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Summary
The earliest progenitors of lymphocytes are extremely rare and typically present among very complex
populations of hematopoietic cells. Additionally, it is difficult to know how cells with any given set
of characteristics are developmentally related to stem cells and maturing lymphoid precursors.
However, it is now possible to divide bone marrow into progressively smaller fractions and exploit
well defined culture systems to determine which ones contain cells that can turn into lymphocytes.
Analysis of steroid hormone sensitive cells and use of two-step cultures is providing additional
information about the most likely differentiation pathways for B and NK lineage lymphocytes. A
newly identified category early lymphoid progenitors (ELP) can now be sorted to high purity from
RAG1/GFP knock in mice. Furthermore, the same experimental model makes it possible to image
lymphoid progenitors in fetal and adult hematopoietic tissues.

Introduction
Magnetic bead depletion, genetic cell marking and high speed cell sorting now make it possible
to extensively dissect bone marrow, and to determine the differentiation potential of very small
subpopulations of cells in culture or transplantation experiments. When considered together
with results from gene targeting studies, the resulting information should lead to more precise
models of lymphopoiesis. Indeed, progress is being made in understanding a sequence of
critical differentiation events required for multipotential hematopoietic stem cells to give rise
to B, T and NK cells. A longer-term goal will be to construct a coherent image of physical
relationships between cells and molecules within the bone marrow, so that we can appreciate
how lymphoid progenitors receive cues for survival, differentiation, and migration.

Divergence of lymphoid from myelo-erythroid differentiation pathways
The existence of multipotential hematopoietic stem cells has long been recognized and it was
thought that there might also be some type of “lymphoid stem cells” (1). Among the indirect
evidence was the fact that humans and mice can have selective deficiencies of B and T cells.
Also, cells dedicated to myeloid and erythroid lineages could be readily detected in short term
spleen (CFU-s) and in vitro colony (CFU-GEMM) assays that did not yield lymphocytes (2).
On the other hand, lymphoid stem cells were not demonstrated by retroviral insertion
experiments and, if the term “stem cells” is reserved for primitive cells with extensive self-
renewal capability, are unlikely to exist (3).
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Kondo and Weissman provided the first clear demonstration that single progenitors in mouse
bone marrow have the potential for short-term generation of B and T cells (4). These lineage
marker (CD3, CD4, CD8, CD45R/B220, CD11b/Mac-1, Ly-6G/GR-1, TER119) negative cells
were isolated on the basis of IL-7Rα expression and other properties that would distinguish
them from stem cells. Long-term repopulating stem cells in a Lin− Thy-1.1Lo Sca-1Hi c-
KitHi fraction were eliminated from the sorted population. At least one out of 5 proliferated in
culture and one third of those clones generated T lineage cells following thymic injection.
Additionally, some cells in this marrow fraction gave rise to NK cells on transplantation.
Importantly, no potential for myeloid differentiation was found in either transplantation or
colony assays. The cells were designated “common lymphoid progenitors” (CLP), a name that
was being used in textbooks (5). It was unclear at the time if cells with these particular
characteristics represent major intermediates in lymphopoiesis and it remains uncertain how
many lymphocytes derive from “common” progenitors with homogeneous characteristics.
However, subsequent findings support the conclusion that lymphoid differentiation pathways
diverge from those responsible for myeloerythroid differentiation and in fact do so at an even
earlier stage (6,7).

Hormones as experimental tools and regulators of lymphopoiesis
Many of our recent studies were driven by attempts to understand how steroid hormones
influence steady-state rates of lymphocyte production in bone marrow. Their importance is
suggested by the marked suppression of lymphopoiesis in pregnant or estrogen treated mice,
contrasted with abnormally elevated pre-B cell numbers in castrated male, ovariectomized
female and hypogonadal animals (8–10). However, patterns of bone marrow changes that we
observed in hormone treated mice did not easily fit the most popular differentiation models
(11). It eventually became obvious that the most estrogen sensitive populations were rare, very
primitive and not previously well described. Hormone treatment protocols proved to be quite
helpful in establishing precursor-product relationships between lymphoid progenitors in bone
marrow and establishing the most likely pathways for their differentiation.

