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Abstract Childhood acute lymphoblastic leukaemia (ALL)
originates from mutations in haematopoietic progenitor cells
(HPCs). For high-risk patients, treated with intensified post-
remission chemotherapy, haematopoietic stem cell (HSC)
transplantation is considered. Autologous HSC transplanta-
tion needs improvisation till date. Previous studies established
enhanced disease-associated expression of 9-O-acetylated
sialoglycoproteins (Neu5,9Ac2-GPs) on lymphoblasts of the-
se patients at diagnosis, followed by its decrease with clinical
remission and reappearance with relapse. Based on this dif-
ferential expression of Neu5,9Ac2-GPs, identification of a
normal HPC population was targeted from patients at diagno-
sis. This study identifies two distinct haematopoietic progenitor
populations from bone marrow of diagnostic ALL patients,
exploring the differential expression of Neu5,9Ac2-GPs with
stem cell (CD34, CD90, CD117, CD133), haematopoietic
(CD45), lineage-commitment (CD38) antigens and cytosolic
aldehyde dehydrogenase (ALDH). Normal haematopoietic
progenitor cells (ALDH+SSCloCD45hiNeu5,9Ac2--
GPsloCD34+CD38−CD90+CD117+CD133+) differentiated into
morphologically different, lineage-specific colonies, being cru-
cial for autologous HSC transplantation while leukemic stem
c e l l s ( A L D H + S S C l o C D 4 5 l o N e u 5 , 9 A c 2 - -
GPshiCD34+CD38+CD90−CD117−CD133−) lacking this

ability can be potential targets for minimal residual disease
detection and drug-targeted immunotherapy.
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Introduction

Acute lymphoblastic leukaemia (ALL), a malignant trans-
formation of lymphoblasts, represents the commonest form
of paediatric cancer [1, 2]. High-risk ALL patients treated
with intensified post-remission chemotherapy are consid-
ered for allogeneic haematopoietic stem cell (HSC) trans-
plantation [3].

Graft-versus-host disease (GVHD), a major complication
of allogeneic HSC transplantation [4], avoided by autologous
transplantation, has failed to enhance outcome in paediatric
ALL [2]. Therefore, an urgent need exists for improvisation of
autologous bone marrow (BM) transplantation with function-
ally normal haematopoietic progenitor cells (HPCs). Explora-
tion for a universal marker for HPCs still exists.

Neuraminic/sialic acids (Sia), important cell membrane
constituents, influence biological reactions. Avariation of Sias
is O-acetylation at C-9 position [5, 6]. Neoplastic transforma-
tion is characterized by increased cell surface Sia density [7,
8]. Exploring the preferential affinity of Achatinin-H, purified
from Achatina fulica, towards linkage-specific O-acetylated
Sias [7–11], we have identified an enhanced disease-
associated expression of cell surface 9-O-acetylated
sialoglycoproteins (Neu5,9Ac2-GPs) on lymphoblasts of di-
agnostic ALL patients [7, 8, 12–18]. Reduced expression of
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these molecules on lymphocytes of children in clinical remis-
sion (CR) increased prior to and during relapse [16, 19].

With this background, we tried to identify a functionally
normal HPC population from the BM of diagnostic patients,
using the differential expression of Neu5,9Ac2-GPs as a
biomarker.

Here we have identified a normal HPC population from the
BM of diagnostic ALL patients, by high cytosolic activity of
aldehyde dehydrogenase ALDH (ALDHhi) [20–22]‚ along
with positive cell surface expression of stem cell antigens
(CD34, CD90, CD117, CD133) and negative expression of
the lineage-commitment antigen (CD38) [23–25]. Incidental-
ly, this non-malignant population [26–28], expressing high
leukocyte common antigen (CD45hi) and less Neu5,9Ac2--
GPs, formed mixed colonies in vitro in methylcellulose-based
medium demonstrating their functionally normal character.
Lineage composition analysis of these colonies showed their
ability to differentiate in vitro. However, this population was
absent in diagnostic peripheral blood (PB), indicating that the
HPCs ideal for autologous BM transplantation resides in the
BM microenvironment.

Simultaneously, another co-existing ALDHhi population
was evident, with positive expression of CD34 and CD38
and negative expression of CD90, CD117 and CD133. This
population in the CD45lo region showed higher expression of
Neu5,9Ac2-GPs indicating that they might be the leukemic
stem cells (LSCs). Taken together, future studies on these
HPCs and LSCs will help in deciphering the biology of
childhood ALL.

Materials and methods

Clinical samples

PB and BM samples were obtained from children newly
diagnosed for ALL (PBALL, n=16 and BMALL, n=26). The
study population comprised of males and females (2:1) with
median age (6 years; range 0.8–16 years) and median present-
ing white blood cell count (12×109/L, range 0.4–1,000×109/
L) obtained from Kothari Medical Centre, Kolkata. All sam-
ples were processed within a day of collection of samples.
Controls included PB and BM samples from children in
clinical remission (CR, PBCR, n=5 and BMCR, n=8).

