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Identification of a human B-cell/myeloid common progenitor by the absence
of CXCR4
Yong-Hao Hou, Edward F. Srour, Heather Ramsey, Richard Dahl, Hal E. Broxmeyer, and Robert Hromas

CXCR4 is a chemokine receptor required
for hematopoietic stem cell engraftment
and B-cell development. This study found
that a small fraction of primitive CD34�/
CD19� B-cell progenitors do not express
CXCR4. These CD34�/CD19�/CXCR4�

cells were also remarkable for the relative
lack of primitive myeloid or lymphoid

surface markers. When placed in B-
lymphocyte culture conditions these cells
matured to express CXCR4 and other
surface antigens characteristic of B cells.
Surprisingly, when placed in a myeloid
culture environment, the CXCR4� B-cell
progenitors could differentiate into granu-
locyte, macrophage, and erythroid cells

at a high frequency. These data define a
novel B-cell/myeloid common progenitor
(termed the BMP) and imply a less restric-
tive pathway of myeloid versus lymphoid
development than previously postulated.
(Blood. 2005;105:3488-3492)
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Introduction

The first developmental decision a hematopoietic stem cell makes
is whether to differentiate into a common lymphoid progenitor or a
common myeloid progenitor.1,2 In general, it is thought that there is
normally infrequent cross-lineage differentiation once the stem cell
differentiates into a lymphoid or myeloid progenitor.3-7 Thus, a
common lymphoid progenitor in normal situations is considered to
rarely form myeloid lineages. However, artificially enforcing
myeloid gene expression in the murine common lymphoid progeni-
tor can induce it to differentiate down myeloid lineages.3,4 For
example, transducing the myeloid transcription factors C/EBP
(CCAAT/enhancer binding protein)–� or -� into B cells repro-
grams them into macrophages in a PU.1-dependent manner.

However, enforcing myeloid gene expression is a circumstance
not normally occurring in human hematopoiesis.3 Recently, 2
reports have indicated that some normal human B-cell progenitors
can rarely differentiate into macrophages or T/natural killer (NK)
cells.8,9 Although the frequency of this translineage plasticity was
rare, these studies called into question not only the lineage
commitment of the differentiating stem cell but also the pathways
available to the stem cell.

CXCR4 is the receptor for the chemokine CXCL12 (stromal
cell-derived factor 1 [SDF-1])10-12 and is required for hematopoi-
etic stem cell engraftment and subsequent B-cell development.11-17

It is almost universally expressed on hematopoietic progenitors,
including B-cell progenitors and their more mature progeny.12,13

The CXCL12/CXCR4 axis not only regulates proper localization
of B-cell progenitors but also provides a proliferation and matura-
tion signal to developing B cells.14-17

We sought to demonstrate whether relative expression of the
B-cell chemokine receptor CXCR4 could define a distinct stage of

B-cell progenitor development. We found that there was a subset of
primitive B-cell progenitors that did not express CXCR4, but
gained CXCR4 expression as they matured in lymphocyte culture.
Significantly, these CXCR4� B-cell progenitors were flexible in
their lymphoid lineage commitment and could differentiate to
multiple myeloid lineages at a significantly higher frequency than
previously reported for any other B-cell progenitor type.8,9 These
data imply a new, less restrictive pathway of hematopoietic stem
cell differentiation.

