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Limited information is currently available about the proliferation activity and cell-cycle distribution of
different bone marrow (BM) cell subsets defined according to their lineage and maturation stage in nor-
mal versus cytopenia-associated reactive BM samples. Here, we report a three-color flow cytometry
approach to investigate the cell-cycle distribution of different BM cell compartments—CD341 hematopoi-
etic progenitor and precursor cells (HPC), maturing neutrophils and monocytic cells, mature lympho-
cytes, eosinophils, and nucleated red blood cell precursors (NRBC)—from normal (n 5 47) versus
cytopenia-associated reactive (n 5 47) BM samples. Highly similar proliferation profiles were detected
in normal versus reactive BM, with a higher proliferation index (PI) for the more immature CD341 HPC,
CD11b2 maturing neutrophils and NRBC versus other BM cell compartments. The only differences
observed between normal and reactive BM were restricted to the more mature (CD13hi/CD11b1) bands/
neutrophils and to monocytic cells, which showed an increased PI (0.9% 6 0.8% vs. 0.6% 6 0.5%
and 6 6 3.6 vs. 4.6 6 4.5, respectively) at the expense of a lower PI of CD341 HPC in reactive condi-
tions. Of note, bands/mature neutrophils and mature lymphocytes showed either residual numbers or
absence of S 1 G2/M-phase cells in both normal and reactive BM. Our results suggest that a slight shift
of proliferation from the early precursors to the more mature granulomonocytic compartment occurs in
reactive BM, which could reflect an attempt of the hematopoietic system to rapidly produce functional
neutrophils and monocytes, at the expense of a lower expansion of the minor compartments of CD341

HPC. VC 2011 International Clinical Cytometry Society
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Cell cycle plays a crucial role in the biology of both pro-
karyotes and eukaryotes (1–4). In human embrionic stages
and early ages after birth, cell proliferation is a key func-
tion for the development of adult tissues (5,6); later on, it
is crucial in fundamental life processes such as cell differ-
entiation and apoptosis, and other relevant biologic mech-
anisms related to cell development, tissue maintenance,
regeneration, and repair (6–11). Within the hematopoietic
system, deregulation of the cell cycle has been associated
with bone marrow (BM) failure (12–14) and prognosis of
several hematological malignancies such as acute myelo-
blastic leukemia (AML) and multiple myeloma, among
others (15,16). Despite this, a careful analysis of the litera-
ture shows that limited information has been reported
(17) about the proliferation activity and cell-cycle distribu-
tion of different compartments of BM cells defined accord-
ing to their lineage and maturation stage in normal versus
cytopenia-associated reactive BM samples.

Flow cytometry immunophenotyping provides a
unique tool to assess the distribution of different lineage-
and maturation-associated cell compartments in normal
versus reactive BM (18,19). At the same time, the prolif-
eration index (PI) of each cellular compartment may be
determined in primary samples using supravital DNA
dyes such as DRAQ5, in combination with multiple cell
surface stainings (20,21). Although such approaches
have been applied to the analysis of the PI of normal
versus neoplastic B-cells, (17), to the best of our knowl-
edge, no study has been reported so far in which this
has been assessed for other BM cell populations in nor-
mal versus cytopenia-associated reactive BM samples.

In the present study, we used a three-color flow
cytometry approach to investigate the cell-cycle distribu-
tion of different BM cell compartments—CD34þ hemato-
poietic progenitor and precursor cells (HPC), maturing
neutrophils and monocytic cells, mature lymphocytes,
eosinophils, and nucleated red blood cell precursors
(NRBC)—in normal (n ¼ 47) versus cytopenia-associated
reactive (n ¼ 47) BM samples, as a frame of reference
for the evaluation of cell-cycle alterations in dysplastic
BM samples from patients with malignant myeloid disor-
ders—for example, myelodysplastic syndromes (MDS),
AML, or myeloproliferative neoplasms.

MATERIALS AND METHODS

BM Samples

A total of 94 freshly obtained, EDTA-anticoagulated
normal (n ¼ 47) and reactive (n ¼ 47) BM samples
from an identical number of individuals (46 men and 48
women; mean age of 67 years, ranging from 47 to 79
years) were collected at the University Hospital of Sala-
manca (Spain). Normal BM samples were obtained from
healthy volunteer donors and during routine surgical
procedures from individuals undergoing orthopaedic sur-
gery—both groups of subjects had normal blood cell
counts—while reactive samples corresponded to
patients with iron and/or vitamin B12/folic acid defi-
ciency associated with anemia and other toxic (e.g.,

drug-induced) or reactive (e.g., idiopathic) cytopenias,
including infection-associated leukopenias. None of the
reactive samples showed clonal hematopoiesis, based on
the absence of cytogenetic abnormalities, as assessed by
fluorescence in situ hybridization (FISH) and/or a poly-
clonal pattern of inactivation of chromosome X, as spe-
cifically evaluated in females by the human androgen
receptor assay (HUMARA) test. All BM samples were
obtained after informed consent was given by each sub-
ject according to the recommendations of the local
Ethics Committee, and samples were systematically stud-
ied within the first 18 h after they were obtained.

