondo, unpublished observation). The existence of these lymphoid-biased progenitors fits with
the idea of a gradual down-modulation of myeloid potential during the course of lymphocyte
development. In this case, Flt3hiVCAM-1− MPPs or ELPs would be considered lymphoid
specified, meaning they are programmed to differentiate into lymphocytes, but this occurs prior
to the silencing of the myeloid differentiation program. Commitment to the lymphoid lineage,
at the CLP stage, is established when the cell loses all abilities (without the exogenous
introduction of genes) to generate myeloid lineage cells.

In addition to MPPs, other lineage-biased progenitors have been observed. For example, both
CLPs and CLP-2 (hCD25+c-kit−B220+CD19− cells in pre-Tα-hCD25 reporter transgenic
mice) potently differentiate into T cells when injected intrathymically or when cultured on
OP9-DL1 stromal cells (7,15,16). When intravenously injected in vivo, however, CLPs
preferentially develop into B cells (7). Similarly, immature thymocytes retain a weak ability
to generate other cell types, including B, NK, and macrophages (17). There are two possible
explanations for the discrepancy between in vitro and in vivo differentiation potentials of MPPs
and lymphoid progenitors: 1) During in vitro culture, nonphysiologically high concentrations
of cytokines or growth factors may be present to allow progenitors to differentiate into cell
lineages that they do not normally become in vivo, or 2) upon specification to a certain lineage,
progenitors preferentially migrate to distinct niches within the BM or to the thymus that only
support certain lineage maturation. If progenitor niches do exist, we need to be careful when
interpreting the in vivo differentiation potential of cells upon purification and transplantation,
since cells may be removed from their niches during manipulation and may not home correctly
upon intravenous injection.

Microenvironments for hematopoietic differentiation
Microenvironments, also known as niches, are specialized spatial structures or cellular
components where stem or progenitor cells are localized, in order to receive the critical stimuli

Lai and Kondo Page 3

Semin Immunol. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



that support their differentiation and function. Osteoblasts at the trebacular region of the bone
cavity serve as a niche for HSCs (18,19). These osteoblasts express adhesion molecules such
as N-cadherin and VCAM-1, which function to retain HSCs at their niche (19,20), although
the involvement of N-cadherin might be controversial (21). Osteoblasts also provide important
signals to keep HSCs in a quiescent and undifferentiated state, such as angiopoietin (22), and
Jagged-1 (18), respectively. A vascular niche for HSC has also been identified, where HSCs
were found to associate with CXCL12 expressing reticular cells in the sinusoidal endothelium
(6,23). It is postulated that HSCs migrate away from their niche into the core of BM upon
differentiation (24).

In addition to HSC niches, microenvironments supporting stage-specific differentiation during
T and B cell development have also been found. A notable example of this is that developing
thymocytes migrate to different regions of the thymus to undergo different maturation steps
(25). While CD4 and CD8 double negative (DN) thymocytes are localized in the capsule and
subcapsular region of the thymus, double positive (DP) thymocytes are generated in the outer
cortex. Positive and negative selections of DP thymocytes then take place in the cortex, and
positively selected DPs migrate to the medulla for further maturation to SP thymocytes.
Specialized niches have also been shown to support B cell differentiation at different
developmental stages in BM (26). While CXCL12/SDF-1α expressing cells in the BM form
the niche for pre-proB cells, proB cells are preferentially localized with IL-7 producing stromal
cells distinct from those secreting SDF-1α. It remains to be determined whether localization
of MPPs have implications in lineage specification and commitment, and whether distinct
microenvironments that support exclusively lymphoid or myeloid lineage differentiation exist.

Homing of stem cells and progenitors to their specialized niches is often directed by
chemokines (24). For example, SDF-1 is involved in the retention of hematopoietic progenitors
and colonization of HSCs in BM (27,28). In the thymus, multiple chemokines, including
SDF1α, CCL19, CCL21, and CCL25, have been shown to be important in the homing of
developing thymocytes to their specific microenvironment (25). Disruption of these
chemokine/chemokine receptor signaling (29−31), or the timing of the expression of
chemokine receptors in thymocytes (32), can result in the perturbation of their maturation
pathway. Therefore, identification of chemokine receptors expressed in early hematopoietic
progenitors may lead to insights into their localization in the BM, and whether distinct
microenvironments exist to support differentiation of different cell lineages. In fact, analysis
of the expression of the receptor for a thymusspecific chemokine in MPPs have led to the
identification of a population of thymic immigrants that contribute to T lineage differentiation
(33). This will be further discussed in the following section.

Do T and B cell lineage diverge from a common or separate progenitor?
The thymus is the site of T cell differentiation and maturation. However, unlike BM HSCs,
immature thymocytes do not have self-renewal ability. Thus, the thymus requires continuous
replenishment of progenitors from the BM in order to sustain T cell production (34). The nature
of thymic immigrants from BM remains a subject of debate.