Diagnosis was established by cytological examination of
BM smears according to French-American-British Group rec-
ommendations, belonging to L1 or L2 and by cytogenetic
study. Each sample was immunophenotyped by flow cytom-
etry using a standard panel of monoclonal antibodies (mAbs).
These patients concurrently showed high expression of
Neu5,9Ac2-GPs on lymphoblasts, based on their binding with
flourescein isothiocyanate (FITC) conjugated Achatinin-H
[13–16, 19, 20] and high intensity of anti-Neu5,9Ac2-GPs

antibodies in their serum [16, 17, 29]. The Institutional Hu-
man Ethical Committee approved the study. Consent was
taken from the parents and/or guardian of the diseased chil-
dren for the samples.

Sample preparation

Mononuclear cells (MNCs) from clinical samples (PB/BM)
were separated by Ficoll-Hypaque density gradient centrifu-
gation, washed and suspended in RPMI-1640 supplemented
with 2 % foetal calf serum, 2 mM glutamine and gentamycin
(Medium A).

Aldefluor assay and immunophenotyping by flow cytometry

Viable MNCs expressing cytosolic ALDH were isolated by
flow cytometry (FACSCalibur, Becton Dickinson) using
Aldefluor reagent system (StemCell Technologies Inc, Cana-
da) [20]. For immunophenotyping, MNCs were stained with
other fluorescent conjugated mAb and with FITC-Achatinin-
H for 1 h, on ice, centrifuged at 2,000 rpm for 5 min. Each cell
pellet was suspended in Aldefluor assay buffer (0.5 ml). Anal-
ysis and calculations were performed using CellQuestPro
software (BD Biosciences, USA).

The panel consisted of FITC–, PE–, PE-CY5– or APC–
conjugated anti-CD45, anti-CD34, anti-CD90, anti-CD117,
anti-CD38, CD10, anti-CD19, anti-CD7, anti-CD3, anti-
CD4, anti-CD8, anti-CD56, anti-CD14, anti-CD13 and anti-
CD33 (BD Biosciences) and PE-CD133 (Miltenyi Biotec,
Germany).

Immunomagnetic separation and cell sorting

Progenitor populations were enriched using immunomagnetic
separation technique, initially by negative selection, followed
by positive selection of CD34+ cells. Lineage negative cells
(Lin-) were obtained using StemSep® enrichment Cocktail
(100 μL/ml cells) on a magnetic column (Stemcell Technolo-
gies). Briefly, MNCs (2–8×107 cells/ml) were incubated with
this cocktail on ice for 30 min; magnetic colloid (60 μl/ml)
was added, mixed and incubated on ice for 30 min. Negative
selection column was primed, inserted into green magnet and
samples were loaded. The flow-through contained HPCs
highly enriched in CD34+CD38− population. CD34+ cells
were further enriched using a positive-selection magnetic
column. Lin− cells were initially labelled with anti-CD34
antibody and processed as above. The purity of the separated
fraction was assessed by flow cytometry using PE-CD34
along with the aforesaid panel of mAbs.

Lin−CD34+ populations were stained for PE-CD45 and
ALDH. Labelled cells were further sorted to isolate more
specific phenotypes using the cell sorter of FACS.
Lin−CD34+ALDH+ and Lin−CD34+ALDH+CD45hi
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populations along with Lin+CD34+ALDH+CD45lo popula-
tion were independently sorted.

Confocal microscopy

Co-localization of intracellular ALDH in CD45hi lymphocytes
were visualized in Lin−CD34+ALDH+CD45hi sorted popula-
tion. Briefly, the washed cells in phosphate buffered saline
(1×105 cells/50 μl of PBS) were allowed to adhere onto poly-
L-lysine pre-coated cover slips at 25 °C for 1 h. Cells were
fixed with 1 % paraformaldehyde (PFA, 100 μl) for 30 min on
ice, incubated with ammonium chloride (50 mM, 100 μl),
washed with PBS and mounted on glycerol in PBS (1:1)
containing 1,4-diazabicyclo [2.2.2] octane (0.02 g) and
analysed. Slides were analysed for FITC and PE probes using
488 nm laser, under a confocal scanning microscope (Leica
SP2, Wetzlar, Germany).

Haematopoietic progenitor colony assays and morphological
identification

Sorted populations containing Lin− , Lin−CD34+,
Lin−CD34+ALDH+, Lin−CD34+ALDH+CD45hi and
Lin+CD34+ALDH+CD45lo cells were separately put into cul-
ture using methylcellulose-based medium (METHOCULT®
GF H4434, Stem Cell Technologies) to determine the number
of colony forming unit-erythroid (CFU-E), burst forming unit-
erythroid (BFU-E), CFU-granulocyte and macrophage (CFU-
GM), CFU-granulocyte (CFU-G), CFU-macrophage (CFU-
M) and CFU-granulocyte, erythrocyte, macrophage, megakar-
yocyte (CFU-GEMM). Assays were performed by plating
~1,000 viable cells/1.1 ml medium of each of these pheno-
types, separately, in 35-mm tissue culture dishes and incubat-
ed without disturbance at 37 °C, 5 % CO2, for 14–17 days. All
cultures were maintained in triplicate.