Cell-Cycle Analysis

Analysis of the distribution of different compartments
of BM cells along the G0/G1, S, and G2/M cell cycle phases
was performed immediately after samples were obtained
using triple-stainings for nuclear DNA and two cell surface
antigens. Briefly, EDTA-anticoagulated whole BM sam-
ples—cell concentration adjusted with phosphate buf-
fered saline (PBS; pH ¼ 7.4) to 106 cells in 100 ll/tube—
were incubated in two separate aliquots for 10 min in the
dark at room temperature (RT) with saturating amounts
(10 ll of each reagent) of the following combinations of
fluorescein isothiocyanate-/phycoerythrin-conjugated
monoclonal antibodies purchased from Becton Dickinson
Biosciences (BDB; San Jose, CA): CD45/CD34, CD11b/
CD13. Once the incubation period was completed, 2 ml
of FACS lysing solution (BDB) diluted 1/10 (vol/vol) in dis-
tilled water was added to each tube and another incuba-
tion performed for 5 min in the dark (RT). Afterward,
cells were washed with 2 ml of PBS and the cell pellet
resuspended in 0.5 ml PBS. Then, 3 ll of DRAQ5TM (Vitro
SA, Madrid, Spain) was added to each tube, and another
incubation was performed for 10 min in the dark at RT.
Immediately after this incubation, sample aliquots were
measured in a FACSCanto IITM flow cytometer (BDB)
using the FACSDiva software program (BDB). For each
sample aliquot, information about >1 � 105 cells corre-
sponding to the whole BM cellularity was measured and
stored; for each cell population, information on >1 � 103

cells was collected for cell-cycle analysis purposes. For
data analysis, the INFINICYTTM software program (Cytog-
nos SL, Salamanca, Spain) was used. The overall percent-
age of proliferating cells, including those cells within the
S plus G2/M cell-cycle phases, was identified as those cells
showing a brighter staining of DRAQ5 than those
included in the G0/G1 peak (Fig. 1A) (17,20).

For each sample, the following cell populations were
identified after excluding dead cells and cell doublets in
a sideward light scatter (SSC) versus DRAQ5-fluores-
cence area and a DRAQ5-fluorescence area versus
DRAQ5-fluorescence width bivariate dot plot (Fig. 1A):
total CD34þ HPC (CD45lo/CD34þ events), (22) CD34þ

myeloid HPC (SSCint/CD34þ), CD34þ lymphoid HPC
(SSClo/CD34þ cells), nucleated red cell precursors
(SSClo/very-lo/CD45� events), monocytic cells (SSCint/
CD45int/hi/CD11bhi/CD13hi cells), eosinophils (SSChi/
autofluorescent cells), mature lymphocytes (CD45hi/
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FIG. 1. Representative bivariate dot plots of a normal bone marrow (BM) sample, illustrating the gating strategy used for the immunophenotypic
identification of the different populations of BM cells analyzed (excluding neutrophils and mature lymphocytes) (rows B–E) and the analysis of their
cell-cycle distribution according to their DNA cell content (right column); S þ G2/M phase cells within each BM cell population are depicted in
black. Panel A depicts the strategy used to discard dead cells and doublets. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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SSClo), and maturing neutrophils (CD45lo/SSCint/hi); in
addition, these later cells (neutrophils) were further sub-
divided into four maturation-associated cells subsets:
CD13hi/CD11b�, CD13lo/int/CD11b�, CD13lo/int/CD11bþ,
and CD13hi/CD11bþ maturing neutrophils (Fig. 2) (19).
The specific immunophenotypic characteristics of
mature lymphocytes were taken as a standard to define
the relative position of the different compartments of BM
precursors in a CD45 versus SSC bivariate dot plot. For
each of the above-listed cell populations, the distribution

along the G0/G1, S, and G2/M cell-cycle phases was calcu-
lated as previously described (Figs. 1B–1E and 2C–2F)
(15). Mean coefficient of variation for the G0/G1 peak of
the different cell populations was of 6.3% � 1.5%.

