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A simple one-tube assay for immunophenotypical
quantification of leukemic stem cells in acute myeloid leukemia
W Zeijlemaker1, A Kelder1, YJM Oussoren-Brockhoff1, WJ Scholten1, AN Snel1, D Veldhuizen1, J Cloos1,2, GJ Ossenkoppele1 and
GJ Schuurhuis1

Relapses after initial successful treatment in acute myeloid leukemia are thought to originate from the outgrowth of leukemic stem
cells. Their flow cytometrically assessed frequency is of importance for relapse prediction and is therefore assumed to be implemented
in future risk group profiling. Since current detection methods are complex, time- and bone marrow consuming (multiple-tubes
approach), it would be advantageous to have a broadly applicable approach that enables to quantify leukemia stem cells both at
diagnosis and follow-up. We compared 15 markers in 131 patients concerning their prevalence, usefulness and stability in CD34+

CD38− leukemic stem cell detection in healthy controls, acute myeloid leukemia diagnosis and follow-up samples. Ultimately, we
designed a single 8-color detection tube including common markers CD45, CD34 and CD38, and specific markers CD45RA, CD123,
CD33, CD44 and a marker cocktail (CLL-1/TIM-3/CD7/CD11b/CD22/CD56) in one fluorescence channel. Validation analyses in 31
patients showed that the single tube approach was as good as the multiple-tube approach. Our approach requires the least possible
amounts of bone marrow, and is suitable for multi-institutional studies. Moreover, it enables detection of leukemic stem cells both at
time of diagnosis and follow-up, thereby including initially low-frequency populations emerging under therapy pressure.
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INTRODUCTION
After achieving complete remission, many patients with acute
myeloid leukemia (AML) experience a relapse, resulting in dismal
outcome.1 It is generally accepted that chemotherapy-resistant
leukemic cells, often referred to as leukemic stem cells (LSCs) or
leukemia-initiating cells, are responsible for relapse. The frequency
of such minimal or measurable residual disease (MRD) cells offers
an important post-remission risk factor in AML.2–7 MRD, deter-
mined using immunophenotypical and/or molecular procedures,
is implemented in risk classifications of many major AML trial
groups. However, relapses do occur in a considerable number
(20–70%) of patients with low/negative MRD levels, even in the
intermediate-risk group.2–7 To account for these ‘false-negative’
cases, one may focus on these surviving LSCs that are at the basis
of outgrowth of MRD cells to overt relapse. Although different
cellular compartments (CD34+CD38+, CD34+CD38− and CD34−)
may contain LSCs,8–12 CD34+CD38− stem cells seem to be most
therapy resistant and least immunogenic.13–16 This is in accor-
dance with the finding that CD34+CD38− or CD34+CD38dim LSC
frequency is highly predictive for relapse in AML.9,17 In addition,
CD34+CD38− LSC frequency adds important prognostic informa-
tion to MRD assessment, reducing the number of false-negative
MRD cases.9 Overall, the LSC assessment is instrumental in
defining remission quality and predicting relapse risk. However,
identification of LSCs can be challenging owing to the very low
frequency of this stem cell population (frequency 0.2–625 cells per
106 mononuclear cells).14,18 It is known that compared with CD34+

CD38− hematopoietic stem cells (HSCs), CD34+CD38− LSCs often
aberrantly express cell surface markers,19 whereby patterns may
be very heterogeneous. Markers expressed on LSCs include

myeloid antigens CD13, CD33 and CD123,20,21 CLL-1 (also known
as CLEC12A)22 and the lineage markers CD2, CD7, CD11b, CD14,
CD15, CD19, CD22 and CD56.12,23 The expression of CD96, also
known as Tactile, and T-cell Ig mucin 3 (TIM-3), is also higher on
LSCs as compared with HSCs.24,25 Although CD44 is already highly
expressed on HSCs, LSCs often show overexpression for CD44.26

Using aberrant markers and well-established functional assays like
aldehyde dehydrogenase27–29 and the side population,30 the
normal and neoplastic nature of such immunophenotypically
defined CD34+CD38− LSCs and HSCs could be confirmed using
molecular and cytogenetic assays in multiple samples.9,27,30,31

Moreover, current LSC studies have revealed that marker-positive
CD34+CD38− cells show leukemia engraftment in different mouse
models.12,20–22,24–26,32 Marker expression differs between and
within patients9,20,22–24 and therefore different immunophenoty-
pically defined LSC compartments may be associated with specific
subpopulations showing different sensitivity for therapy.33 Owing
to tumor heterogeneity, accurate flow cytometric LSC detection at
time of diagnosis requires extensive antibody panels. In addition,
besides molecular constitution,34,35 also immunophenotypes can
change between diagnosis and relapse.36 As a consequence, a
broader panel of markers is also required during follow-up,
enabling the detection of populations emerging during disease.
Recent studies have shown that HSCs can also harbor leukemia-
specific mutations.37 Although these so-called pre-leukemic HSCs
are non-leukemic, they are significantly different from real HSCs as
they are supposed to be of importance in the process of
leukemogenesis.38 In case the relapse aberrancies are very distinct
from diagnosis, it can be suggested that the relapse evolved from
such a ‘pre-leukemic’ clone.39,40 To facilitate complete and
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accurate CD34+CD38− LSC detection in AML patients, often with
small amounts of bone marrow (BM) cells available, we composed
a single flow cytometric tube. Expression and usefulness of 15
different cell surface markers (apart from the backbone markers,
CD45, CD34 and CD38) were compared in a large cohort of AML
patients. This enabled the design of a single 8-color LSC detection
tube consisting of a cocktail of six markers in one fluorescence
channel combined with single channels for the backbone markers
(CD45, CD34 and CD38) and stem cell markers (CD44, CD33 and
CD123). Overall, we defined a single tube containing in total 13
antibodies, which enables CD34+CD38− LSC detection in a broadly
applicable, less expensive and more efficient manner than the
current detection strategies.