Colonies were evaluated for morphologic characteristics
and enumerated under light microscopy (Zeiss, Muenchen,
Germany) following incubation. Colonies consisting of ~40
cells were counted. Plating efficiency, which is a measure of
the number of colonies originating from single cells, was
calculated for each of these sorted populations and expressed
as percentage.

Colonies were isolated from the methylcellulose-bed,
suspended in Medium A, washed, resuspended and used for
the following flow-cytometric assays.

Colony lineage composition

Cells isolated from colonies were analysed to identify
haematopoietic cells consisting of lymphoid, myeloid and
erythroid lineages. Accordingly, cells were stained with fluo-
rochrome conjugated mAbs against various cell surface
markers like the leukocyte common antigen (CD45), B-

(CD10, CD19) and T-(CD3, CD7) lymphocytes, stem cell
(CD34), lineage-commitment (CD38), monocytes (CD14),
myeloid (CD33) and erythroid (Glycophorin A) antigens.
The status of Neu5,9Ac2-GPs was simultaneously investigat-
ed using Achatinin-H. All tubes were incubated with respec-
tive mAbs and/or lectin for 1 h at 4 °C, in dark, washed in PBS
and fixed in 1 % PFA for flow-cytometric analysis.

Apoptosis in the colonies

To verify the presence of apoptotic population in the cells
isolated from colonies, they were stained with FITC-annexin
V (BD Biosciences) and propidium iodide. Cells (1×106/
100 μl) were suspended in annexin-V binding buffer mixed
with FITC-annexin V (5 μl) and propidium iodide (5 μl) and
incubated for 30 min in the dark at 25 °C and processed.

DNA cell cycle analysis

Cells (5×105) were isolated from the colonies washed,
suspended in Medium A and analysed for DNA ploidy using
CycleTEST™ PLUS DNA Reagent Kit (BD Biosciences) as
per manufacturers’ instructions.

Statistical analysis

Statistical analysis was performed using Graph-Pad Prism
statistics software program (Graph-Pad Software Inc., CA).
Results expressed as Mean ± S.D. for individual set of exper-
iments. Two-tailed p value (P) for student’s t-test was consid-
ered significant for P<0.05.

Results

BMCR samples were used as control while BMALL samples
were used for identification and characterization of cells with
high ALDH activity.

High ALDH activity identified mononuclear cells
with immature cell morphology in BMCR

To identify the ALDH+ cells in BMCR based on their scatter,
two simultaneous dot-plots were drawn, one with forward
scatter (FSC) versus side scatter (SSC) while the other with
ALDH versus SSC (Fig. 1). MNCs from BMCR in the former
plot were gated R1 (Fig. 1a). DEAB control as shown in the
latter plot (Fig. 1b) were gated R2 lacking ALDH+ cells. In
contrast, a subpopulation of cells with very high ALDH
activity (ALDH+) was visualized in MNCs of BMCR, in R2
region (Fig. 1c). When superimposed by multiple gating, cells
in R2 showed medium granularity (SSClo), indicating
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stem/progenitor cells. These medium sized cells
(ALDH+SSClo) scattered between 400 and 600 in FSC
(Fig. 1d), accounted for 0.58±0.24 % of MNCs in BMCR

(range 0.34–0.82 %; n=5) and were considered as normal
HPCs. However, such population was absent in MNCs from
PBCR (n=5).

Identification of cells with high ALDH activity from BMALL

and PBALL of patients

In search of ALDH+SSClo population from BMALL samples
(n=8), MNCs gated as R1 (Fig. 1a) were analysed for ALDH
activity (Fig. 2). In contrast to DEAB control (Fig. 2a),
density-plot with ALDH versus SSC in BMALL revealed a
significant population of MNC with high ALDH activity and
medium SSC (ALDH+SSClo, R2, Fig. 2b), accounting for
1.64±0.28 % of MNCs in BMALL (range 1.36–1.92 %).

Dot-plot with ALDH versus SSC (showing 1 % of total
1,00,000 events acquired) for DEAB control lacked cells in
R2 (Fig. 2c). Similar plot for BMALL sample emphasized that
these ALDH+SSClo cells (R2, red) have different scatter prop-
erties than cancerous lymphoblasts (green, Fig. 2d).

FSC scatter of this ALDH+SSClo population, using pseudo
colour dot-plot, revealed two distinct populations in BMALL

(Fig. 2e), in contrast to the single population in BMCR. A less
dense population, scattering within 400–600, was identical to
that encountered in BMCR i.e., normal HPCs, while the denser
one scattering within 600–1,000, may be leukemic stem cells
(LSCs). The contour plot (Fig. 2f) attests to the finding in
Fig. 2d, highlighting that the ALDH+ cells have different
scatter properties compared to the other lymphocytes.

Similar assay was performed with PBALL (n=8), where
three patients had 0.28±0.22 % ALDH+SSClo cells (range
0.06–0.5 %), remaining lacking this population.

