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Abstract
The path from hematopoietic stem cells (HSCs) to functional B lymphocytes has long been
appreciated as a basic model of differentiation, but much clinically relevant information has also
been obtained. It is now possible to conduct single cell studies with increasingly high resolution,
revealing that individual stem and progenitor cells differ from each other with respect to
differentiation potential and fates. B lymphopoiesis is now seen as a gradual and unsynchronized
process where progenitors eventually become B lineage restricted. Major milestones have been
identified, but a precise sequence need not be followed and oscillation between states is possible.
It is not yet clear if this versatility has survival value, but information is accumulating about
infections and age related changes.

Introduction
A series of papers have described surprising diversity in hematopoietic stem cells (HSCs)
[1]. While the basis of that variation is unclear, it might confer HSCs with the ability to
respond rapidly to changing circumstances. In fact, additional reports describe a much more
dynamic process of blood formation than previously imagined. Loss of myeloerythroid
differentiation potential is gradual, and the most primitive progenitors of lymphocytes are
also heterogeneous [2]. The asynchronous nature of stem/progenitor events continues
through these compartments, such that the order of gene expression is not rigid. In addition
to that complexity, technical and nomenclature issues have complicated the goal of charting
major and alternative differentiation routes. We believe solid progress has been made, and
recent reviews detail remarkable advances in understanding how transcription factors work
in concert with epigenetic changes to direct progression of cells in the B lineage. There are
also age-related changes in immune system replenishment, and they partially resemble ones
that occur during infection. The underlying mechanisms for B lymphopoiesis are being
dissected in a number of laboratories, and interesting findings relate to stem/progenitor
events as well as microenvironmental cues that control them.
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Remarkable Heterogeneity of Hematopoietic Stem Cells (HSCs)
Tremendous progress has been made in developing methods for isolating HSCs, such that at
least one out of three in a sorted population can reconstitute lethally irradiated mice [3]. One
might expect skillfully selected sort parameters to yield relatively homogeneous HSCs.
However, Muller-Sieburg and colleagues found evidence for at least three classes of
functionally restricted HSC subsets; myeloid biased, lymphoid biased and balanced [4].
More surprisingly, this differentiation bias was stable though multiple cycles of
transplantation [4]. Extending those findings, Eaves and colleagues transplanted individual
HSCs and observed similar specialization, with different kinetic patterns of differentiation
[5]. Notably, lymphoid biased HSCs were less robust than other subsets and produced few
cells in secondary transplants [6••].

Subsequent studies revealed that cell surface and cytoplasmic staining patterns can be used
to partially resolve such HSC subsets (Figure 1). For example, Goodell used Hoechst dye
exclusion to identify upper and lower side population (SP) HSCs. The former subset was
prone to generate lymphocytes while lower SP cells tended to be myeloid biased [7••]. As
another perspective, CD49blowRhodaminelowCD150Hi HSCs had long-term potential for
blood cell production and could be distinguished from CD49bHi HSCs that produced red
blood cells for shorter periods [8].

CD150 is an extremely valuable marker for long-term HSCs, and its density reflects lineage
bias [6••,9,10•]. That is, CD150Hi HSCs are myeloid biased whereas CD150low HSCs are
more competent to generate lymphocytes. While the CD150Hi subset in marrow of young
mice is robust with respect to serial transplantation, a phenotypically similar population
accumulates in aged mice and has reduced lymphopoietic potential [7••,10•,11]. We found a
partially similar phenomenon occurred in mice repeatedly given low doses of the TLR4
ligand lipopolysaccharide (LPS) [12•]. A distinct category of CD150HiCD86− HSCs
accumulated in LPS treated mice and was poor at replenishing the adaptive immune system.