PATIENTS AND METHODS
Patients
In total 236 patients were screened for initial analyses at time of AML
diagnosis. For data concerning marker stability 132 follow-up samples
were acquired. All samples were gathered between 2010 and 2015. All
patients had a cytopathologically confirmed diagnosis of AML according to
the WHO (World Health Organization) classification (excluding acute
promyelocytic leukemia) or a diagnosis of refractory anemia with excess of
blasts and International Prognostic Scoring System, score ⩾ 1.5. Patients
were treated according to HOVON/SAKK clinical trials (www.hovon.nl) and
provided their written informed consent before entrance into the study
(for approval numbers see Supplementary File). BM samples from
pathological controls (details in Supplementary File) and healthy donors
were used to investigate cell surface expression on HSCs.

Immunophenotyping
Erythrocyte-lysed (Pharm lyse, Becton and Dickinson (BD; San Jose, CA,
USA)) fresh BM samples were used to perform 8-color multiparameter flow
cytometry using a FACS Canto II from BD. After lysis, cells were washed
with phosphate-buffered saline/0.1% human serum albumin and labeled
with the appropriate antibodies. Cells and antibodies were incubated for
15min in the dark at room temperature and subsequently, cells were
washed to remove unlabeled antibodies. In general a minimum of 500 000
white blood cells were acquired. Detailed information concerning the used
antibodies is provided in the Supplementary Data. Table 1 shows the
conventional 7-tube 8-color antibody panel at diagnosis.

Gating strategy and marker selection
Samples were analyzed using Infinicyt software, v. 1.7 (Cytognos,
Salamanca, Spain). The gating strategy is shown in Supplementary
Figures S1IA–D. Within the blast population presumed HSCs were defined
as CD34+/CD38−/FSClow/SSClow/CD44+/Lin−/CD123− /weak/CD33− /+/CLL-1−/
TIM-3− and if available CD45RA− (Lin− means CD2−/CD7−/CD11b−/CD14−/
CD15−/CD19−/CD22−/CD56−). Presumed LSCs were defined as CD34+

/CD38− and CD44++ and/or CD123++ and/or CD33++ and/or CLL-1+, and/
or TIM-3+ and/or Lin+ and/or if available CD45RA+. CD45RA, a CD45 isoform
generated by alternative splicing, was included at a later stage, as it also
was a broadly useful LSC marker.10 For reasons of simplicity, presumed
HSCs and LSCs are further referred to as HSCs and LSCs. In previous work,9

where we used the same flow cytometric method to discriminate HSCs and
LSCs, we provided proof that flow cytometrically defined CD34+CD38−

HSCs, after injection of this cell fraction in mice, indeed gave multilineage
engraftment, while in mice injected with CD34+CD38− LSCs, leukemic
engraftment was seen. To determine which markers were needed for the
LSC detection tool, a scoring system was used to, retrospectively, define
and compare the usefulness of above mentioned cell surface markers. This
scoring system takes into account background autofluorescence of
individual markers that were sometimes measured in different fluoro-
chrome channels and consequently had differences in brightness. There-
fore, this scoring system was created to ensure a less subjective
comparison as compared with solely investigating median fluorescence
intensities (MFIs) of the different markers. This scoring system ranked from
0 to 3 points, whereby, in short, one point was attributed to a marker for (a)
clear distinction of two populations within the CD34+CD38− fraction, (b)
high-negative predictive value of the particular marker (no LSC pollution in
marker-negative fraction) and (c) high sensitivity (maximal LSC coverage;
Figure 1). Based on the number of points given, one (or sometimes
multiple) best marker(s) were defined in each AML sample. The details are
outlined in the legend of Supplementary Figure S1. If a marker scored
three points, it was by definition a ‘best marker’. In the minority of patients
(8/131), however, the ‘best marker’ scored o3 points. The scores were
used to compare overall marker prevalence and usefulness regarding LSC
detection in AML in 131 cases in which enough LSCs were present (cluster
of ⩾ 5 cells) to evaluate marker performance of the in total 236 screened
cases. For examples and more detailed information concerning this scoring
system, see Supplementary Figure S1.

Statistics
Statistical analyses were performed with IBM SPSS Statistic 20 (Armonk, NY,
USA) and Graphpad prism 5 (San Diego, CA, USA). The Mann–Whitney U-
test was used to compare non-parametric unpaired variables. Correlation
coefficients were calculated using the Spearman’s Rho test (two-sided) and
scatter plots were produced to compare LSC data obtained with the two
different panels. P-values were considered significant below 0.05.