Materials and methods

B-cell progenitor isolation

Approval was obtained from the Indiana University Institutional Review
Board (IRB) for these studies. Informed consent was provided according to
the Declaration of Helsinki. Bone marrow (BM) samples were collected
from healthy adult volunteer donors under an IRB protocol and B-cell
progenitors flow sorted as we described.18,19 B-cell progenitors were
defined as CD34�/CD19� BM mononuclear cells as previously de-
scribed,20,21 and then subdivided by CXCR4 expression. CD34�/CD19�/
CXCR4� and CD34�/CD19�/CXCR4� cells were isolated using a FACS-
Vantage (BD Immunocytometry Systems, San Jose, CA) flow sorter
equipped with 3 lasers, an argon laser, a HeNe laser, and a tunable Innova
70C spectrum laser. All antibodies were purchased from BD PharMingen
(San Diego, CA) including fluorescein isothiocyanate (FITC)–conjugated
mouse anti–human CD34, FITC-conjugated anti–human IgD, FITC-
conjugated anti–human immunoglobulin light chain �/� monoclonal anti-
body, cyanin-chrome–conjugated mouse anti–human CD19 monoclonal
antibody, allophycocyanin (APC)–conjugated mouse anti–human CXCR4
monoclonal antibody, and streptavidin-phycoerythrin (PE). Matched iso-
type controls were used according to the manufacturer’s recommendations.
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In brief, isolated BM mononuclear cells were resuspended at 3 � 107/
mL in the final volume of 1 mL RPMI 1640 sterile medium supplemented
with 10% fetal calf serum. The cells were incubated with 2 �g of the desired
antibodies for 1 hour in the dark on ice. Cells were then washed in medium
twice and resuspended at 1 � 107/mL in a 5-mL polystyrene round-bottom
tube for sorting. A lymphocyte gate was established for both forward and
side scatter, and sorting for desired fractions was performed using stringent
fluorescence gates to obtain pure fractions. All sorted cells were reanalyzed
to ensure purity of the selected populations and discarded if not 99% pure or
better. All experiments were performed at least 3 times, using 3 distinct BM
samples, with the data averaged and SEs indicated.

Flow analysis

Surface phenotypic characterization of the CD34�/CD19�/CXCR4� cells
was accomplished using 6-color immunofluorescence analysis on a FAC-
SAria (BD Immunocytometry Systems). Low-density nonadherent BM
mononuclear cells were stained with the following antibodies: APC-
conjugated anti–human CD34, PE-TR–conjugated anti–human CD19, and
biotin-conjugated anti–human CXCR4 (CD184). These cells were also
stained with 3 of the following 6 antibodies: PE-cyanin 5.5 (Cy5.5)–
conjugated anti–human CD90 or CD117, FITC-conjugated anti–human
CD16 or CD33, and PE-conjugated anti–human CD127 or CD133. All
antibodies were obtained from BD PharMingen except PE-TR–conjugated
CD19 (Serotec, Raleigh NC), PE-conjugated CD127 (Beckman Coulter,
Fullerton, CA), and PE-conjugated CD133 (Miltenyi Biotec, Auburn, CA).
APC-Cy7–conjugated streptavidin (BD PharMingen) was used as a second-
ary fluorochrome for biotin-conjugated anti-CXCR4. All flow cytometric
analyses were performed at least 3 times using 3 distinct BM samples, with
the data averaged and SDs indicated.

B-cell progenitor culture

Sorted CD34�/CD19�/CXCR4� cells were cultured in 10% phytohemag-
glutinin (PHA)–stimulated human peripheral blood lymphocyte-condi-
tioned medium, SDF-1 (400 ng/mL), and interleukin 6 (IL-6; 10 ng/mL),
and then incubated at 37°C in a 5% CO2 incubator as we described.22 All
experiments were performed at least 3 times in triplicate with 3 distinct BM
samples, and the data averaged with SEs indicated.

Colony formation assays

Erythroid burst-forming unit (BFU-E), granulocyte-macrophage (GM), and
granulocyte-erythroid-macrophage-megakaryocyte (GEMM) colony forma-
tion assays were conducted as we previously reported.18,19 All experiments
were performed at least 3 times in triplicate with 3 distinct BM samples, and
the results analyzed for differences using the Student t test.

Results

The fraction of CD34�/CD19� B-cell progenitors was found here
to be stable between individual donors, averaging 2.7% plus or
minus 0.1% of total BM low-density nonadherent mononuclear
cells within the lymphoid scatter gate (Figure 1A). In this
CD34�/CD19� population, 77.5% plus or minus 4.7% of the cells
expressed CXCR4, whereas surprisingly 22.5% did not express
CXCR4. Not surprisingly, CCR7, a chemokine receptor on more
mature B cells, is more highly expressed in the CD34� population,
and poorly expressed in the CD34�/CD19� population as com-
pared to CXCR4. Thus, CD34�/CD19�/CXCR4� cells represented
an average of 0.6% of BM low-density nonadherent mononuclear
cells within the lymphoid gate. This would represent 0.3% of all
low-density BM mononuclear cells because the lymphoid gate
contained an average of 53.9% of the total low-density BM
mononuclear cells in our samples. The percentage of CD34�/

CD19�/CXCR4� cells among all total BM low-density mono-
nuclear cells averages 0.072%.