Confusion surrounding heterogeneous CD45R/B220+ CD19− cells
Acquisition of CD19 represents an important milestone in murine B lineage differentiation and
corresponds to the ability of late pro-B cells to proliferate in IL-7 without other stromal cell
derived factors (12–14). Although very small numbers of CD19+ cells may be capable of non-
B lymphoid differentiation (15), expression of this marker generally signals lineage
commitment in bone marrow. Primitive CD19+ precursors are appropriately designated
“fraction B” or “Pre-B1” in the Hardy and Rolink/Melchers schemes, respectively (16,17).

Although suggested by the name “B220”, none of the various epitopes on CD45R are B
lymphocyte lineage restricted (18). The CD45R/B220+ CD19− fraction of mouse bone marrow
can be subdivided into a surprisingly large number of subsets and we attempted to learn which
ones are capable of generating CD19+ lymphocytes in short term cultures (13). It appeared
from these experiments that all of the functional lymphocyte progenitors were Flk-2/Flt3+,
CD24+ and Ly-6C−. Hardy and colleagues had previously shown that a particular CD24
specific antibody, 30F1 could be used to resolve a clear subset of CD45R/B220+ CD19−
CD24− marrow cells, and especially when the reagent was used under sub-saturating
concentrations (12). Furthermore, they divided this “fraction A” into subsets (A1 and A2)
according to common expression of AA4.1 and differential display of CD4 (19). Their studies
demonstrated low-level transcription of some B lymphocyte lineage genes, expression of a
human μ heavy chain transgene, and at least some immunoglobulin D-J rearrangements in
fraction A (16,19). However, we found that all functional B lymphocyte precursors in the
CD45R/B220+ CD19− subset were CD24+, regardless of which of two CD24 specific
antibodies were used (13). Furthermore, it was frustrating to find that fraction A cells
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accumulate in estrogen treated mice, while progenitors that appeared to be before or after that
stage were hormone sensitive (11). Low-level expression of CD11b/Mac-1 and absence of
IL-7Rα, raised further suspicion surrounding the fate of fraction A cells. Recent findings
support earlier indications that a large fraction of NK lineage progenitors express CD45R/
B220+ (17,20). Furthermore, it is now obvious that neither transcription of genes required for
B lymphopoiesis or the initial D-J step in Ig gene rearrangement restrict progenitors to the B
lineage differentiation pathway (7). Thus, the CD45R/B220+ CD19− fraction of bone marrow
contains a mixture of cells whose destiny is only revealed by functional assays (see below). It
is likely that very few of them are in the main pathway that generates B lymphocytes (13).

A Lin− c-KitLo pro-lymphocyte fraction contains most lymphoid progenitors
Expression of CD45R/B220 does provide an extremely useful distinction between lineage
marker positive (Lin+) and Lin− lymphocyte progenitors in bone marrow, and it is worth
stressing the importance of selecting appropriate reagents for the preparative enrichment of
rare Lin− cells. For example, Kondo and Weissman used CD4 for lineage depletion although
this marker can be expressed at low levels on several categories of potential lymphoid
progenitors (4,7,17,19). In our experience, positive selection for CD4+ cells that are otherwise
Lin− can give some enrichment for functional B lineage progenitors (Kouro, unpublished
observations). Therefore, use of anti-CD4 for lineage depletion could discard some cells of
potential interest. In contrast, CD11b/Mac-1 has been detected on some populations of short
term repopulating cells and putative lymphocyte progenitors, but did not correlate with
potential for differentiation in our cultures (13,19,21). It is obvious that cell separation
protocols are not standardized between research groups, and populations being studied will not
necessarily be comparable. Complicating matters further, expression of the Thy-1.2, Sca-1 and
CD34 cell surface markers varies in a mouse sub-strain and age related manner (22,23) and
unpublished observations). We systematically divided bone marrow cells according to one
marker at a time, comparing positive and negative fractions for functional lymphocyte
differentiation potential (6,13,24,25). While the resulting data may not necessarily be
generalized to all experimental circumstances, it hopefully provides a picture of the most
preferred pathways through which lymphocytes are produced.