RESULTS
Prevalence of aberrant cell surface markers on CD34+CD38− cells
at diagnosis
The aim of this study was to design a single 8-color tube that
would allow specific identification of CD34+CD38− LSCs. For 15
different cell surface markers, we compared general prevalence,
regardless of the percentage and intensity of expression on CD34+

CD38− cells. A marker was defined as present on CD34+CD38−

when it scored at least one point according to the scoring system
described in the methods section. Figure 2 shows that CD123 and
CD33 were most often aberrantly expressed with a prevalence of
82.3% (107/130) for both these markers. Furthermore, the
following cell surface markers showed aberrant expression on
CD34+CD38− cells in more than half of the cases: CLL-1 (70%),
TIM-3 (62%), CD11b (55%) and CD22 (51%). In addition, CD7 (43%),
CD96 (33%), CD56 (32%) and CD15 (30%) were all markers that
were present between 30 and 50% of the evaluated cases. CD44 is
an exceptional marker as it is highly expressed on HSCs and
indeed CD44 was found to be expressed on the total CD34+CD38−

compartment in 100% of the evaluated AML cases (n= 131,
example in Supplementary Figure S1). Aberrant CD44 expression,

Table 1. 8-Color antibody panel

Tube FITC PE PerCP-CY5.5 PC7 APC APC-H7 HV450 HV500c

1 PBS PBS CD13 PBS PBS PBS CD34 CD45
2 CD44 CLL-1 CD13 CD56 CD38 HLA-DR CD34 CD45
3 CD7 TIM-3 CD13 CD117 CD38 CD19 CD34 CD45
4 CD2 CD133 CD13 CD117 CD38 CD19 CD34 CD45
5 CD36 CD123 CD13 CD33 CD38 CD14 CD34 CD45
6 CD11b CD96 CD13 CD117 CD38 CD14 CD34 CD45
7 CD15 CD22 CD13 CD117 CD38 HLA-DR CD34 CD45

Abbreviations: APC, allophycocyanin; FITC, fluorescein iso-thiocyanate; PBS, phosbate-buffered saline; PC7, phycoerythrin cyanin 7; PE, phycoerythrin; PerCP,
peridinin chlorophyll protein complex.
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characterized by an overexpression of CD44 (usually MFI of
CD44++ on CD34+CD38−425 000) was found in 31% (40/131) of
the cases (Figure 2). Finally, CD13 (29%), CD2 (18%), CD19 (8%)
and CD14 (2%) were aberrantly expressed in o30% of the cases.

CD33 and CD123 perform best in detection of leukemic and
normal CD34+CD38− cells
Performance of the individual markers for LSC detection was
investigated using the scoring system described in the methods
section. Figure 2 gives an overview of the scores of the different

markers. CD123 and CD33 not only had the highest prevalence,
but scored the maximum number of three points in 60 and 59% of
all evaluable cases, respectively. This implies that these markers
not only had high expression levels, but also most often showed a
clear distinction in antigen expression between presumed CD34+

CD38− HSCs and LSCs. TIM-3 (24%) and CD11b (16%) had three
points in 410% of the samples, followed by CD22 (10%), CLL-1
(9%), CD44 (8%), CD96 (8%), CD56 (6%), CD13 (5%) and CD7 (4%).
In addition, CD15 (2%), CD2 (2%) and CD19 (2%) were very useful
in only very few cases. Finally, CD14 had no three points scored at
all. Note that 41 marker may score three points in the same
AML case.

Essential markers for identifying CD34+CD38− LSCs
Of the 131 evaluable cases there were 48 cases (37%) in which
only one best marker for LSC detection was present (not shown).
In 47/48 cases the best marker scored three points, however in
one case the best marker scored two points. These 48 cases thus
provided the most essential information as to defining which
particular markers are definitely needed in the single LSC
detection tube and which markers were redundant. The definition
of such antibodies is that, for each AML case studied, at least one
of the other antibodies was better. Of these 48 cases, CD123 was
best in 44% of the samples (21/48), CD33 in 33% (16/48), CLL-1 in
8% (4/48), TIM-3 in 8% (4/48), CD22 in 4% (2/48) and CD56 in 2%
of the cases (1/48). Furthermore, in all remaining 83/131 (63%)
cases, it was one of these six markers that was an optimal marker.
Consequently, these six markers were considered essential in the
formation of a diagnostic tool with the aim to specifically detect
LSCs in a maximal number of patients. Therefore, CD2, CD7,
CD11b, CD13, CD14, CD15, CD19, CD44 and CD96 were redundant.
However, seen the high incidence of CD7 and CD11b (Figure 2),
we left these markers in the study for further experiments. CD13
was not only highly expressed on HSCs, but also showed low
incidence (Figure 2). This marker was therefore excluded from
further analysis.