In B-lymphoid culture conditions CD34�/CD19�/CXCR4�

cells quickly lost expression of CD34 and gained expression of
CXCR4 (Figure 1B). After 3 days of culture in B-lymphoid
conditions an average of only 7.3% plus or minus 0.5% cells
remained CD34� (Figure 1B), whereas 99.2% remained CD19�

(data not shown). After 3 days of lymphoid culture an average of
87.2% plus or minus 6.9% of the CD34�/CD19�/CXCR4� cells
expressed CXCR4 (Figure 1B). An average of 25.2% plus or
minus 1.4% expressed surface �/�, a marker of B-cell maturity
(Figure 1C). This indicated that the B-cell progenitors that did not
express CXCR4 gave rise to more mature B cells that did express
CXCR4 at a high frequency.

To better define the phenotypic profile of these CD34�/CD19�/
CXCR4� cells, this group of cells was further analyzed for the
expression of 6 additional primitive hematopoietic surface mark-
ers. Data collected from these analyses are shown in Figure 2. The

Figure 1. Flow cytometric analysis of CXCR4 expression in B-cell progenitor
maturation. (A) Representative flow histograms of CD34�/CD19� B-cell progenitor
(gate R2) and CD34�/CXCR4� later B cells (gate R3) sorted and analyzed for
CCXCR4 and CCR7 expression. There was a surprisingly large fraction of CD34�/
CD19� B-cell progenitors that did not express the chemokine receptor CXCR4. More
mature CD34�/CD19� BM B cells express CXCR4 at a high level. The percentage of
each subpopulation relative to the total number of cells in gates R2 or R3 is shown.
(B) Representative flow histograms of CD34�/CD19�/CXCR4� cells cultured for 3
days in B-lymphoid conditions showing that the majority of cells lose expression of
CD34 and a gain expression of CXCR4. The percentage of each subpopulation
relative to the total number of cells is shown. (C) The majority of CD34�/CD19�/
CXCR4� cells cultured in B-lymphoid conditions gain expression of �/� light chains.
Text data are the average of 3 distinct experiments; this figure shows a representative
histogram.
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most prominent antigen expressed on CD34�/CD19�/CXCR4�

cells was CD117. CD117 (c-Kit) was expressed on an average of
16.0% plus or minus 1.3% of these cells. CD16, CD33, CD90,
CD127, and CD133 were all less well expressed than CD117
(Table 1). It should be noted that none of these markers were
expressed on any appreciable fraction of these cells. The CD34�/
CD19�/CXCR4� cells are therefore more remarkable for their lack
of other primitive myeloid or lymphoid markers than the expres-
sion of any other hematopoietic marker.

Because these CD34�/CD19�/CXCR4� B-cell progenitors were
more primitive than B-cell progenitors that were CXCR4�, we
hypothesized that they might not be fully committed to the
B-lymphoid lineage.8,9,12,19,20,23 The CD34�/CD19�/CXCR4� cells
were isolated by flow cytometric sorting and placed in myeloid
differentiation colony formation assays. Re-examining the sorted
cells showed that 100% were CD34�/CD19�, indicating that it was
unlikely that CD34�/CD19� cells contaminated the myeloid cul-
tures (Figure 3A).

The CD34�/CD19�/CXCR4� BM B-cell progenitors produced
myeloid colonies at a high rate in methylcellulose myeloid colony

formation assays (Figure 3B). One thousand CD34�/CD19�/
CXCR4� cells formed an average of 77 plus or minus 3.6 GM
colony-forming units (CFU-GMs), 38 plus or minus 1.6 BFU-Es,
and 13 plus or minus 0.5 CFU-GEMMs. Thus, a total of 12% of all
CD34�/CD19�/CXCR4� cells represented progenitors that could
differentiate into one of the major myeloid lineages. In sharp
contrast, CD34�/CD19�/CXCR4� BM B-cell progenitors pro-
duced only 2 plus or minus 0.5 CFU-GMs, 1.7 plus or
minus 0.3 BFU-Es, and 0.3 plus or minus 0.3 CFU-GEMMs per
1000 cells. Thus, only 0.4% of all CD34�/CD19�/CXCR4�

cells could form myeloid colonies.
As a control, normal human BM CD34� total sorted cells

formed 280 plus or minus 10 CFU-GMs, 165 plus or minus 20
BFU-Es, and 110 plus or minus 35 CFU-GEMMs per 1000 cells
(scored at 200 cells/plate, normalized to 100018,19). Remarkably,
the CD34�/CD19�/CXCR4� cells formed myeloid colonies at a
22% efficiency of total CD34� cells in the BM. Thus, the CXCR4�

B-cell progenitors had fully one fifth of the capability of total
CD34� hematopoietic progenitors to differentiate down myeloid
lineages.