Osmond and colleagues identified a population of CD45R/B220− terminal deoxynucleotidyl
transferase positive (TdT+) cells in marrow and designated them “early pro-B cells” (26). We
found that Lin− TdT+ cells are selectively sensitive to steroid hormones and present in
populations that have the most potential to generate B lineage lymphocytes (6,7,25). Most of
them have a very distinctive low density of c-kit, a transmembrane tyrosine kinase type receptor
for stem cell factor (24). Approximately 60% of Lin− c-KitLo TdT+ cells express IL-7Rα, and
would thus be included in Kondo & Weissman’s CLP fraction (25). We now refer to cells in
the Lin− c-KitLo fraction of bone marrow as “pro-lymphocytes” because it includes a mixture
of progenitors/precursors that are poised to become B, T and NK cells. The relative abundance
of pro-lymphocyte containing fractions in bone marrow and the differentiation activity on a
per cell basis in short term cultures are illustrated in Fig 1.

Early lymphoid progenitors identified in RAG1/GFP mice
An additional category of Lin− c-KitHi cells contains a more primitive population of
lymphocyte progenitors. The relatively long time required for cells in this fraction to generate
lymphocytes in culture and their tendency to down-regulate c-Kit suggested a possible
differentiation sequence (24). However, these initial findings might also be explained in terms
of pro-lymphocyte heterogeneity and dilution in the Lin− c-KitHi fraction by non-lymphoid
progenitors. Fortunately, the notion of a distinct population of early progenitors was supported
by the identification of estrogen sensitive Lin− c-KitHi Sca-1Hi CD27+ Flk-2+ TdT+ cells (6).
At least some cells with the same surface characteristics expressed a human μ transgene protein,
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although it is probably worth noting that this transgene is also expressed in the brain (27).
Importantly, myeloid progenitors in the Lin− c-KitHi fraction were spared in estrogen treated
mice while cells able to generate T and B lineage lymphocytes were suppressed. Although long
term repopulating stem cells are present in the Lin− c-KitHi Sca-1Hi fraction, they can be
distinguished from progenitors without extensive self renewal potential on the basis of their
lack of either CD27 or Flk-2 (28,29). Thus, the hormone sensitive progenitors we identified in
that fraction were unlikely to be stem cells.

The extremely small Lin− c-KitHi Sca-1+ CD27+ Flk-2+ subset of mouse bone marrow is
heterogeneous. Furthermore, fixation and cell permeabilization were required to detect the
most informative markers, TdT and human μ (6). It was therefore a delightful surprise to find
that RAG1/GFP mice can be used to isolate viable early lymphoid progenitors (ELP) (7).
Expression of GFP in these animals correlates perfectly with the onset of transcription from
the RAG1 and RAG2 genes. Also, functional progenitors of B, T and NK cells can be highly
enriched from heterozygous mice with one knock-in allele on the basis of GFP expression.
GFP+ progenitors are unlike the otherwise identical cells in the Lin− c-KitHi Sca-1+ CD27+

Flk-2+ fraction in one important respect; they have less than 10% the potential to generate
blood cells in the myelo-erythroid lineages. A sorted fraction with just above background levels
of GFP included many myeloid progenitors, suggesting that lineage choice restriction
accompanies RAG1 transcription at this early stage (7). Changes that subsequently occur in
the progeny of ELP will be discussed below.

The EBF transcription factor is essential to B lymphopoiesis and it was not surprising to find
detectable mRNA in pooled populations of sorted ELP (7). Similarly, progression in lymphoid
lineages requires a net balance of E47/E12 members of the helix-loop helix family of
transcription factors relative to the Id family of transcriptional repressors (30,31). ELP had
detectable transcripts for E47 and reduced amounts of Id-1 as compared to the GFP− cohort
population. It was also the earliest population with detectable D-J rearrangment products. The
Pax-5 transcription factor is essential for supporting and maintaining progression in the B
lineage, and may also repress myeloid differentiation options (32,33). However, we think it is
unlikely to play a role in the initial B lineage choice because expression was not detectable
before the pro-lymphocyte stage (7). This is consistent with the fact that hematopoietic cell
clones containing D-J rearrangements have been isolated from Pax-5 knock out mice (33). It
is extremely interesting that pro-B cells continuously require Pax-5 and can regain options to
become T and myeloid lineage cells if it is subsequently lost (34). The GATA-3 transcription
factor required for T lymphopoiesis is expressed by at least some cells in the ELP population,
but Aiolos transcripts were only detectable in Lin− c-KitLo cells. We conclude from these and
other studies that EBF and E47, along with PU1 and Ikaros family transcription factors, as well
as signals from c-kit and Flk-2 cytokine receptors represent minimal requirements for the
establishment and maintenance of ELP.