CD33 and CD123 are expressed on CD34+CD38− HSCs in
follow-up BM
To enable specific LSC detection in a follow-up BM it is of
importance that marker expression on stem cells remains stable
during disease and/or treatment. At follow-up, in most cases the
majority of CD34+CD38− cells are presumed HSCs. Upregulation
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Figure 1. Scoring system criteria to evaluate marker performance.
Marker-positive and marker-negative cells are shown in red and
green, respectively. Section I shows the first scoring system criterion:
(a) clear distinction between two populations within the CD34+

CD38− fraction. a and b show two different patients whereby both
markers (CLL-1 and CD7) show two different populations within
CD34+CD38−. Section II shows the second criterion: (b) high-
negative predictive value of the marker. CLL-1 expression in patient
#1711 is shown (a) in which a clear population of HSCs is present
(based on both marker negativity and FSClow/SSClow scatter
properties9 as shown in b). CLL-1 has only little expression on
CD34+CD38− cells and all marker-negative cells are presumed HSCs,
implying that there are no/few LSCs present within the CLL-1-
negative CD34+CD38− fraction. Finally, section III shows the last
criterion: (c) high sensitivity of the marker. Both CD33 (a) and TIM-3
(b) are highly positive on CD34+CD38− cells and almost all LSCs were
marker positive. In case the marker of interest fulfilled one of the
criteria, one point was given; thereby the total number of points in
the scoring system ranged from 0 to 3 points. Gating strategy of
CD34+CD38− cells and examples of how scores were defined are
shown in Supplementary Figure S1.

Figure 2. Performance of different cell surface markers for LSC
detection. This figure shows performance of 15 different cell surface
markers for detection of CD34+CD38− LSCs in AML. Scores were
defined based on criteria shown in Figure 1 and as described in the
legends of Supplementary Figure S1. Numbers above the bar
represent general prevalence of the specific marker as compared
with the total number of AML samples studied. Overall, this shows
that in general CD123 and CD33 are the best markers for specific
detection of CD34+CD38− LSCs, followed by CLL-1 and others.
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on HSC of markers used at diagnosis for LSC identification might
lead to largely over-estimated LSC frequencies. Table 2 and
Supplementary Table S1 show that marker expression on HSCs of
all markers is low at diagnosis (CD44 was excluded from these
experiments as CD44 is highly expressed on HSCs both at
diagnosis and follow-up). High MFI ratios are seen for CD123 in
follow-up BM (Table 2), suggesting an upregulation of this marker
on HSCs after treatment, especially since CD123 is expressed,
albeit at low levels, in normal bone marrow (NBM). Consistent with
previously published results,19 we found CD33 to be clearly
expressed on HSCs in NBM (Supplementary Table S1). Table 2
shows that CD33 expression is strongly suppressed on HSCs
present in AML diagnosis BM as compared with HSCs in NBM
(Po0.001) and follow-up BM (Po0.001). Supplementary Figure S2
shows the MFI ratios of Table 2 including MFI values of both the
CD34+CD38− HSCs and lymphocyte sub-fractions. This figure
shows that the high MFI ratios as found for CD33 and CD123 in
follow-up BM and in the normal control cases cannot be explained
by differences in background expression of the control population
(lymphocyte subpopulations). Although for many markers MFI
ratios are significantly different between the different type of
samples, the wide range of ratios as seen for CD33 and CD123 in
both AML follow-up and NBM (Table 2) shows that although CD33
and especially CD123 are markers that are important to
discriminate LSC and HSC at diagnosis, they should be used with
care at follow-up.

Composition and validation of CD34+CD38− LSC detection tool
Based on above described results concerning performance,
prevalence, redundancy and stability on HSCs of the different
markers, one tube could be designed that enables specific LSC
detection in almost all AML cases, both at time of diagnosis and
follow-up. CLL-1, TIM-3, CD7, CD11b, CD22, CD33, CD56 and
CD123, chosen for specific LSC detection, had to be included in
the LSC tube, together with the backbone markers CD45, CD34
and CD38, making up 11 antibodies. To enable such for a single
8-color tube, we tested whether we could combine multiple
markers in one fluorescence channel. To enable this for both

diagnosis and follow-up, a prerequisite for the combination of
these markers was to be and remain marker negative on HSCs.
Therefore, a cocktail of such stable cell surface markers, including
CLL-1, TIM-3, CD7, CD22, CD56 and CD11b, was used in
phycoerythrin (PE)-fluorescence channel, which usually provides
strong fluorescence for all single markers. Cell surface markers
CD33 and CD123 are useful for follow-up despite upregulation of
expression on HSCs, since expression differences between LSC
and HSC remain due to usual overexpression on LSCs. Never-
theless, due to their instability, these markers should be evaluated
in a separate fluorescence channel. Table 3 shows the newly
developed single 8-color flow cytometry tube. Accuracy of the
marker cocktail in the PE-channel of the one-tube panel was
checked by comparing CD34+CD38− LSC levels (as percentage of
the total amount of white blood cells) with the conventional
antibody panel from Table 1. In nine NBM samples it was validated
that the marker cocktail of the single LSC tube indeed had no
expression on HSCs (example in Figure 3a; in all nine samples
there was 0% positivity on CD34+CD38− cells; median MFI ratio of
marker cocktail on CD34+CD38− HSCs was 1.06, range 0.59–1.54).
In addition, in six pathological control samples also no expression
on HSCs was found (median 0% positivity, median MFI ratio 1.52
and range 1.09–1.92). Furthermore, as negative control, we
verified in nine CD34-negative AML samples with only HSCs
present,31 that no expression on CD34+CD38− cells was found with
the marker cocktail (example in Figure 3b; 0% positivity, n= 9;
median MFI ratio of marker cocktail was 1.24, range 0.46–7.43).
These control samples show that the LSC detection tube is highly
specific. When comparing 22 AML samples, with CD34+CD38−