The basis for HSC heterogeneity is not completely understood and might be explained in
multiple ways. For example, most HSCs rarely divide and their engraftment efficiency on
transplantation is reduced when they are driven into cycle [13]. That is, slowly-dividing
HSCs have the best long-term reconstitution capacity [14]. The majority of HSCs are
generally quiescent and approximately 5% of them appear to be dormant. Experiments done
with dye dilution methods suggest this subset may divide only five times in the entire
lifespan of a mouse [15]. Another study applied serial transplantation of labeled cells to
conclude HSCs can shift between quiescent and dividing states [16]. Nakauchi and
colleagues used a panel of monoclonal antibodies and CD150 density to reveal HSC
heterogeneity [6••]. Of particular interest, some CD150Hi HSCs were dormant and only
generated blood cells when transplanted a second time. As mentioned above, a lymphoid
biased subset of HSCs, i.e. the “upper side population” was more likely to be in cycle than
other HSCs, and their proliferation was inhibited by TGF-β[7••]. While this cytokine was
previously found to maintain HSC quiescence, responses may be both dose and subset
dependent [17]. For example, the “lower side population” proliferated and differentiated in
response to low concentrations of TGFβ [7••]. Thus, differences in metabolic and
proliferation status might account for some HSC heterogeneity.

Some attempts have been made to establish precursor-product relationships between HSC
subsets. For example, CD150Hi HSCs tend to generate CD150Hi HSCs as well as CD150Lo/−

HSCs, but CD150Lo/− HSCs cannot become CD150Hi [6••,10•]. Hematopoiesis is usually
viewed as a one-way process, where HSCs give rise to progenitors with progressively fewer
options. However, experiments done with a multipotential cell line suggest that HSCs may
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oscillate between states [18]. Similarly, we found that lymphoid progenitors became lineage
unstable and could be re-directed into erythropoiesis with canonical Wnt signaling [19].
There is precedent for such reversible differentiation in studies of Drosophila germ cells
where position within niches is critical [20]. However, the extent to which it occurs in
normal hematopoiesis is unknown. HSCs are thought to reside in multiple niches, but how
that influences their properties is not clear [21]. There is one report that HSCs in spleen are
more likely to be in cycle than those in marrow [22].

Complete agreement has not been reached about what marker combinations define all, or
subsets of HSCs [3,17,23]. Also unclear is whether heavily lymphoid biased HSCs lacking
serial transplantation potential should more properly be considered lymphoid progenitors
[5]. Lymphocytes can self-renew and have extremely long lifespans, regardless of whether
they arise from early lymphoid progenitors or true stem cells.

Partial lineage commitment and early lymphoid gene expression
A crisp definition for the “earliest” stage in B lymphopoiesis is probably unattainable,
because initial events are not synchronous, and many changes appear to be gradual. Our lab
originally noted that lin−c-KitHiFlt3+ cells from bone marrow were uniquely sensitive to
estrogen and capable of generating T and B lineage cells [24]. Importantly, they were
heterogeneous in that some expressed TdT, some were positive for a human
immunoglobulin transgene and some were positive for both markers. The availability of
RAG-1/GFP knock-in and RAG-1/tdRed reporter mice made it possible to sort viable early
lymphoid progenitors (ELPs) on that basis and again appreciate that they were not
synchronized [25]. RAG-1+ ELPs are potent at replenishing T, natural killer (NK) and B
cells when transplanted, and they are characteristically slow to generate lymphocytes in
culture [24].

It has been known for some time that HSCs and progenitors express transcripts for genes
required by mature blood cells [2,26,27]. The phenomenon is known as “priming” and could
reflect an initial opening of chromatin, as well as anticipatory loading of promoters [28••].
Single-cell PCR results indicate variable expression of these genes, and individual HSCs
only contain transcripts of one or two lymphoid genes. Although most of these genes are
essential for B and/ or T cell development, it is not clear if they directly lead to early lineage
decisions. Given the lack of standard definitions of HSCs, it is not surprising that there is
poor agreement about what HSC expressed genes are most closely affiliated with
“lymphoid” lineages. Thus, there is a degree of ambiguity associated with the term lymphoid
primed multipotent progenitors (LMPPs) [29]. Nevertheless, LMPPs are phenotypically
defined as lin−c-KitHi cells with a very high density of Flt3, a category that includes ELPs
(Figure 2). Kondo and Lai used progressive loss of VCAM-1 to track formation of
overlapping populations of primitive lymphoid progenitors [30]. Importantly, LMPPs have
greatly reduced potential for generating megakaryocytes and erythrocytes [29]. As with
ELPs, they have very low, residual ability to respond to myeloid supporting cytokines and
proliferate in standard Methocel cultures [24]. We regard these cells as heterogeneous,
partially lineage committed progenitors. Elegant single cell PCR approaches have shown
that the order of expression of particular lymphoid genes is not rigid [2,27]. Hence, we refer
to the process as asynchronous.