TdT+ cells only partially overlap with RAG-1 expressing cells in the Lin− c-KitHi Sca-1+

CD27+ Flk-2+ subset (7). This suggests that the initial remodeling of chromatin and
transcription of genes required for lymphopoiesis are unlikely to be synchronized in ELP.
Furthermore, low level expression of genes for proteins like Ig-β, that are required for B
lymphopoiesis need not preclude adoption of T or NK lineage differentiation fates (35).
Similarly, there is no known functional significance to rearrangement of Ig genes in T or NK
cells. However, this is the case in many T lineage cells (36) and we estimate that more than
half of NK lineage progenitors express RAG1 at some point during their formation. Our
findings are compatible with those of a single cell study of factor dependent cell lines (37).
They concluded that multiple loci become transcriptionally active before the differentiation
fate of early myeloid progenitors is established. Still other groups showed that the normal
pattern of lineage option restriction in lymphocyte progenitors could be abrogated by delivery
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of signals from cytokine receptors and proto-oncogenes (38–40). Those findings indicate that
down-regulation of receptors for myeloid growth factors may be important for directing cells
to lymphoid fates. Our observations suggest that the reciprocal is not the case, i.e. expression
of receptors for the lymphoid cytokine IL-7 occurs after cells have lost myelo-erythroid
potential (7). It is convenient to think of ELP as a category of cells with high potential for
lymphopoiesis, but a degree of uncertainty about the final outcome. Presumably, signals from
the microenvironment support and reinforce the decisions that culminate in the production of
B, T and NK cells.

The major route from stem cells to B cells & NK cells
Over 90% of the Lin− c-KitLo IL-7Rα+ population in RAG1/GFP mice, i.e. cells that would
be designated CLP by Kondo, et. al. (4) expressed the fluorescent protein (7). However, it is
important to stress that 40% of the GFP+ cells in the Lin− c-KitLo pro-lymphocyte fraction
lacked detectable levels of IL-7Rα and many Lin− c-KitLo TdT+ cells would also not be
included in the CLP fraction (7,25). An unresolved issue is whether all or most lymphocyte
progenitors must pass through such a “stage” in sufficiently synchronous fashion to be defined
with surface markers. Alternatively, it may be useful to consider that even extremely small
“fractions” arbitrarily capture heterogeneous populations of cells that are undergoing
continuous change.

The total number of functional lymphocyte precursors in any given subset can be appreciated
by multiplying the absolute numbers of cells in the population by the activity achieved in a
differentiation assay. A pictorial representation of such information is given in Fig. 1, where
sorted cells were placed in serum-free, stromal cell free cultures for one week with recombinant
SF, FL, IL-7, and IL-15. Such short-term assays only detect those progenitors that are
substantially differentiated, and ELP require much longer in the same cultures to generate
CD19+ lymphocytes (7,24). Furthermore, additional strategies are needed to establish a
probable sequence of subsequent events.

All lymphocytes derive from hormone sensitive progenitors, including those enriched in the
Lin− c-kitLo pro-lymphocyte fraction. However, we found that NK progenitors were often more
estrogen resistant than B cell precursors when pro-lymphocytes were first exposed to the
hormone in culture. Single cell studies indicated that this fraction is a mixture of B restricted,
NK restricted and bipotential progenitors. A two-step culture strategy was then used to follow
progression of cells in these two pathways. After just 3 days in defined conditions, some pro-
lymphocytes acquired CD45R/B220 and/or the CD122 receptor for IL-15, a cytokine that
supports NK lineage differentiation. Returning them to culture for an additional 4 days allowed
the ultimate fate and hormone sensitivity of these partially differentiated populations to be
established (20). Interestingly, over half of the precursors destined to become NK cells at least
transiently expressed CD45R/B220 (Fig. 2). Acquisition of CD122 occurred at, or just before
commitment to the NK lineage and loss of sensitivity to estrogen (20).

Assuming that the results obtained with defined culture conditions reflect normal events in
bone marrow, a sequence of early NK lineage differentiation events can be established (Fig.
3). The precise point when single cells lose the potential for differentiation in all lymphoid
lineages is not known. Therefore, it is confusing to use the adjective “common” in referring to
lymphoid progenitors. However, it is likely that most conventional NK cells are created in bone
marrow from Lin− c-kitLo Flk-2+ IL-7Rα+ pro-lymphocytes that subsequently express CD45R
before acquiring CD122, NK-1.1, and DX5 (20). Approximately one third of the NK lineage
cells acquire CD94/NKG2, but progress no further in these stromal cell-free cultures.