Phenotypic characterization of progenitor population,
confirming the presence of both normal HPCs and LSCs
in MNCs of BMALL

Following identification of ALDH+SSClo cells in BMALL (n=
8), we investigated the status of other known CD antigens on
this population. Accordingly, the status of CD45, CD34,
CD90, CD117, CD133, CD38 and Neu5,9Ac2-GPs in the
ALDH+SSClo cells were analysed (Fig. 3). To reconfirm, the
status of B-(CD10, CD19), T-(CD3, CD7, CD4, CD8), NK
(CD56), monocyte (CD14) and myeloid (CD13, CD33) line-
ages, the status of the respective CD antigens were also
assessed.

MNCs were initially gated R1 (Fig. 1a). In contrast to no
ALDH+ cells in DEAB control (Fig. 3a), the test sample had a
distinct population of ALDH+ cells gated R2 (Fig. 3b). Nor-
mal haematopoietic cells have higher expression of CD45,
compared to cancerous lymphoblasts [26–28, 30]. To assess

the scatter of ALDH+ cells in CD45+ population, a dot-plot
with CD45 versus SSC was drawn, superimposing multiple
gating (ALDH+ cells). ALDH+ cells scattered in both CD45lo

and CD45hi population, gated R3 and R4 respectively
(Fig. 3c). Since lower expression of CD45, expressed in terms
of mean fluorescence intensity (MFI), confirmed MNCs as
cancerous in contrast to normal lymphocytes, the
ALDH+CD45lo population may be considered as LSCs
(0.6–0.8 %) while the ALDH+CD45hi population might be
normal HPCs (0.3–0.5 %).

After establishing the differential expression of
Neu5,9Ac2-GPs in ALL, being high in malignant lympho-
blasts and low in normal lymphocytes, we explored their
expression in ALDH+ cells. A dot-plot with Achatinin-H
versus CD45, using multicolour gating, revealed LSCs (R3)
as CD45 l oNeu5 ,9Ac2 -GPsh i and HPCs (R4) as
CD45hiNeu5,9Ac2-GPs

lo (Fig. 3d). MFI of Neu5,9Ac2-GPs
lo

in ALDH+SSClo population was <100 arbitrary units (au)
while that of Neu5,9Ac2-GPs

hi was >100 au.
To confirm the primitive nature and lack of lineage-com-

mitment, the scatter properties of LSCs and HPCs were
analysed in dot-plot comprising CD34 versus CD38. The
LSCs (R3) were CD34+CD38+ while the HPCs (R4) were
CD34+CD38− (Fig. 3e). Thus the HPCs were more primitive
than the LSCs. When assessed for the presence of CD90,
CD117 and CD133, the ALDH+SSCloCD45hiNeu5,9Ac2--
GPsloCD34+CD38− HPC population (R4) was concurrently
p o s i t i v e f o r a l l t h r e e w h i l e t h e
ALDH+SSCloCD45loNeu5,9Ac2-GPs

hiCD34+CD38+ LSC
population (R3) was negative for the same (Fig. 3f-h).

Therefore, as per our finding, normal HPCs among leuke-
m i c b l a s t s h a d t h e p h e n o t y p e o f
A L D H + S S C l o C D 4 5 h i N e u 5 , 9 A c 2 - -
GPsloCD34+CD38−CD90+CD117+CD133+ while the pheno-
t y p e A L D H + S S C l o C D 4 5 l o N e u 5 , 9 A c 2 - -
GPshiCD34+CD38+CD90−CD117−CD133− represented the
LSCs. The ALDH+SSClo cells were negative for all the
lineage-specific antigens substantiating their primitive nature
(not shown in figure).

Similar assay was performed with PBALL (n=8) where
LSCs were found in ~50 % of the analysed samples with
insignificant number of HPCs. The BMCR (n=3) samples,
analysed for the same, showed only the presence of HPCs
(0.4–0.7 %).

Enrichment of HPCs from MNCs of BMALL for in vitro
culture

To isolate normal HPCs (ALDH+SSCloCD45hiNeu5,9Ac2--
GPsloCD34+CD38−CD90+CD117+ CD133+) for in vitro
clonogenic assay, MNCs from BMALL, (n=4, gated R1,
Fig. 4a), with 80±10 % CD34+ cells (R2, Fig. 4b) were used;
~70 % of these were CD34+Lin−, remaining being
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CD34+Lin+. These cells scattered in ALDH+CD45lo (R3) and
ALDH+CD45hi (R4) regions respectively (Fig. 4c).

Lineage depletion resulted in 98.44 % reduction in lineage-
committed cells. These Lin- cells were positively selected for
CD34+ cells. Following this, a defined population of
CD34+CD38− cells (98.3 % enrichment) was identified (R5,
Fig. 4d), which was ALDH+CD45hi, having >96.41 %
ALDH+ cells and >98.33 % CD45+ cells (Fig. 4e). An aliquot
of this sorted ALDH+CD45hiCD34+CD38− population was
assessed for the presence of CD90, CD117, CD133 and
Neu5,9Ac2-GPs. These cells had very low expression of
Neu5,9Ac2-GPs (<5 %), was positive for all three stem cell
antigens (>93.1 % CD90+, >96.22 % CD117+ and >97.27 %

CD133+, Fig. 4f). This ALDH+SSCloCD45hiNeu5,9Ac2--
GPsloCD34+ CD38−CD90+CD117+CD133+ population was
assayed for lineage specific antigens (CD19, CD10, CD33,
CD3, CD14 and CD56). As expected this population was
negative for all these markers (Fig. 4g) and accounted for
0.45–1.1 % of the total MNCs in BMALL which was enriched
by 95 % post-sorting.