Discussion

The finding that CXCR4� B-cell progenitors had the ability to form
myeloid colonies at high frequency implies that this progenitor
represents a unique unrestricted stage of early B-cell development.
These cells are remarkable for their relative lack of expression of
other primitive hematopoietic markers. CD117 was expressed on
approximately one seventh of the cells, a relatively small fraction,
whereas other primitive myeloid or lymphoid markers, such as
CD16 (Fc	 receptor III [Fc	RIII]), CD33 (sialic acid receptor 3),
CD90 (Thy-1), CD127 (IL-7 receptor � [IL-7R�]), and CD133

Figure 2. Flow cytometric characterization of the expression of other primitive
hematopoietic surface markers on CD34�/CD19�/CXCR4� cells. Low-density
BM cells were stained for 6-color immunofluorescence as described in “Materials and
methods.” Representative histograms of the flow cytometric phenotypic characteriza-
tion of the CD34�/CD19�/CXCR4� cells are shown in dot plots A-E. Refer to Table 1
for the averaged fraction of the CD34�/CD19�/CXCR4� cells expressing combina-
tions of primitive hematopoietic surface antigen. Dot plot A depicts CD34�CD19�

cells within R2. Cells contained in R2 were then analyzed for the expression of
CXCR4 (CD184 in the figure) and CD133 (VEGFr2) in dot plot B. Essentially no
CD34�/CD19�/CXCR4� cells were CD133�. CD34�/CD19�/CXCR4� cells were
also analyzed for the expression of CD16 and CD90 (dot plot C). Whereas a small
fraction of these cells expressed CD16, very few expressed CD90. Dot plot D depicts
the expression of CD33 fraction of CD34�/CD19�/CXCR4� cells. Dot plot E shows
the expression of CD127 and CD117 in the CD34�/CD19�/CXCR4� population.
CD117 analysis found a significant increase in the mean fluorescence intensity, but
the gated fraction of cells expressing CD177 is still small, as shown in Table 1.

Table 1. Percent of total CD34�/CD19�/CXCR4� cells analyzed

Cells Percentage

CD16�/CD133� 10.5 
 4.3

CD16�/CD133� 4.6 
 4.5

CD16�/CD90� 9.3 
 4.4

CD33�/CD127� 4.5 
 2.3

CD33�/CD127� 12.0 
 1.8

CD33�/CD117� 16.0 
 1.3

CD127�/CD117� 7.0 
 1.6

CD127�/CD117� 15.6 
 3.5

Values reported for each phenotype are the mean 
 SD from 3 independent
measurements collected from 3 different BM samples from healthy volunteer donors.
All other phenotypic combinations obtained with these analyses were less than 3% of
total CD34�/CD19�/CXCR4� cells.

Figure 3. B-cell progenitors in myeloid colony formation assays. (A) Reanalyz-
ing the sorted CD34�/CD19� cells in each experiment for the presence of any
CD34�/CD19� cells that might form myeloid colonies showed that 100% of sorted
cells expressed CD19. The percentage of each subpopulation relative to the total
number of cells is shown. (B) Myeloid colony formation per 1000 cells. A significant
fraction of CD34�/CD19�/CXCR4� BM cells was able to form myeloid colonies
containing granulocytes, macrophages, or erythrocytes (top) as compared to CD34�/
CD19�/CXCR4� cells (middle) and total CD34� cells (bottom). � indicates granulo-
cyte-macrophage colony-forming units (CFU-GMs); u, BFU-E; and f, CFU-GEMM.
Note the different scales showing the colony numbers between the graphs; n � 3
each performed in triplicate. Error bars indicate standard error (SE).
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(vascular endothelial growth factor receptor 2 [VEGFr2]), were all
expressed at even lower levels. Interestingly, both primitive
myeloid (CD33) and lymphoid markers (IL-7R�) were poorly
expressed. Thus, at least by flow cytometric surface phenotype
analysis, these cells do not fit well within any previously character-
ized category of primitive hematopoietic progenitors.1-4