Most B lineage cells also derive from Lin− c-kitLo Flk-2+ IL-7Rα+ pro-lymphocytes, but never
express CD122 and could remain estrogen sensitive slightly longer than NK-lineage
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progenitors. As discussed above and in contrast with some other models, our findings suggest
that they never lose CD24 or IL-7Rα and do not acquire either Ly-6C or CD11b/Mac-1 in bone
marrow before expressing CD19 (13). Subsequent steps in the Ig gene rearrangement process,
expansion of precursor numbers, display of surface markers and selection of newly formed B
cells have been reviewed elsewhere (32,41,42).

Where do thymocytes come from?
Some type of lymphoid progenitors periodically replenishes the thymus in time-gated fashion
(43). Stem cells, ELP and pro-lymphocytes from bone marrow are all capable of colonizing
the thymus under experimental circumstances, but it is difficult to know which normally does
so (Fig. 4). The most primitive cells in the thymus are included in a CD3− CD4Lo/− CD8− c-
kitHi CD44+ CD25− triple negative (TN1) fraction (44,45). This compartment includes cells
with potential for dendritic, B, T and NK lineage differentiation, but could represent a mixture
of progenitors. For example, one study showed that cells with B lineage potential in that
compartment could be resolved on the basis of their lack of fluorescence in Lck promoter/GFP
transgenic mice (46). Also, single cell PCR analysis revealed that only 17% of TN1 cells
express RAG1 (47). We have found that a similarly small and variable subset of TN1 cells in
RAG1/GFP mice express RAG1 or TdT and are depleted in estrogen or glucocorticoid treated
mice (Igarashi and Kouro, unpublished observations). Thus, they are similar in many, but not
necessarily all respects to the ELP in bone marrow. Acquisition of CD25 by thymocytes
corresponds to reduced B lineage potential and progress is being made in understanding
extracellular cues that could be involved (44). A series of compelling experiments have been
done to show that signals delivered from Notch receptors normally suppress the option for
progression in the B lymphoid lineage that would otherwise be possible in the thymus (48–
50). This role is made especially clear when confounding influences of transformation are
blocked (51). It will be interesting to learn how late in B lineage differentiation Notch is
effective and whether the signal is typically delivered in the marrow before thymus seeding.
The marrow is known to be replete in Notch ligands, that could be selectively modulated in
discrete microenvironments by molecules of the Fringe and Numb families (52,53).

Another important issue is whether the B versus T lineage choice decision occurs before
expression of Pax-5 at the ELP stage because this transcription factor is potentially able to
preclude the T option (34). In this context, it is interesting that Spangrude and colleagues
subdivided the pro-lymphocyte fraction, finding that upregulation of Pax-5 and loss of T cell
potential both correlated with acquisition of AA4.1 (54). On the other hand, another group
reported astonishingly high T potential in a Lin− IL-7Rα+ AA4.1+ fraction (55). Single cell
PCR experiments might reveal what percentage of cells in the Lin− c-kitLo pro-lymphocyte
fraction are Pax-5+, because at least some cells in that population can colonize the thymus and
generate T cells (4,7,25,55).

A technical note
The RAG1/GFP mouse model enables the isolation of extremely rare subsets of lymphoid
progenitors and may be extensively used in many experimental designs. However, we would
like to share our experience with one potential artifact that can be easily avoided. Cells with
relatively high levels of green fluorescence are specific to the knock-in mice and are restricted
lymphoid progenitors (7). However, wild type mice have hematopoietic cells that autofluoresce
to the same degree as GFPLo cells in RAG1/GFP animals. We have found that this background
problem is usually not significant with extensively lineage depleted adult bone marrow.
However, it can be eliminated completely by use of two parameter, uncompensated flow
cytometry gating. Autofluorescent cells are easily visualized as a diagonal when plotted as FL1
versus FL2, and can be detected equally well in both channels. In contrast, signals are
preferentially received in the FL1 (FITC) channel from authentic GFP+ cells. Use of this
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method allows specific detection and sorting of cells that have just threshold levels of RAG1
expression.