Conventional Karyotyping, FISH, and HUMARA Studies

Cytogenetic analysis of BM samples was performed
according to standard procedures (23) and interpreted
using the International System for Cytogenetic Nomencla-
ture criteria (24). In addition, double-staining interphase

FIG. 2. Bivariate SSC versus CD45 and CD13 versus CD11b dot plot histograms of a normal bone marrow (BM) sample depicting the population of
gated CD34� maturing neutrophils (panel A) and their different maturation stages—stage I, CD13hi/CD11b�; stage II, CD13lo/int/CD11b�; stage III,
CD13lo/int/CD11bþ, and; stage IV, CD13hi/CD11bþ (panel B). In panels C–F, the analysis of the proliferation index (PI) of the different maturation-
associated compartments of BM neutrophils defined in panel B is displayed (black dots correspond to S þ G2/M phase maturing neutrophils).
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fluorescence in situ hybridization (iFISH) studies were
systematically performed on each BM sample, as previ-
ously reported, (25) with the following chromosome
probes (all purchased from Vysis, Downers Grove, IL) for
the detection of the most frequent recurrent abnormal-
ities in patients with MDS: (1) LSI D5S23, D5S71 Spec-
trum Green (SG)/LSI EGFR Spectrum Orange (SO) probe
combination for chromosome 5; (2) LSI D7S486 (7q31)
SO/CEP 7 SG probes for chromosome 7; (3) CEP 8
(D8Z2) SO/CEP Y (DYZ1) SG probes for chromosomes 8
and Y, respectively; and (4) LSI D20S108 (20q12) SO
probe for chromosome 20. Because the iFISH-searched
chromosomal alterations are only present in between 35
and 50% of all MDS cases, investigation of the pattern of
inactivation of a chromosome X (HUMARA assay) was an-
alyzed in parallel in FACS-purified BM cell populations
(FACSARIA, BDB) (purity � 97%) from female individuals,
including maturing neutrophils, monocytic cells, NRBC,
CD34þ HPC, and mature lymphocytes (identified as
described earlier) as described elsewhere (26). Detection
of clonality through the HUMARA test is based on the
pattern of inactivation of chromosome X in cells from
individuals having two X chromosomes.

Statistical Methods

For all variables under study, their mean values and
standard deviation, median, and range were calculated
using the SPSS software (SPSS 10.0, Chicago, IL). For
continuous variables, the Student’s t test (parametric
data) and either the Mann–Whitney U or the Kruskal–
Wallis tests (nonparametric data) were used in order to
investigate the statistical significance of the differences
observed among two or more groups, respectively.
P values < 0.05 were considered to be associated with
statistical significance.

RESULTS

An overall similar distribution of the different com-
partments of cells investigated was found in normal ver-
sus reactive BM samples (P � 0.05, Table 1). Despite
this, detailed analysis of maturing neutrophils showed a
significant increase of more immature CD13lo/int/
CD11bþ cells (the phenotypic counterpart of myelo-
cytes and metamyelocytes) in reactive versus normal BM
(P ¼ 0.004) (Table 1). In turn, a similar (P > 0.05) over-
all PI was also found in normal (7% � 3.6%) versus reac-
tive BM (7.4% � 3.6%). In addition, no significant
differences were found between both groups of BM sam-
ples as regards the percentage of S þ G2 � M phase
cells among the different BM cell compartments investi-
gated, except for the nonlymphoid CD34þ HPC and
monocytic cells, which displayed significantly lower per-
centage of S þ G2 � M cells in reactive (P ¼ 0.02) and
normal (P � 0.03) BM samples, respectively. Notewor-
thy, NRBC precursors (PI of 28.6% � 5% vs. 27% � 6%;
P > 0.05) followed by the nonlymphoid CD34þ HPC
(17% � 5% vs. 14% � 5%; P < 0.03) displayed signifi-
cantly higher (P < 0.001) percentages of S þ G2 � M

cells versus all other BM cell compartments (Table 2) in
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both normal and reactive BM, respectively. Conversely,
intermediate PI was found for the overall population of
maturing neutrophils (5% � 2.5% vs. 6% � 3%; P >
0.05), monocytic cells (4.6% � 4.5% vs. 6% � 3%; P ¼
0.03), and eosinophils (4% � 4% vs. 5% � 3%; P > 0.05)
in normal versus reactive BM, respectively; by contrast,
mature lymphocytes systematically corresponded to rest-
ing cells and showed no S þ G2 � M cells (PI ¼ 0.0% �
0.0%; P > 0.05; Table 2).