It is possible that the CD34�/CD19�/CXCR4� cells may
represent a storage pool of uncommitted hematopoietic progenitors
that could be induced down either a myeloid or B-lymphoid
developmental path, depending on the organism’s requirements
and subsequent BM microenvironmental signals. These data are
consistent with the requirement of CXCR4/CXCL12 for B-cell
proliferation and maturation.14-17 If CXCR4 is not expressed, then
these cells will not be able to respond the BM environmental
CCL12 signals to proliferate and differentiate down B-cell path-
ways. This is also similar to the finding that CXCR4� hematopoi-
etic stem cells can be induced to express CXCR4 and engraft
nonobese diabetic/severe combined immunodeficiency mice.23

This report found that the CXCR4� stem cells became CXCR4� as
they were stimulated to proliferate to engraft the recipient mouse.

It has been reported that Fc	RIII-expressing murine fetal liver
hematopoietic cells could differentiate into both B cells and
macrophages.24 There are also 2 seminal reports that certain subsets
of normal adult human B-cell progenitors, CD79a�/IL-7R�� or
CD45R�/CD19�, can form macrophages, T cells, and NK cells.8,9

However, those B-cell progenitors differentiated into other lineages
at a frequency many fold less than that seen here for the CXCR4�

B-cell progenitors forming myeloid colonies. In addition, the
CD34�/CD19�/CXCR4� B-cell/myeloid common progenitor de-
fined here formed progenitors representing all myeloid lineages,
which is in contrast to the more limited B-cell progenitor lineage
plasticity described previously. It should also be noted that the
progenitor defined here lacked the expression of IL-7R�, and
therefore may be a precursor of this previously described plastic
B-cell progenitor type.8 Therefore, the B-cell progenitor described
here has greater lineage plasticity, able to truly function as a
common myeloid progenitor besides giving rise to mature B cells.

The paradigm of lymphoid development involves a committed
decision by the stem cell to form a common lymphoid progenitor,1-4

which in turn differentiates into the B and T lineages. It is possible that
this may not be completely applicable to all normal in vivo lymphoid
development. The data here imply that the CXCR4� B-cell progenitor
may not have developed from a common progenitor committed
to lymphoid lineages. This B-cell progenitor may be ontologi-
cally closer to a stem cell, and to the fundamental lymphoid-
myeloid lineage decision, than a common lymphoid progenitor.

Two possible models explaining this finding are shown in
Figure 4. In model A, the hematopoietic stem cell could form 3
common progenitors, the common myeloid progenitor (CMP), the
common lymphoid progenitor (CLP), and the B-cell/myeloid
common progenitor (BMP) described here. In model B, the stem
cell differentiates to only the CLP, which in turn differentiates to

the BMP, and the CMP. Although we favor model A, because it is
more consistent with murine data,1-7 one provocative possibility
implied by these data is that the stem cell does not directly give rise
to the CMP but has a single first differentiation step to a CLP.

Another finding that also lends weight to this hypothesis is the
phenotype of the PU.1 knockout mouse.25,26 When PU.1 is
homozygously deleted in a murine model, B cells, macrophages,
and granulocytes are missing, and the mice are anemic. One
explanation of this is that PU.1 is required in these distinct lineages
at a similar primitive stage, but perhaps a simpler explanation is
that there is a common progenitor to these lineages that requires
PU.1. This early hematopoietic progenitor in which PU.1 is
required may be similar to the BMP defined here.

In addition, the Pax5�/� B-cell progenitor can be induced to
differentiate to macrophages simply by withdrawing lymphoid cyto-
kines, indicating that Pax5 may be important in maintaining B-cell
lineage restriction.27 Finally, it has been noted that human BM cells that
are CXCR4� can engraft immunodeficient mice with a similar effi-
ciency and similar lineages as CXCR4� cells, indicating that there is
primitive hematopoietic function in the CXCR4� population.28 It is
tempting to speculate that the BMP described here might be the
engrafting cell in that report. Although that report conflicts with
previous studies that describe the expression of CXCR4 as
essential for stem cell engraftment in immunodeficient mice,17

that report28 is also more consistent with the data here.
The data presented here imply that the first developmental

decision a stem cell makes, to differentiate down the lymphoid
versus myeloid pathways, is not as final as was generally thought.
Thus, though the CLP certainly exists,1-3 lymphoid development
may not be that simple, and there may be other undefined
hematopoietic stem cell differentiation pathways.
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