Co-localization of cytosolic ALDH and cell surface CD45

To ascertain the co-localization of cytosolic ALDH and
cell surface CD45 in sorted HPC population, the
Lin-CD34+ cells after being isolated by immunomagnetic
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added to MNCs (1×106 cells), suspended in ALDEFLUOR assay buffer
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quent analyses. cALDH substrate, DAAA versus SSC dot plot for BMCR

sample gated on R1. R2 shows ALDH+SSClo cells. MNCs of BMCR-
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separation were assayed followed by visualization of the
Lin-CD34+ALDH+CD45hi population in confocal micro-
scope. Intracellular ALDH activity was identified as a
green ring in the cytosol while the cell surface CD45,
appeared as a surrounding red ring (Fig. 4h) ensuring
intact membrane architecture of this sorted population
with ALDH activity.

Morphologically distinct colonies produced from in vitro
culture

To investigate the functional characteristics of the
immunomagnetically separated and cell sorted populations
from MNCs of BMALL (n=6), clonogenic activity was
assayed. Five different phenotypes of cells viz., Lin-,
L i n - C D 3 4 + , L i n - C D 3 4 + A L D H + ,
Lin-CD34+ALDH+CD45hi and Lin+CD34+ALDH+CD45lo

were independently put into culture. The colonies formed
after 14–17 days were identified morphologically.
Clonogenic progenitors namely, CFU-E, BFU-E, CFU-G,
CFU-M, CFU-GM could be well identified while CFU-
GEMM were absent.

Lin-CD34+ALDH+CD45hi population from BMALL showed
maximum proliferative capacity in vitro

To assess the sorted population with maximum potential to
form in vitro colonies, the colonies produced from each viz.,
L i n - , L i n - C D 3 4 + , L i n - C D 3 4 + A L D H + ,
Lin-CD34+ALDH+CD45hi and Lin+CD34+ALDH+CD45lo

were counted. Colonies produced from the sortedMNCs from
BMALL of a representative diagnostic patient is shown in
Table 1. While the colony types CFU-E, BFU-E, CFU-G,
CFU-M and CFU-GM were formed in the first four studied
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phenotypes, CFU-GEMM was absent. However, the prolifer-
ative capacity of each of the populations varied significantly.

The Lin- cells showed minimum in vitro proliferation with
a plating efficiency of 2 % (i.e., 2 in 100 cells formed a single
colony). Plating efficiency increased significantly (P<0.0001)
in the wells plated with Lin-CD34+ cells (4.9 %) and was
maximum using Lin−CD34+ALDH+ cells (29.8 %). Colonies
produced from Lin−CD34+ALDH+CD45hi cells showed in-
significant variation from Lin−CD34+ALDH+ population,
confirming that the HPCs reside strictly in CD45hi region.
Howeve r , no co lon i e s cou ld be de r i ved f rom
Lin+CD34+ALDH+CD45lo population (Table 1).

The colony forming ability of the BMALL of six studied
diagnostic patients did not vary significantly. The plating
efficiencies of the different sorting populations were 2.7±
1.4, 5.98±2.8, 28.5±5.4 and 28.6±5.6 in Lin−, Lin−CD34+,
Lin−CD34+ALDH+ and Lin−CD34+ALDH+CD45hi respec-
tively (Fig. 5). No morphologically different colonies could
be seen in Lin+CD34+ALDH+CD45lo population.

Lineage content of colonies revealed stages of differentiation

To identify the phenotype of the morphologically different
colonies formed from Lin−CD34+ALDH+CD45hi population,
cells isolated from colonies were assessed for respective lineage
specific antigens. Flow-cytometric analysis of these cells in the
FSC versus SSC dot-plot revealed two distinct populations.
The population in the lymphocyte region, having FSC within
400–600, was gated R1 (red) while another population in the
debris region was gated R2 (grey, Fig. 6a). For the lineage
content analysis, future studies were done on cells in R1 region,
shown as red dots in the following dot-plots (Fig. 6b-h, j-k),
while the grey dots showed the scatter of R2 region.