In order to understand the connection between BM progenitors and the earliest T lineage
progenitors (ETPs) in the thymus, significant research effort has been spent in characterizing
the most immature thymocytes. During the earliest stages of T cell development in the thymus,
progenitors which are CD4 and CD8 double negative (DN), can be subdivided into DN1-DN4
maturational stages (35). T lineage commitment is thought to occur at DN3 stage, as DN1 and
DN2 progenitors retain differentiation potential for other hematopoietic cell types, including
B cells, macrophages, NK, and DCs (17). The DN1 population, defined as CD44+CD25−, is
highly heterogeneous (36). Subfractionation of this population suggest that progenitors with
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T cell developmental potential and the most proliferative capacity reside in c-Kithigh expressing
cells, which is also known as early T lineage progenitors (ETPs) (36,37). Since B cell
differentiation potential is only found in DN1 but not in DN2 progenitors, it is thought that
thymic progenitors that can differentiate into B cells are the most immature cells that first
arrived in the thymus. Further characterization of ETPs suggests that only the Flt3+ or
CCR9+ fraction has B lineage differentiation potential (38,39). Flt3+ or CCR9+ ETPs are
therefore currently viewed as the most immature T cell progenitors in the thymus.

Although immature thymocytes retain a weak myeloid differentiation potential, it has been
thought that T and B lineage bipotent progenitors from the BM should be thymus-seeding cells.
Notch signaling is a critical component during intrathymic T cell development. Inhibition of
Notch 1 signaling in hematopoietic progenitors results in B cell development in the thymus
(40). Conversely, expression of constitutively active Notch 1 causes extrathymic T cell
development in the expense of B cell differentiation in BM (41). Myeloid lineage
differentiation, however, is not affected in the absence of Notch signaling. More recently, the
proto-oncogene LRF has been shown to repress the expression of Notch 1. Ablation of LRF
resulted in aberrant T cell development in the BM and a decreased in early B cell progenitors
(42). These findings led to the interpretation that Notch signaling provides the deterministic
cue in dictating T vs. B lineage differentiation in T/B bipotent progenitors. The existence of
CLPs in the adult BM further support the notion that T/B bipotent progenitors are thymus-
seeding cells from the BM.

Several recent studies, however, indicate that the divergence of the T cell lineage should occur
upstream of CLPs in BM. Since ETPs are unresponsive to IL-7 (37), and do not express
IL-7Rα, the defining marker of CLPs (7), the idea of CLPs as physiological T cell progenitors
was disputed. Although CLPs readily give rise to T cells when injected into thymus,
intravenous injection of CLPs only weakly contributed to thymopoiesis (7,33). In addition,
while ETPs retains a weak GM differentiation potential, myeloid differentiation is silenced at
the CLP stage (7). Genetic studies of Ikaros, which have shown to be critical for all lymphocyte
lineage development, revealed the different stage requirement of this gene in T and B lineage
differentiation. While the generation of CLPs requires Ikaros, some developing thymocytes
are present in Ikaros-null mice, suggesting the possibility of an earlier divergence of the T cell
lineage from B and NK precursors (43)

The nature of these findings revealed that the intrinsic T cell differentiation potential of CLPs
do not necessarily reflect their physiological contribution to thymopoiesis. Thymic homing of
progenitors from the BM adds another level of complexity to the nature of T lineage progenitors
(44). In addition to intrinsic T cell differentiation potential, thymic immigrants need to have
the ability to become mobilized from the BM and subsequently home to the thymus from
circulation. Accumulating evidence implicates that subsets of MPPs, which are
developmentally upstream of CLPs in the BM, are thymic seeding cells (45,46). MPPs are
phenotypically similar to ETPs (c-KithighFlt3+Thy1−), have robust T cell differentiation
potential, and can be found in the peripheral blood (3,47,48).

In addition to clarifying the mechanism of lymphoid vs. myeloid lineage differentiation,
characterization of MPPs have also led to insights into the divergence of T and B lineage in
the BM. Perry et al. demonstrated that MPPs that express CD62L have enhanced thymic
repopulating capacity (45). This MPP population overlaps significantly with ELPs (49). Since
these cell populations, as well as Flt3hiVCAM−1− MPPs, much more efficiently generate T
cells upon intravenous injection than CLPs, it was speculated that these MPPs have an enhanced
thymus-homing mechanism that is lacking in CLPs. A small population of MPPs was found
to express CCR9 (33,50), the chemokine receptor for CCL25, which is expressed in the thymus
but not BM. Importantly, CCR9 expression is not detected on CLPs (33). CCR9+ MPPs have
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robust thymus-homing and repopulating capability, and overlap with CD62L+ MPPs as well
as ELPs (33). However, since a significant portion of CD62L+ MPPs or ELPs is CCR9−, this
suggests that CCR9+ MPPs represent a more enriched population of thymic immigrants from
the BM.