LSCs present (example in Figure 3c), a correlation coefficient of
0.968 between LSC measured with the best single marker in the
cocktail and the six markers combined in PE-channel, was found
(Figure 4a, Po0.001). This clearly shows that for quantification,
the combination of six markers is as good as the best individual
marker and in 18 cases slightly better (Figure 4a; median
difference in LSC% obtained with the marker cocktail and the
best single marker is 0.001%, range 0.000–0.836%). Only in four
cases we found that the marker cocktail had slightly lower

Table 2. Median MFI ratios of CD34+CD38− HSC population as compared with lymphocytes

AML diagnosis BM AML follow-up BM NBM Diagnosis vs f-up Diagnosis vs NBM Follow-up vs NBM

Median (range) n Median (range) n Median (range) n P-value P-value P-value

CLL-1 0.7 (0.1–2.1) 27 4.1 (0.3–14.0) 30 1.6 (0.3–3.0) 10 o0.001 0.02 0.001
TIM-3 0.6 (0.2–4.9) 32 2.2 (0.3–10.8) 28 0.8 (0.6–1.6) 9 o0.001 0.23 0.002
CD7 1.0 (0.4–3.1) 32 2.4 (0.4–5.9) 37 1.7 (0.2–3.6) 10 o0.001 0.05 0.26
CD11b 1.0 (0.2–2.7) 24 3.1 (0.5–5.9) 22 2.5 (0.7–5.4) 9 o0.001 0.001 0.65
CD22 2.0 (0.9–6.6) 12 3.5 (1.4–10.6) 9 5.4 (2.0–11.0) 9 0.13 0.02 0.34
CD33 2.1 (0.6–23.8) 30 5.5 (0.1–910.6) 35 19.4 (1.0–130.5) 21 o0.001 o0.001 0.09
CD56 1.1 (0.3–4.0) 25 4.3 (0.7–26.4) 24 2.5 (1.2–6.8) 9 o0.001 0.004 0.14
CD123 3.9 (0.4–17.7) 30 14.5 (1.3–40.1) 25 5.8 (0.5–86.3) 20 o0.001 0.06 0.006

Abbreviations: AML, acute myeloid leukemia; BM, bone marrow; HSC, hematopoietic stem cells; MFI, median fluorescence intensity; n=number of samples;
NBM, normal bone marrow. P-values were calculated using the Mann–Whitney U-test. MFI ratios were calculated as follows: MFI of marker on CD34+CD38−

divided by MFI of marker on negative control population (lymphocytes).

Table 3. 8-Color LSC detection tube

Tube FITC PE PerCP-CY5.5 Pe-Cy7 APC APC-H7 BV421 HV500c

1 CD45RA

CLL-1

CD123 CD33 CD38 CD44 CD34 CD45

TIM-3
CD7
CD11b
CD22
CD56
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expression than the highest individual marker (median difference
in LSC% obtained with the best single marker and the marker
cocktail is 0.459%, range 0.000–3.538%). An example of the
efficacy of LSC detection using our single tube is shown in
Figure 5. Supplementary Figures S3 and S4 illustrates the efficacy
of the marker cocktail in case of a stable or, on the other hand,
instable immunophenotype during disease progression. CD45RA
was included in the LSC tube, not only to objectify possible clonal
differences within the LSC fraction but also as it is an important
marker for LSC detection in the majority of AML patients.
Expression of CD45RA was studied in the same 22 samples used
for the comparison of single markers with the cocktail (Figure 4a).
LSC results obtained with the marker cocktail and CD45RA were in
general comparable, however, the marker cocktail being slightly
better than CD45RA (Figure 4b, Median difference between
marker cocktail and CD45RA: 0.002%, range 0.000–1.996%). In
the seven samples where CD45RA had higher LSC% the median
difference between CD45RA and the marker cocktail was 0.010%,
range 0.000–0.797%.

DISCUSSION
In this study we developed a broadly applicable one-tube
approach to identify specific immunophenotypic CD34+CD38−

LSC. Previous reports have demonstrated the prognostic impor-
tance of CD34+CD38− LSC frequency both at time of diagnosis and

after treatment.9,41 Moreover, they further refine current
MRD-based risk classification, hence improving the prediction of
an emerging relapse.9 We speculate that the CD34+CD38− LSC
frequency will be incorporated in future risk classification in
multicenter trials and in monitoring allogeneic transplantation.17