Chromatin immunoprecipitation (ChIP) sequencing is providing additional insight into
epigenetic changes, relationships between key transcriptional regulators and modulation of
gene expression during B cell differentiation. For example, Lin and colleagues found
associations between E2A DNA binding, certain histone methylation patterns and a wide
spectrum of cis-regulatory elements [31•]. They also found coordinated DNA occupancy
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between E2A, Ebf-1 and Foxo-1. Treiber and colleagues focused on Ebf-1 binding sites and
discovered that genes regulated by Ebf-1 encoded molecules involved in B cell receptor
signaling, cell migration and adhesion [32•]. They observed interactions between Ebf-1 and
other transcription factors, such as Pax5, Runx1 and Ets1. It will be important to integrate
this new information with knowledge of environmental cues for HSC maintenance and early
events in lymphopoiesis.

Common Lymphoid Progenitors (CLPs)
CLPs were originally defined in terms of a binary fate decision, where progenitors destined
to make T, NK and B cells diverge from those related to all other blood cell lineages [24].
While the separation may be more gradual and dynamic than originally proposed, and their
phenotypic definition has evolved, several recent papers suggest that it occurs. Expression of
IL-7Rα has been consistently used to discriminate CLPs, but thresholds are affected by
generally low density, antibodies, fluorochromes and sensitivity of flow cytometers. Our
own experience of many years was that IL-7Rα transcripts were present in ELPs, but
surface display was negative. More recently, and with more sensitive laser/fluorochrome/
filter combinations, small numbers of c-KitHi Flt3Hi cells are seen to be IL-7Rα+. This is
noteworthy, because that subset could confusingly be designated LMPPs, ELPs or CLPs
(Figure 2). Adding to the complexity, the name all lymphoid progenitors, or “ALPs” has
also been proposed for those cells [33]. These are c-KitHiIL7Rα+Flt3Hi and able to generate
NK and dendritic cells (DCs) as well as B cells. Given the approach used, a small number of
ELP that express IL7Rα would be included in this ALP subset (Figure 2). The same group
described Ly6D as a marker for a potent B cell restricted subset of CLPs (referred to as
BLPs). Expression of Ly6D is partially dependent on IL7Rα signaling [34]. Ly6D+ BLPs
highly overlap with subsets marked by RAG-1/GFP and λ5 reporters [35]. However,
expression of Ly6D is not dependent on the Ebf-1 transcription factor [34]. Thus, Ly6D may
be used as a phenotypic marker but whether it is functionally involved in B lineage
development is unknown. In RAG-1/tdRed fate mapping mice, half of conventionally
defined CLPs are marked [25]. Indeed, RAG-1 expressing CLPs are more potent and
restricted B cell progenitors than non-labeled CLPs.

Lymphoid progenitors with high levels of c-Kit (LMPPs/ELPs) take much longer than c-
KitLo CLPs (BLPs) to generate CD19+ lymphocytes in culture, providing evidence for a
precursor-product relationship. However, rate-limiting factors are not sufficiently well
understood and ELPs differentiate rapidly under the influence of retinoids [24].

Functional definitions are also confusing, particularly with respect to the ability of
progenitors to replenish the adult thymus. Transfer to unirradiated or immunodeficient mice
represents the most stringent definition while intrathymic injections and stromal cell co-
culture assays are more permissive [36]. Most reports indicate that ELPs/LMPPs are the
most potent T progenitors when thymus homing is required while IL-7Rα+ CLPs efficiently
expand and differentiate when placed on DLL1-transduced stromal cells [37]. Other subsets
have T lineage potential but seem unlikely to colonize the thymus under normal
circumstances. As one interesting example, a recently described subset of
CD150−Flt3+CMPs can generate myeloid and T lymphocyte lineage cells but lack
chemokine receptors essential for thymic homing [38•].