Fetal/adult differences may be substantial
There has been impressive recent progress in understanding the embryonic derivation of stem
cells in association with vasculogenesis (56,57). Their first appearance in intra-embryonic sites
is marked by dependence on the Runx1(AML1) transcription factor as well as by expression
of endothelial cell genes. Waves of lymphoid progenitors with various differentiation options
then emerge most conspicuously in the fetal liver, thymus and spleen. We recently noted that
lymphopoiesis during fetal life differs in important respects from the adult steady state process
(58). Therefore, only a few questions about the emergence and migration of early lymphoid
progenitors will be considered here.

RAG1/GFP mice represented a powerful tool for identifying and isolating the earliest known
lymphoid progenitors in adult mice (7) and we hope they will be similarly useful for fetal
studies. Lymphoid progenitors have been repeatedly described in the fetal liver (2,59–62), so
it was not surprising to find substantial numbers of GFP+ cells there and in the developing
marrow RAG1/GFP knock-in embryos (Fig. 5A, B). However, many of these cells were not
present in discrete aggregates as might be expected if liver and marrow contained large foci of
proliferating progenitors. It is possible that migration rates are sufficiently high to separate
daughter cells soon after mitosis and we need to know if generation times are as fast as they
can be in adult thymus and bone marrow. Careful examination of all stages of embryogenesis
is also needed to exclude the possibility that cells transcribing RAG1 are actually produced
elsewhere and simply colonize the liver. Identification of additional sites of expression could
also be informative about the origin of stem cells and suggest experiments to learn which ones
colonize developing bones. Adhesion molecules and chemokines required for retention and
movement of lymphoid progenitors should be studied in parallel (63,64).

One important issue is whether adult marrow ELP and pro-lymphocytes have fetal
counterparts, with equivalent differentiation potential. In contrast to bone marrow, clonal
studies have so far revealed no restricted progenitors for all lymphoid lineages that do not also
generate myeloid or erythroid cells (65,66). Spangrude has recently reviewed the technical
limitations to clonal assays, stressing that direct comparisons between laboratories is difficult
and that some fetal/adult differences may be more apparent than real (67). This is certainly
possible, and our own characterization of fetal cells is incomplete. However, we do know that
lymphoid progenitors in fetal liver differ from ones in adult marrow with respect to hormone
receptor expression and estrogen sensitivity (68). Furthermore, fetal cells with low levels of
RAG1 expression have different patterns of surface marker expression from adult cells (T.
Yokota and J. Hirose, unpublished observations).

Katsura and colleagues described the early emergence of a wave of restricted T lineage
progenitors that predominate in the thymus of 12 day embryos (61,69). The thymus of fetal
RAG1/GFP mice contains large numbers of GFP+ cells (Fig. 6) and we hope to determine if
RAG1 transcription begins before colonization of that organ at around 11 days gestation.

Questions about the microanatomy of bone marrow
Our knowledge of cells in the various lymphoid differentiation pathways far exceeds
information about their localization in central tissues. Classical descriptions long ago provided
details about the blood supply, organization of extravascular hematopoietic zones and adipose
tissue in bone marrow (70). However, we need to identify specialized sites for lymphopoiesis
and track the progression of differentiating progenitors within them. Comparable questions
concerning the thymus have recently been effectively addressed (71 and Petrie, this volume).

Hirose et al. Page 7

Immunol Rev. Author manuscript; available in PMC 2007 April 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



However, the marrow is more complex and there are technical obstacles associated with bone
and lipid rich tissue. Nonetheless, we have begun to collect images of RAG1 transcribing cells
within marrow and the initial findings have been somewhat surprising (Fig. 7). Stem cells, and
very primitive lymphocytes are thought to be concentrated near the sub-endosteal surface of
marrow and are even so depicted in one textbook (72–74). While there are some GFP+ cells
just beneath the bone surface, we have found much larger numbers scattered throughout the
marrow (Fig. 7A). This was even the case for marrow from homozygous RAG1/GFP mice,
where progression beyond the pro-lymphocyte stage is blocked (Fig. 7B). As with fetal liver,
conspicuous foci of GFP+ cells were rare. Again, this could mean that sessile lymphoid
progenitors are uncommon in adult marrow and/or that they are less mitotically active than
generally believed. The spatial orientation of lymphoid progenitors in marrow must be vitally
important, controlling their access to essential survival, growth and differentiation stimuli.
While information is accumulating about the importance of chemokines for controlling
adhesiveness and migration of cells within marrow (75,76), three dimensional images are
needed to fully appreciate this process.