Consequently, a CD34+CD38− LSC detection approach that is
broadly applicable is very desirable. For reliable LSC detection
marker expression should not only be stable on HSCs (Table 2,
Supplementary Table S1, Supplementary Figure S2), but also on
LSCs. However, losses and gains of individual antigens during
disease have been frequently observed.36 For CLL-1 and
the lineage markers it has been shown, in small patient groups
(n= 2–9), that expression on CD34+CD38− was relatively stable
between diagnosis and relapse.22,23 Using a marker cocktail in one
fluorescence channel, as included in the LSC detection tube, any
immunophenotypic shift between the markers in that channel
does not affect accurate LSC measurement (Supplementary
Figures S3 and S4). This LSC tube thus also anticipates on new
LSC populations that can emerge during treatment and/or
disease.33 Importantly, by using this marker cocktail we were able
to achieve similar or even better results as compared with the
conventional seven tube antibody panel (Figure 4a). Moreover,
our LSC detection tube enables to include additional newly
discovered LSC markers of interest, provided that these should not
be upregulated on HSCs. Although not shown in this paper, the
specificity of CD34+CD38− LSC detection can be further improved
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Figure 3. Specificity of marker cocktail in the LSC detection tube. This figure shows the absence of expression of the marker cocktail on CD34+

CD38− cells in NBM (a) and a CD34-negative AML ((b) in this type of AML only CD34+CD38− HSCs are present). In c expression of the marker
cocktail is shown in a CD34-positive AML in which both HSCs (marker cocktail negative) and LSCs (marker cocktail positive, 0.0586%) are present.
Percentages represent the amount of marker-positive CD34+CD38− cells as compared with the total amount of white blood cells (WBCs).

Figure 4. Performance of marker cocktail: comparison with best single marker and with CD45RA expression. Comparison of LSC results
(LSC percentage calculated as percentage of the total amount of white blood cell (WBC), log transformed) in 22 AML diagnosis samples with
CD34+CD38− LSC present. Results are obtained with the best individual marker of the conventional panel (x-axis, a) and obtained with the
marker cocktail (y-axis, a). The dashed gray line represents the y= x line. (b) shows a comparison of LSC results obtained with the marker
cocktail and CD45RA, a potential stem cell marker. Samples are ordered according to increasing percentages obtained with the cocktail.
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by using secondary gating strategies based on differences in CD34
and/or CD45 expression and differences in light scatter
properties.9 Importantly, in this paper we define HSCs both on
the absence of aberrant marker expression and specific light
scatter characteristics (FSClow/SSClow). We have demonstrated that
injection of such defined HSCs indeed gave multilineage
engraftment in mice.9 It has however to be emphasized that
recent studies37,42,43 have shown that these HSCs can harbor
leukemia-specific mutations such as IDH1 and IDH2,42 TET243 and
DNMT3a.37,42 The establishment of the role of these so-called
pre-leukemic HSCs in leukemogenesis and relapse development
needs further investigation.38 Furthermore, it must be taken into
account that leukemia-initiating capacity is not only present in
CD34+CD38−, but also in CD34+CD38+ and CD34− immunophe-
notypic compartments.8,12 However, the CD34+CD38− population
in a CD34-positive AML has the highest engraftment potential in
mice13,14,41 and is most therapy resistant in vitro and in vivo.13,16 In
addition, in diagnosis AML there was a very strong prognostic

value for CD34+CD38− LSCs, but no impact whatsoever for CD34+

CD38+ and CD34− cells.9 Importantly, final analyses of a large
clinical study are currently ongoing, wherein the prognostic value
of the CD34+CD38− LSC frequency, as determined using the here
described method, should be confirmed. In the absence of CD34+

CD38− LSCs, it is however plausible that the CD34+CD38+ and/or
CD34− cells cause the leukemic engraftment. In CD34-negative
patients (~20%) the leukemia-initiating cells are present in the
CD34-negative compartment.27,31,44 As this compartment makes
up the vast majority of the blast cells, the putative stem cells here
may be hidden in a sub-compartment that may be identified by
functional assays like the side population.30,45 Interestingly, the
LSC detection tube also enables identification of CD34-negative
patients, who experience fewer relapses and have a longer
survival as compared with CD34-positive patients.31 Overall, our
results clearly demonstrate that the use of both a cocktail of
markers in one fluorescence channel and of single markers with
specific properties in the other fluorescence channels is feasible
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Figure 5. Efficacy of LSC detection tube in diagnosis AML (#2128). After labeling of the cells with antibodies, CD34+ blasts were identified as
shown in Supplementary Figure S1I (A–D) and subsequently CD34+CD38− cells were gated within this fraction (CD34+CD38− blasts shown in
dark gray). Figure I (a–f ) shows the expression of the six individual markers (CLL-1/CLEC12A, TIM-3, CD7, CD11b, CD22 and CD56) on CD34+

CD38− cells. The percentage of identified LSCs is shown for each of these individual markers. In this particular patient, TIM-3 (0.0282% LSCs)
and especially CD56 (0.0257% LSCs) are most useful markers for LSC detection. Figure II shows the result of the marker cocktail in the LSC
tube, whereby CLL-1, TIM-3, CD7, CD11b, CD22 and CD56 are combined in the PE-fluorescence channel. Although individual expression
patterns are no longer visible, the result of the marker cocktail in the LSC tube (Figure 5II) is as good as the best individual marker (here CD56
in Figure If ). Note that expression percentages of the best individual markers (TIM-3 and CD56) and the cocktail are very similar: 0.0282, 0.0257
and 0.0292%, respectively. Percentage of LSCs identified by the rest of the markers in the LSC detection tube (markers not shown) were less
accurate in this sample as compared with the marker cocktail (CD45RA 0.0123%, CD33 0.0043%, CD123 0.0008% and CD44 0.0000%).
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for accurate LSC detection, which is broadly applicable in a
multi-institutional setting. For specific purposes, the panel can be
extended with additional antibodies in the PE-channel. The LSC
detection tube is lower in costs and requires less BM material as
compared with a multiple-tubes approach. In addition, this tube
allows to detect not only residual cells that have the immuno-
phenotype established at diagnosis, but also LSCs with emerging
immunophenotypes.
Recently, a lyophilized version of the here described LSC tube

was manufactured and validation experiments are currently
ongoing for an improved standardized LSC detection procedure
in the near future.