Dissecting the heterogeneity of MPPs in the BM has led to the identification of a rare population
of thymic immigrants that contribute to T cell development. This finding provides the missing
link that connects the progenitors in the BM and the thymus, and led to insights into the
developmental potential of T lineage progenitors before they home to the thymus. Since
CCR9+ MPPs, the BM precursor to ETPs, is developmentally more immature than lymphoid
committed CLPs, thus confirming recent speculations that CLPs are not the major
“physiological” T cell progenitors. Nonetheless, the characterization of CCR9+ MPPs
demonstrated that these cells are lymphoid specified or highly lymphoid biased, which indicate
that the divergent of the T cell lineage occurs after the major branching point of the lymphoid-
myeloid pathways, as predicted by the “classical” model of hematopoiesis. With the
identification of thymic immigrants in the BM, it is now possible to investigate the mechanism
of their mobilization from BM and their subsequent homing to the thymus.

More comparative analysis between multiple BM progenitors with T cell differentiation
potential will be important to clarify whether only one or multiple BM populations contribute
to thymopoiesis in the steady-state. Results from these studies may have implications in
improving BM transplantation strategies in the clinical setting. BM transplantation is clinically
applied to treat leukemia and congenital immunodeficient patients (51). However, it takes
months to fully reconstitute T cells after BM transplantation (52). During this period of time,
patients are susceptible to opportunistic infections. Therefore, transplanting an increased
number of BM progenitors that can contribute to T cell development may facilitate the
reconstitution of the peripheral T cell compartment. It is also intriguing to know whether
ectopic introduction of CCR9 into CLPs can enhance their thymic homing capability. Since
the kinetics of T cell development from CLPs is 1–2 weeks faster than MPPs when injected
intrathymically (7,12), T cell reconstitution may be accelerated by enhancing the ability of
CLPs to home to the thymus.

Future directions
Studies of the MPP subsets at the molecular level will be key to resolve the mechanism of
lineage specification and commitment. It has been demonstrated that lymphoid and myeloid
related genes could be co-expressed in lymphoid specified MPPs (11,53). It is unclear how
lymphoid and myeloid genes cross-regulate at this developmental stage to silence myeloid
related genes, which may be a main drive to establish lymphoid lineage commitment in CLPs.
Although lymphoid related genes such as RAG1, IL-7Rα, and EBF are expressed in MPPs
(13), these genes are not involved in lymphoid specification. In the absence of these genes,
developmental arrest occurs after lymphoid commitment in early B or T cell progenitor stages
(9,10,54–56). Therefore, an unidentified transcription factor is likely to be involved in
lymphoid specification. Gene expression profiling of the MPP subsets will be important in
identifying novel genes involved in this process.

Identification of the earliest lymphoid specific gene expressed during early hematopoiesis may
also provide a strategy for genetic marking of the earliest lymphoid specified MPPs in a reporter
mouse. This will enable us to trace the lineage contributions of these lymphoid specified, but
not committed, progenitors in vivo without any manipulations. Our studies thus far involve
FACS purification of BM cell populations and injection back into irradiation conditioned
recipients. In this system, we cannot ensure the proper homing of progenitors to their specific
microenvironment in the BM, which may affect their differentiation to certain cell lineages.
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For example, it is not clear whether the weak differentiation ability of VCAM-1− MPPs to GM
cells after in vivo injection is indeed the case under the physiological setting, or whether GM
differentiation is simply due to improper homing of some VCAM-1− MPPs to a different
microenvironment upon transplantation into the recipient mice. Furthermore, it is also possible
that the differentiation potential of hematopoietic progenitors may be altered due to stress in
conditioned hosts. Using a gene-marking system to analyze the differentiation potential of
MPPs will also resolve an important drawback of the transplantation system as pointed out by
Forsberg et al (57). Since the burst size of MPPs is small, a weak or low contribution to a
certain cell lineage (especially myeloid lineage cells with short lifespan and high turnover rate)
by MPP transplanted in small numbers may not be readily detected.

In addition to transcription factors, increasing evidence suggests that microenvironements in
the BM may play a role in lymphoid specification and commitment. Therefore, it will be equally
as important to characterize the different non-hematopoietic cells of the BM, in order to identify
the cellular components that form the putative lymphoid progenitor niche. Since chemokines
play important roles in the migration and homing of cells, identification of chemokines
produced by non-hematopoietic cells, as well as chemokine receptors expressed on MPPs, may
help identify these distinct microenvironments. These future studies will contribute to the
understanding of how extrinsic and intrinsic factors in orchestrating lineage commitment
during hematopoiesis.
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Figure 1.
The classical model of hematopoiesis predicts that the first step of lineage restriction from HSC
is lymphoid and myeloid lineage commitment. In this model, CLP and CMP are symmetrically
derived from the same MPP.
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Figure 2.
A revised version of the classical model of the hematopoietic tree. In this model, CLP and CMP
are generated asymmetrically from different MPPs. Prior to lymphoid lineage commitment at
the CLP stage, MPPs loses myeloid lineage differentiation potential in a step-wise fashion.
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