Concluding remarks
Model diagrams depicting the process of lymphocyte differentiation have been extremely
useful, if misleading and incomplete is some respects. For example, they allow rapid
interpretation of results from gene targeting experiments and prediction of order in a complex
hierarchy of events. An attempt was made here to show that details of the plans are still being
learned, and especially with respect to very rare, primitive lymphoid progenitors. While it is
convenient to talk about “stages” as though they were discrete and homogeneous, more often
the data refers to “subsets”, “fractions” and “categories” of progenitors that are undergoing
rapid change. Given the powerful experimental tools now available, it is hoped that
differentiation models will become even more instructive, acquiring a third, more
physiologically relevant dimension.
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Fig. 1. Localization of B and NK lineage progenitor activity in bone marrow
The small subset that lacks markers associated with differentiated cells (Lin−) can be
subdivided into many fractions. Here we depict the relative sizes of the populations (width)
and yields (height) of B or NK lineage cells that were obtained when cells of each type were
placed in defined short term cultures.
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Fig. 2. The main routes to B and NK cell lineages
Lin− c-kitLo pro-lymphocytes were cultured 3 days with SCF, FL and IL-7 under defined
conditions and harvested. The CD19− Mac-1− fraction was then sorted according to the
expression of CD122 and CD45R as shown. Each of the resulting four subsets was then cultured
for an additional 4 days with SCF, FL, IL-7 and IL-15. The figures given in black represent
numbers of cells obtained in each subset divided by the starting cell numbers (yield). Yields
of B and NK cells after the 2nd step cultures (shown in green and orange, respectively) were
also calculated in the same way but multiplied by the yields in the representative 1st step culture
to show how many B or NK cells were generated from one pro-lymphocyte through each
pathway. When β-estradiol was included in the 2nd step cultures, differentiation of B cells (red
arrows) was more significantly reduced than formation of NK cells.
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Fig. 3. Early stages of NK lineage differentiation
The acquisition and loss of markers by differentiating NK cell progenitors is shown in this
summary of our culture studies.
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Fig. 4. What type of cell normally seeds the thymus?
Three types of bone marrow cells are known to be able to colonize the thymus under
experimental circumstances. Early lymphoid progenitors in marrow most closely resemble the
least differentiated, triple negative (TN1) thymocytes and both are steroid hormone sensitive.
The Pax-5 transcription factor supports cells committed to the B lineage, while signals from
Notch receptors are required for T lymphopoiesis and suppress the B lineage option.
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Fig. 5. Remarkable distribution of lymphoid progenitors in tissues
GFP+ cells (green) are shown along with CD11b/Mac-1+ cells (red) in 15 day fetal liver (A)
or 16 day bone marrow (B) from heterozygous RAG-1/GFP knock in mice. These images of
stained viable preparations were recorded as single optical sections with a Zeiss confocal
microscope.
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Fig. 6. Expression of RAG-1 by lymphoid progenitors in the fetal thymus
Bright field (A, C) and fluorescent (B, D) images were made of a 13 day heterozygous RAG-1/
GFP knock in embryo. White arrowheads indicate the fetal thymus, while the heart (H) and
left arm (LA) are also marked (panels A and B). The thymus and surrounding connective tissue
(CT) was then dissected to illustrate the rich population of GFP+ cells (C, D). Corresponding
FACS analysis of similar lobes revealed that approximately 80% of cells expressed GFP at
that stage (data not shown).
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Fig. 7. Lymphoid progenitors are dispersed in adult bone marrow
Frozen sections of femoral bones were prepared from heterozygous (A) or homozygous (B)
RAG-1/GFP knock in mice. Before sacrifice, TRITC-labeled BS-1 lectin was injected to
provide red staining of the vasculature, and asterisks indicate the presence of the central sinus
in each section. The photographs represent 12–22 adjacent confocal optical sections, which
were assembled to form the final montage. Adult marrow plugs were then prepared, stained
and examined as viable preparations. Dispersed RAG-1 expressing cells (green) are contrasted
with those stained red for CD19 (C) or CD11b/Mac-1 (D). These images were also recorded
with a Zeiss confocal microscope.
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