A more important issue is whether cells with restricted T/B/NK potential normally colonize
the thymus, but that again depends on definitions and experimental approaches used. Fate
mapping with RAG-1/tdRed mice showed that while all T and B lymphocytes have a history
of RAG-1 expression, labeling of peripheral neutrophils and macrophages is extremely low
[24,25]. The same was true of a labeling system based on IL7Rα+ [39•]. These results would
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be consistent with a clean separation between lymphoid and myeloid lineages, supporting
the existence of “common” lymphoid progenitors.

On the other hand, cells that seed the thymus retain potential for generating neutrophils,
macrophages and dendritic cells under at least some experimental circumstances [40,41]. In
addition, we found that an extraordinarily high percentage of dendritic and NK cells in the
thymus have a history of RAG-1 expression [24,25]. Conventional dendritic cells are often
included in the “myeloid” category, although they can be made with some efficiency from
lymphoid progenitors. Additionally, many plasmacytoid dendritic cells express transcripts
for traditional B lineage lymphoid genes and have DH-JH gene rearrangements [24].

B lymphopoiesis and aging
HSC numbers are normal to slightly elevated in aged mice, while their phenotypes and
functions show corresponding changes [7••,42-44]. Importantly, there is selective loss of
ability to replenish the adaptive immune system. The basis of this is incompletely
understood, but is characterized by reduced numbers of lymphoid progenitors, as well as
declines in requisite Ebf-1 and E2A transcription factors [45].

Telomere shortening occurs in stem cells during aging, and HSCs from mice with defective
telomerase can undergo fewer rounds of transplantation than those from wild type mice [46].
However, recent studies suggest that telomerase deficiency also alters BM environment.
[47].

Until recently, there was little evidence to suggest that lymphopoiesis in bone marrow is
controlled by peripheral B cell numbers. That is, the rate of new B cell production was not
known to be linked to demand. However, an interesting report by Melamed and colleagues
demonstrated that chronic depletion of mature lymphocytes “re-activated” the aged bone
marrow [48••]. Several methods of depletion elevated numbers of lymphocyte progenitors in
old mice and diversified the repertoires of mature B cells. Furthermore, old mice with
chronic B cell deficiency from birth displayed no age-related changes in progenitors.

Alterations in B lymphopoiesis during infectious disease
Some pathogens, such as human immunodeficiency virus, herpes viruses, parvovirus,
cytomegalovirus, varicella zoster virus, Leishmania and Measles virus can infect
hematopoietic or stromal cells in bone marrow [49-51]. Other agents alter hematopoiesis by
eliciting production of inflammatory cytokines, such as TNFα that mobilizes Pre-B and
newly formed B cells [24,52]. Also, HSCs and progenitors are responsive to interferons
(IFNs) [53]. Some LPS negative intracellular pathogens affect hematopoiesis through
IFNγdependent pathways. For example, Malaria infection induces a novel IL7Rα+ c-KitHi

progenitor population, while conventional erythroid and lymphoid progenitors decline [54].
The occurrence of these progenitors is dependent on IFNγ but not TLR signaling. Infection
with E. muris, an intracellular bacterium, induces myelopoiesis, and this response was also
IFNγ dependent [55].

Pathogen products and endogenous danger signal ligands released by infected cells can also
influence lymphopoiesis. This follows from the discovery that HSCs/progenitors express
functional Toll-like receptors, and their ligation acts to bias hematopoiesis towards
production of innate effecter cells [24]. Culture and in vivo studies showed that LPS also
drove HSCs out of quiescence [16,24]. Chronic treatment of young mice with LPS partially
reproduced some changes associated with aging [12•]. That is, there is an accumulation of
CD150Hi HSCs, loss of transplantation potency and reduction of B lymphopoiesis. Unlike
the situation with normal aging, an abnormally high number of HSCs are in cycle, and they
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continue to divide many months after LPS exposure and serial transplantation. This suggests
that infectious episodes might contribute to age-related immunosenescence. CLPs in Herpes
infected mice lose their potential for B cell production, becoming instead better progenitors
for dendritic and NK-like cells [24]. Ligation of TLR-9 by a Herpes product rather than
indirect effects of cytokines caused those dramatic changes. In C. albicans infected mice,
Lin− c-Kit+ Sca-1+ (LSK) cells expanded rapidly while B cell lymphopoiesis was reduced,
and a new monocyte-derived DC population was detected [56]. In most cases, inflammation
favors myelopoiesis rather than lymphopoiesis. However, myeloid differentiation was
blocked at progenitor stages and lymphopoiesis was less affected by P. aeruginosa or high
dose LPS in a sepsis model [57]. This selective suppression of myelopoiesis was partially
dependent on TLR4.