Initially, to assess the Neu5,9Ac2-GPs content and the
haematopoietic nature of the cells, they were plotted in a
dot-plot with Achatinin-H versus CD45. Percentage of
Neu5,9Ac2-GPs

+ cells (4.1±2.8) was equivalent to the expres-
sion seen in MNCs from normal PB, having MFI of ~100 au
(Fig. 6b), indicating that they were normal. More than >95 %
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been highlighted to show their exact location; they do not represent the
actual percentage of cells. Provided in the background is the MNC
population (green). Pseudo-colour dot plots showing the subpopulations
of ALDH+ cells (red) in c-h. c Dot plot with CD45 versus SSC showing
two distinct populations of ALDH+ cells in CD45lo and CD45hi popula-
tions, shown as R3 and R4 respectively. d Achatinin-H versus CD45

profile showing two distinct populations of ALDH+ cells, being
Achatinin-HhiCD45lo and Achatinin-HloCD45hi, shown as R3 and R4
respectively. e Dot plot with CD34 versus CD38, showing the profile of
ALDH+ cells in two distinct populations, CD34+CD38+ and
CD34+CD38− shown as R3 and R4 respectively. f CD34 versus CD90
profile showing two distinct populations of ALDH+ cells, CD34+CD90−

and CD34+CD90+, shown as R3 and R4 respectively. g CD34 versus
CD117 profile showing two distinct populations of ALDH+ cells,
CD34+CD117+ and CD34+CD117−, shown as R3 and R4 respectively.
h CD34 versus CD133 profile showing two distinct populations of
ALDH+ cells, CD34+CD133+ and CD34+CD133−, shown as R3 and
R4 respectively
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of the cells were CD45+, with MFI ranging between 800 and
1,200 au, attesting to their normal immature lymphoblastic
nature (Fig. 6b).

Dot-plot with CD34 versus CD38, for detecting the prim-
itive (CD34+CD38−) and lineage-committed (CD34+CD38+

and CD34−CD38+) cells, revealed the presence of three cell
types. Over 80 % cells were CD34+CD38−, while ~5 % were
CD34+CD38+ and ~15 % were CD34−CD38+, indicating that
most of the cells were still primitive while some were lineage-
committed (Fig. 6c). Analysis of the B-lineage antigens re-
vealed the absence of CD10+ cells (0.9±0.8 %) and CD19+

cells (0.7±0.6 %, Fig. 6d). The presence of T-lineage antigens
was negligible in the cells, being 0.5–1 % positive for CD7
and CD3 (Fig. 6e-f). About 8 % cells were CD33+ and 5 %

were CD14+ cells indicating the presence of monocytes
(Fig. 6g). Erythroid progenitors were identified by the pres-
ence of 4–8 % Glycophorin A+CD45- cells (Fig. 6h). The
column graph for the lineage status of these cells is shown in
Fig. 6i.

The dot-plot with Annexin V and PI revealed that R1 is
negative for these markers, indicating that the cells were alive
while the cells in R2 region were found mostly expressing
propidium iodide (Fig. 6j). DNA cell cycle analysis of the
cells in R1 showed diploid and tetraploid peaks identical to
that of normal lymphocytes (Fig. 6k).

O n t h e c o n t r a r y, c o l o n i e s p r o d u c e d f r om
Lin+CD34+ALDH+CD45lo population retained the same phe-
notype confirming their LSC nature.
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Fig. 4 Lineage composition of MNCs from diagnostic BM (BMALL)
prior to and post sorting. MNCs, stained with ALDH, were co-stained
with mAbs specific to certain cell surface markers, as described in
Materials and methods. Figure represents data from a diagnostic patient.
a FSC versus SSC dot plot is created, with region R1 drawn to encompass
all nucleated cells. b Dot plot with CD34 versus CD38, gated on R1,
show two distinct populations—CD34+CD38+ and CD34+CD38−, both
of which was gated R2. c Cells in R2 comprise primarily of
ALDH+CD45lo and ALDH+CD45hi populations, gated as R3 and R4
respectively. d After cell sorting, as described in Materials and methods,
the CD34+CD38− population is predominant, gated as R5. e Sorted
CD34+CD38− population (R5), analysed in a dot plot with CD45 versus
ALDH, showed predominance of ALDH+CD45hi population. This

CD34+CD38−ALDH+CD45hi population was put into culture. f An ali-
quot of CD34+CD38−ALDH+CD45hi population was assessed for the
presence of other stem cell antigens namely, CD90, CD117 and CD133
and also for Achatinin-H. g Another aliquot of the same was assessed for
the presence of haematopoietic lineage specific antigens (CD19, CD10,
CD33, CD3, CD14, CD56). h Confocal microcopy of CD34+CD38−

population is shown. The sorted cells were prepared for confocal micros-
copy as described in Materials and methods. Cells showing the (i) cell
surface CD45 (red) and (ii) cytosolic ALDH (green). Single cell enlarged
showing cytosolic ALDH (iii, green), Cell surface CD45 (iv red), phase
contrast (v), overlay (vi) of cytosolic ALDH (green) and CD45 (red);
overlay of cytosolic ALDH (green), CD45 (red) and phase contrast
shown in (vii)
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Discussion

Identification of a functionally normal HPC population for
autologous BM transplantation remains unsatisfactory due to
lack of specific markers (phenotypic/functional). Our study
for the first time identifies the presence of a distinct population
of normal haematopoietic progenitor cells within the BM
compartment of patients at diagnosis, exploring the differen-
tial expression of 9-O-acetylated sialic acids. These normal
H P C s ( A L D H + S S C l o C D 4 5 h i N e u 5 , 9 A c 2 - -
GPsloCD34+CD38−CD90+CD117+ CD133+) are functionally
active and capable of differentiating into lineage-specific

colonies in vitro. Additionally, another population has been
categorized as LSCs (ALDH+SSCloCD45loNeu5,9Ac2--
GPshiCD34+CD38+CD90−CD117−CD133−), which in spite
of being functionally proficient, having the ability to propa-
gate, lacked the skill to differentiate into morphologically
distinct, lineage-specific colonies.