CONFLICT OF INTEREST
Financial support for part of this research was received by BD Biosciences.

ACKNOWLEDGEMENTS
We thank all participating study centers for including their patients in the HOVON
trials.

REFERENCES
1 Pabst T, Vellenga E, van Putten W, Schouten HC, Graux C, Vekemans M-C et al.

Favorable effect of priming with granulocyte colony-stimulating factor in
remission induction of acute myeloid leukemia restricted to dose escalation of
cytarabine. Blood 2012; 119: 5367–5373.

2 Terwijn M, van Putten WLJ, Kelder A, van der Velden VHJ, Brooimans RA, Pabst T
et al. High prognostic impact of flow cytometric minimal residual disease
detection in acute myeloid leukemia: data from the HOVON/SAKK AML 42
A study. J Clin Oncol 2013; 31: 3889–3897.

3 Feller N, van der Pol MA, van Stijn A, Weijers GWD, Westra AH, Evertse BW et al.
MRD parameters using immunophenotypic detection methods are highly reliable
in predicting survival in acute myeloid leukaemia. Leukemia 2004; 18: 1380–1390.

4 Kern W, Voskova D, Schoch C, Hiddemann W, Schnittger S, Haferlach T.
Determination of relapse risk based on assessment of minimal residual disease
during complete remission by multiparameter flow cytometry in unselected
patients with acute myeloid leukemia. Blood 2004; 104: 3078–3085.

5 Venditti A, Buccisano F, Del Poeta G, Maurillo L, Tamburini A, Cox C et al. Level of
minimal residual disease after consolidation therapy predicts outcome in acute
myeloid leukemia. Blood 2000; 96: 3948–3952, Presented in part at the 41st
Annual Meeting of the American Society of Hematology, 3–7 December 1999,
New Orleans, LA, USA.

6 San Miguel JF, Vidriales MB, López-Berges C, Díaz-Mediavilla J, Gutiérrez N, Cañizo
C et al. Early immunophenotypical evaluation of minimal residual disease in acute
myeloid leukemia identifies different patient risk groups and may contribute to
postinduction treatment stratification. Blood 2001; 98: 1746–1751.

7 Freeman SD, Virgo P, Couzens S, Grimwade D, Russell N, Hills RK et al. Prognostic
relevance of treatment response measured by flow cytometric residual disease
detection in older patients with acute myeloid leukemia. J Clin Oncol 2013; 31:
4123–4131.

8 Taussig DC, Vargaftig J, Miraki-Moud F, Griessinger E, Sharrock K, Luke T et al.
Leukemia-initiating cells from some acute myeloid leukemia patients with
mutated nucleophosmin reside in the CD34(− ) fraction. Blood 2010; 115:
1976–1984.

9 Terwijn M, Zeijlemaker W, Kelder A, Rutten AP, Snel AN, Scholten WJ et al.
Leukemic stem cell frequency: a strong biomarker for clinical outcome in acute
myeloid leukemia. PLoS One 2014; 9: e107587.

10 Goardon N, Marchi E, Atzberger A, Quek L, Schuh A, Soneji S et al. Coexistence of
LMPP-like and GMP-like leukemia stem cells in acute myeloid leukemia. Cancer
Cell 2011; 19: 138–152.

11 Martelli MP, Pettirossi V, Thiede C, Bonifacio E, Mezzasoma F, Cecchini D et al.
CD34+ cells from AML with mutated NPM1 harbor cytoplasmic mutated
nucleophosmin and generate leukemia in immunocompromised mice. Blood
2010; 116: 3907–3922.

12 Sarry J-E, Murphy K, Perry R, Sanchez PV, Secreto A, Keefer C et al. Human acute
myelogenous leukemia stem cells are rare and heterogeneous when assayed in
NOD/SCID/IL2Rγc-deficient mice. J Clin Invest 2011; 121: 384–395.

13 Ishikawa F, Yoshida S, Saito Y, Hijikata A, Kitamura H, Tanaka S et al.
Chemotherapy-resistant human AML stem cells home to and engraft within the
bone-marrow endosteal region. Nat Biotechnol 2007; 25: 1315–1321.

14 Bonnet D, Dick JE. Human acute myeloid leukemia is organized as a hierarchy that
originates from a primitive hematopoietic cell. Nat Med 1997; 3: 730–737.

15 Guzman ML. Nuclear factor-kappaB is constitutively activated in primitive human
acute myelogenous leukemia cells. Blood 2001; 98: 2301–2307.