Detailed analysis of the different maturation-associated
compartments of neutrophil lineage cells, defined by the
pattern of expression of CD11b and CD13 (Fig. 2) (27),
revealed that CD13hi/CD11b� (e.g., mainly correspond-
ing to myeloblasts) and CD13lo/int/CD11b� (e.g., pro-
myelocytes) precursors were those neutrophil-lineage
subsets with the highest PI in both normal (22% � 5%
and 21% � 5%, respectively; P > 0.05) and reactive BM
(20% � 6% and 21% � 5%, respectively; P > 0.05)
(Table 3). Conversely, the more mature compartments of
CD13lo/int/CD11bþ myelocytes and metamyelocytes and
CD13hi/CD11bþ bands/mature neutrophils showed sig-
nificantly lower (P < 0.001) percentages of S þ G2 � M

cells in both groups of BM samples (Table 3). Interest-
ingly, however, the more mature bands/neutrophils
(CD13hi/CD11bþ cells) displayed a greater PI (P ¼ 0.03)
in reactive (0.9% � 0.8%) versus normal (0.6% � 0.5%)
BM, in association with increased overall proportion of
CD13lo/int/CD11bþ cells (Tables 1 and 3).

DISCUSSION

Assessment of the distribution of hematopoietic cells
within a specific cell subset along the G0/G1 versus S

plus G2/M cell-cycle phases provides relevant informa-
tion to monitor growth of normal and leukemic cells
(20). Previous studies have shown that the PI of tumor
cells is of prognostic value in patients with acute lym-
phoblastic leukemia, multiple myeloma, B-cell chronic
lymphoproliferative disorders, and AML (16,17,28–30).
Despite this, a comparison of the PI of distinct BM cell
populations in normal versus reactive BM has not been
previously reported.

In the present work, we used DRAQ5 to analyze the
PI of different BM hematopoietic cell compartments in a
relatively large series of normal versus cytopenia-associ-
ated reactive BM, as a frame of reference for the defini-
tion of altered PI in MDS patients. To discard or include
subjects in the reactive BM cohort, we assessed the
methylation patterns of the androgen-receptor gene
(HUMARA), which has been widely used to determine
clonality of cell populations in different types of neo-
plastic cells (31). Overall, our results confirm and
expand on previous observations, (17) which show that
among the different compartments of normal BM cells,
NRBC, and CD34þ HPC are those cell populations con-
taining the highest number of proliferating cells, while
normal mature lymphocytes are typically resting, nondi-
viding cells (17). Interestingly, very similar results were
obtained in our and other reports although a slight devi-
ation of PI values in some normal BM cell compartments
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was observed with respect to those reported by Primo
et al. (17), which might derive from the low number of
cases analyzed in this latter study. In addition, we
extend on previous observations by showing similar PI
profiles in normal versus cytopenia-associated reactive
BM. Noteworthy, monocytic cells and maturing neutro-
phils showed intermediate PI in both normal and reac-
tive BM but with higher PI among monocytic cells from
reactive versus normal BM. Moreover, despite the overall
similar PI of maturing neutrophils in normal versus reac-
tive BM, a more detailed analysis of the different matura-
tion-associated compartments of BM neutrophils also
shows a greater PI for the more mature cell compart-
ments. Altogether, our results suggest that a slight shift of
proliferation from the early precursors to the more mature
granulomonocytic compartment occurs in reactive BM,
which could reflect an attempt of the hematopoietic sys-
tem to rapidly produce functional neutrophils and mono-
cytes, at the expense of a lower expansion of the minor
compartments of CD34þ HPC. Similarly, such attempt for
myeloid expansion has been recently reported by our
group to be frequently observed in low-risk MDS in which
production of neutrophil lineage cells is essential to coun-
teract the peripheral cytopenias (18,19).

In summary, these results show that in reactive BM,
the proliferative index of most BM cell lineages remains
unaltered when compared with normal BM, except for a
slightly increased PI among monocytic cells and the
more mature neutrophil precursors, at the expense of a
lower proliferative activity of CD34þ HPC. Therefore, an
altered PI of specific BM cell populations with respect
to those values here reported might contribute (in com-
bination with other phenotypic alterations) to a better
diagnostic characterization and classification of clonal
myeloid disorders (e.g., MDS) versus reactive BM. Fur-
ther studies focused on the PI of BM cells from subjects
with clonal hematological malignancies at different
stages of the disease are necessary to determine the
potential utility of cell-cycle studies in the diagnostic
and prognostic evaluation of these diseases.
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