Although stem cell markers like CD34, CD90, CD117 and
CD133 have been commonly used to isolate HPCs, the major
reason behind the failure is the lack of a universal marker [20,
23–25, 31–33]. Identification and isolation of normal HPCs,
solely on the basis of expression of cell surface antigens, is not
reliable since the isolated population is heterogeneous, with
significant overlap between HSCs and mature progenitors
[34]. Additionally, the phenotype of cultured or transplanted
stem cells may remain stable despite a decline in functional

Table 1 Quantification of colony forming units (CFUs) in different sorted populations from a representative diagnostic bone marrow (BMALL) sample

Sorted
populations

No of colonies per 103 cells Total
colonies

Plating
efficiency
(%)CFU-E BFU-E CFU-G CFU-M CFU-GM CFU-

GEMM

Lin− 3.33 (5,3,2) 1.33 (1,2,1) 5 (5,4,6) 1 (1,1,1) 10.33 (10,10,11) 0 20.99 2

Lin−CD34+ 9 (10,8,9) 2 (1,3,2) 18.33 (18,18,19) 1 (0,2,1) 18.67 (19,20,17) 0 49 4.9

Lin−CD34+

ALDH+
17.33 (17,17,18) 96.67 (89, 96, 105) 10.67 (12,10,10) 3.67 (4,3,4) 169.67 (134,177,198) 0 298.01 29.8

Lin−CD34+

ALDH+CD45hi
17.33 (15, 21,16) 92 (98, 86, 92) 10.67 (10,11,11) 3.67 (3,4,4) 170.33 (145, 189, 177) 0 294 29.4

Lin+CD34+

ALDH+CD45lo
0 0 0 0 0 0 0 0

Lineage depleted (Lin− ), Lin−CD34+ , Lin−CD34+ALDH+ , Lin−CD34+ALDH+CD45hi and Lin+ CD34+ALDH+CD45lo populations were sorted
(using immunomagnetic separation technique and cell sorter of FACS) and cultured in semisolid methylcellulose media (Methocult H4434) as described
inMaterials andmethods. Human progenitor colonies of erythrocyte (BFU-E, CFU-E) granulocyte (CFU-G), macrophage (CFU-M) and mixed lineages
(CFU-GM, CFU-GEMM) were enumerated after 14–17 days of in vitro culture. Data represent the number of mean of individual colonies from the
triplicate wells, produced per 1,000 cells plated for each of the sorted populations. The brackets show the individual counts of the triplicate. This data is
obtained from a representative patient
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Fig. 5 Plating efficiency of the different sorted populations. Colonies
(CFU-E, BFU-E, CFU-G, CFU-M and CFU-GM), produced from cul-
turing different sorted populations, were counted. Plating efficiency was
calculated as discussed in Materials and methods and has been shown for
triplicate experiments done for six patients labelled 1–6. Plating

efficiency of Lin− (black diamond), Lin−CD+ (black square),
Lin−CD+ALDH+ (black triangle), Lin−CD+ALDH+CD45hi (black circle)
and Lin+CD34+ALDH+CD45lo (white circle) populations for each of the
patients have been shown
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activity [35, 36]. Populations with phenotypic characteristics
of HSCs have been isolated with inability to reconstitute
haematopoiesis [37]. Thus it may be envisaged that the need
for more stem cell specific biomarkers still exist.

Interestingly, for identification of normal HPCs, the intra-
cellular expression of the developmentally-regulated ALDH is
explored [20–25]. An elevated level of cytosolic ALDH is a
stringent phenomenon in HPCs [21]. HPCs express highest
level of ALDH compared to lymphocytes [22]. Therefore, use
of ALDH as a marker not only ensured that the two popula-
tions recognized here were primitive, but also constituted of
functionally active, viable cells. However, since the progenitor
population with high ALDH activity contains both HPCs and

LSCs, biomarkers were required for distinguishing between
the two.

In this study, we report for the first time an additional cell
surface bio-marker, Neu5,9Ac2-GPs, whose differential expres-
sion, identifies a functionally normal HPC population among the
lymphoblasts of BMALL. This identified population has low
expression of Neu5,9Ac2-GPs (Neu5,9Ac2-GPs

lo) with MFI of
~100 au, indicating normal leukocytes, further confirmed by the
elevated expression of CD45. This Neu5,9Ac2-GPs

loCD45hi

population was CD34+, CD90+, CD117+ and CD133+ and
CD38− attesting to their primitive haematopoietic nature. These
cells were functionally active as identified by the high cytosolic
ALDH activity, medium FSC and low SSC (SSClo), which
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Fig. 6 Determination of lineage content of individual colonies by flow
cytometry. Colonies isolated from the culture was washed and assessed
for the presence of lineage specific antigens as described in Materials and
methods. Results of three colonies differing in their lineage composition
are shown. Scatter based on size and granularity showed two populations
gated R1 (red) and R2 (grey) (a). Status of Achatinin-H and CD45 (b),
CD34 and CD38 (c), CD19 and CD10 (d), CD7 with SSC (e), CD3 with