Bone marrow stromal cells also express TLRs [50]. When cultured with TLR ligands,
human BM mesenchymal stem cells secrete inflammatory cytokines and chemokines, such
as TNFα and CXCL10 [58]. However, TLR signaling in stromal cells can also result in
immune suppression [59]. LPS treated mouse mesenchymal stem cells secreted
prostaglandin E2, which converted activated macrophages to a regulatory-like profile [60].
These macrophages became sources of IL-10 instead of TNFαIFNγ and IL-6, a shift that
increased survival in sepsis mice [61]. However, most of these results are based on culture
experiments, and more information is needed about influences of infectious agents on other
components of marrow.

It is clear the marrow is poised to respond quickly to a variety of pathogens, and more
information is needed about how discrete mechanisms are used for each agent. In many
cases, there is a rapid boosting of innate immune defenses at the expense of B
lymphopoiesis. While this should have survival value, chronic infections can also be
harmful to stem cells and may contribute to immunosenescence.

Summary
Progression in the B lineage lymphoid pathway is a continuum, where progenitors gradually
lose options for other fates. Bias towards or away from lymphopoiesis begins in HSCs and
becomes more prominent with lineage progression. Considerable progress has been made in
developing methods that reveal potential heterogeneity and asymmetry of the process. This
information should help achieve consensus about major and minor differentiation routes
used in experimental animals. Furthermore, comparable tools will be extremely valuable for
studying human cells. As one example, it is important to have antibodies that discriminate
human HSCs with the full spectrum of differentiation options from those that may be injured
or heavily biased. It may also be possible to identify progenitors from early stages of
malignant transformation. A greater understanding of environmental cues and consequences
of chronic infection should help preserve humoral immunity and encourage its
replenishment following transplantation or chemotherapy.
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*Highlights

• Hematopoietic stems cells are more heterogeneous than previously thought.

• B lineage commitment is gradual and unsynchronized.

• B lymphopoiesis is altered by infectious disease and aging.
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Figure 1. Heterogeneity of hematopoietic stem cells
Subsets of hematopoietic stem cells (HSCs) differ in terms of surface marker expression,
dye efflux and function. In murine bone marrow, most are defined as Lin− c-Kit+ Sca-1+

Flt3− CD34− CD150+ CD48−. Recent studies suggest there are at least three major HSC
classes, distinguished according to the spectrum of blood cells they produced [1]. That is,
some are relatively balanced, others are biased to produce myeloid cells and still others
preferentially generate lymphocytes. Ones with high densities of CD150 tend to be robust
and myeloid biased. Additional variability relates to cell cycle status and potential for
marrow engraftment on transplantation, as well as the kinetics and duration of blood cell
formation. Stem cells can change with respect to composition and properties as a result of
normal aging [10•] and during chronic infectious disease [12•]. Lymphoid progenitors
arising from these HSCs are themselves heterogeneous and acquire B cell properties in an
asynchronous manner.
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Figure 2. Terminology used for B Lymphoid Progenitors
Significant progress has been made with respect to the cartography of B lymphopoiesis.
However, progression from one arbitrarily defined “stage” to another is not abrupt and the
precise sequence of events can differ. As another complication, terms used to describe these
categories are not standardized. Loss of erythroid and megakaryocytic potential is paralleled
by marked up-regulation of Flt3, generating cells referred to as early lymphoid progenitors
(ELPs) or lymphoid primed multipotent progenitors (LMPPs) [24,29]. These are largely
overlapping groups of cells that, like HSCs, still have high densities of c-Kit. Originally
defined as weakly IL-7Rα+ and c-KitLo, many labs now omit c-Kit as a sort parameter for
common lymphoid progenitors (CLPs), selecting instead for cells still bearing Flt3. As the
sensitivity of IL-7Rα detection has increased, the distinction between ELPs/LMPPs and
CLPs has been reduced. With some strains of mice, progression in the B lineage can be
distinguished by increased expression of RAG genes [24] and acquisition of Ly6D [33].
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