SSC (f), CD33 and CD14 (g) and that of CD45 and anti-Glycophorin A
(h) are shown using multi-colour dot plots. The column graph showing
the percentages of these cell surface markers is shown (i). Dot plot with
FITC-Annexin Vand Propidium iodide shown in (j) to gate the alive (R1)
and dead (R2) cell population. The DNA cell cycle analysis of R1 is
shown in k
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characterizes the stem/progenitor population. Additionally, this
A L D H + S S C l o C D 4 5 h i N e u 5 , 9 A c 2 - -
GPsloCD34+CD38−CD90+CD117+CD133+ population was ca-
pable of forming colonies in metylcellulose-based medium and
lineage specific differentiation in vitro.

Lineage composition analysis of the colonies showed that
they were normal lymphocytes (Neu5,9Ac2-GPs

loCD45hi).
Few cells were lineage-committed (CD38+) while most were
primitive. They expressed myeloid-, monocytic- and
erythroid-associated antigens ensuring that this Neu5,9Ac2--
GPslo population have the capacity for complete
haematopoietic reconstitution.

In contrast to the normal HPC population, the LSC popu-
l a t i o n w i t h h i g h c y t o s o l i c ALDH a c t i v i t y
( A L D H + S S C l o C D 4 5 l o N e u 5 , 9 A c 2 - -
GPshiCD34+CD38+CD90−CD117−CD133−), showed over
expression of Neu5,9Ac2-GPs, with MFI >100 au, similar to
leukemic blasts. They were CD45lo, a feature distinguishing
the leukemic blasts from normal lymphocytes [26–28]. These
cells lacked CD90, CD117 and CD133 but co-expressed
CD34 and CD38, indicating that they were lineage-commit-
ted. Therefore, these cells could well be identified as leukemic
cells. However, since high ALDH activity distinguishes pro-
genitor cells from normal haematopoietic cells, this popula-
tion of cells might be the cancer stem cell population. As
expected, this population did not yield any morphologically
different colony in in vitro clonogenic assay, assuring that
these were not the normal HPCs.

The LSC population showing higher expression of
Neu5,9Ac2-GPs indicated that the transformation and en-
hancement occurred in the progenitor LSC population. The
lineage-committed status (CD38+) of the LSC might be con-
trary to the concept of stem cells being lineage negative.
However, some form of normal stem or progenitor cell un-
dergoes a mutation, giving rise to an entity that is functionally
defined as LSC. These mutated stem cells have properties
similar to normal stem cells with respect to self-renewal but
they differentiate into the haematopoietic lineage carrying the
defect/s and accumulate as immature progenitor cells, also
known as blast cells [38], justifying the CD38+ phenotype of
LSCs.

The progenitor populations, having high cytosolic ALDH
levels, are cyclophosphamide resistant [21–23, 25]. The intra-
cellular level of ALDH is directly related to cellular resistance
to activated cyclophosphamide and is important in the surviv-
al of cells capable of repopulating marrow in autologous BM
transplants. The unique position of activated cyclophospha-
mide in purging regimens for autologous BM transplant is
based on its ability to selectively spare immature
haematopoietic cells [22]. The most primitive haematopoietic
cells contain relatively high levels of ALDH that potentially
protect them against activated cyclophosphamide in tumour
cell purging regimen and in vivo.

However, this phenomenon has a reverse side. In addition
to the HPCs, the LSCs express ALDH with same intensity.
This is why both the HPCs and LSCs escape chemotherapy
[21]. While the survival of the normal HPCs is for the benefit
of the patients, the co-existence of LSCs as minimal residual
disease (MRD) might be a major cause of relapse and mortal-
ity [38].

To the best our knowledge, this is the first report for the
existence of LSCs in childhood ALL. Using the differential
expression of Neu5,9Ac2-GPs, being low for the normal
HPCs and high for the LSCs, along with the aforesaid panel
of stem cell antigens, these populations can easily be identi-
fied and isolated.

The haematopoietic reconstitution ability of the normal
HPCs in vitro simulate the prospective in vivo scenario in
the patients. Therefore, detailed studies on this HPC popula-
tion regarding their haematopoietic reconstitution ability
in vivo may help in cytotherapy by autologous BM
transplantation.

The LSCs can be an excellent subject for MRD analysis
and targeting the eradication of these cells can minimise
relapse. Moreover, the high expression of Neu5,9Ac2-GPs
on the lymphoblasts plays a role in their survival [39, 40]
and that ofO-acetylated sialoglycoconjugates in maturation of
erythrocytes [41]. These expressions are orchestrated by a
series of enzymes [42–45]. Therefore, modulating one or
more of these enzymes and/or targeting them for drug-
targeted immunotherapy might be of help in managing this
disease. Such studies are ongoing.
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