16 Costello RT, Mallet F, Gaugler B, Sainty D, Arnoulet C, Gastaut JA et al. Human
acute myeloid leukemia CD34+/CD38− progenitor cells have decreased sensi-
tivity to chemotherapy and Fas-induced apoptosis, reduced immunogenicity, and
impaired dendritic cell transformation capacities. Cancer Res 2000; 60: 4403–4411.

17 Bradbury C, Houlton AE, Akiki S, Gregg R, Rindl M, Khan J et al. Prognostic value of
monitoring a candidate immunophenotypic leukaemic stem/progenitor cell
population in patients allografted for acute myeloid leukaemia. Leukemia 2014; 9:
1–4.

18 Eppert K, Takenaka K, Lechman ER, Waldron L, Nilsson B, van Galen P et al. Stem
cell gene expression programs influence clinical outcome in human leukemia. Nat
Med 2011; 17: 1086–1093.

19 Horton SJ, Huntly BJP. Recent advances in acute myeloid leukemia stem cell
biology. Haematologica 2012; 97: 966–974.

20 Taussig DC, Pearce DJ, Simpson C, Rohatiner AZ, Lister TA, Kelly G et al. Hema-
topoietic stem cells express multiple myeloid markers: implications for the origin
and targeted therapy of acute myeloid leukemia. Blood 2005; 106: 4086–4092.

21 Jordan CT, Upchurch D, Szilvassy SJ, Guzman ML, Howard DS, Pettigrew AL et al.
The interleukin-3 receptor alpha chain is a unique marker for human acute
myelogenous leukemia stem cells. Leukemia 2000; 14: 1777–1784.

22 Van Rhenen A, van Dongen GAMS, Rombouts EJ, Feller N, Moshaver B, Walsum MS
et al. The novel AML stem cell—associated antigen CLL-1 aids in discrimination
between normal and leukemic stem cells. Blood 2007; 110: 2659–2666.

23 Van Rhenen A, Moshaver B, Kelder A, Feller N, Nieuwint AW, Zweegman S et al.
Aberrant marker expression patterns on the CD34+CD38 − stem cell compart-
ment in acute myeloid leukemia allows to distinguish the malignant from the
normal stem cell compartment both at diagnosis and in remission. Leukemia
2007; 21: 1700–1707.

24 Hosen N, Park CY, Tatsumi N, Oji Y, Sugiyama H, Gramatzki M et al. CD96 is a
leukemic stem cell-specific marker in human acute myeloid leukemia. Proc Natl
Acad Sci USA 2007; 104: 11008–11013.

25 Jan M, Chao MP, Cha AC, Alizadeh AA, Gentles AJ, Weissman IL et al. Prospective
separation of normal and leukemic stem cells based on differential expression of
TIM3, a human acute myeloid leukemia stem cell marker. Proc Natl Acad Sci USA
2011; 108: 5009–5014.

26 Jin L, Hope KJ, Zhai Q, Smadja-Joffe F, Dick JE. Targeting of CD44 eradicates
human acute myeloid leukemic stem cells. Nat Med 2006; 12: 1167–1174.

27 Schuurhuis GJ, Meel MH, Wouters F, Min LA, Terwijn M, de Jonge NA et al. Normal
hematopoietic stem cells within the AML bone marrow have a distinct and higher
ALDH activity level than co-existing leukemic stem cells. PLoS One 2013; 8: e78897.

28 Gerber JM, Smith BD, Ngwang B, Zhang H, Vala MS, Morsberger L et al. A clinically
relevant population of leukemic CD34+CD38- cells in acute myeloid leukemia.
Blood 2012; 119: 3571–3578.

29 De Leeuw DC, Denkers F, Olthof MC, Rutten AP, Pouwels W, Schuurhuis GJ et al.
Attenuation of microRNA-126 expression that drives CD34+38− stem/progenitor cells
in acute myeloid leukemia leads to tumor eradication. Cancer Res 2014; 74: 2094–2105.

30 Moshaver B, van Rhenen A, Kelder A, van der Pol M, Terwijn M, Bachas C et al.
Identification of a small subpopulation of candidate leukemia-initiating cells in
the side population of patients with acute myeloid leukemia. Stem Cells 2008; 26:
3059–3067.

31 Zeijlemaker W, Kelder A, Wouters R, Valk PJM, Witte BI, Cloos J et al. Absence of
leukaemic CD34(+) cells in acute myeloid leukaemia is of high prognostic value: a
longstanding controversy deciphered. Br J Haematol 2015; e-pub ahead of print
24 June 2015; doi:10.1111/bjh.13572.

32 Majeti R, Chao MP, Alizadeh AA, Pang WW, Gibbs KD Jr, Van Rooijen N et al. CD47
is an adverse prognostic factor and therapeutic antibody target on human acute
myeloid leukemia stem cells. Cell 2009; 138: 286–299.

33 Bachas C, Schuurhuis GJ, Assaraf YG, Kwidama ZJ, Kelder A, Wouters F et al. The
role of minor subpopulations within the leukemic blast compartment of AML
patients at initial diagnosis in the development of relapse. Leukemia 2012; 26:
1313–1320.

34 Ding L, Ley TJ, Larson DE, Miller CA, Koboldt DC, Welch JS et al. Clonal evolution in
relapsed acute myeloid leukemia revealed by whole genome sequencing. Nature
2012; 481: 506–510.

35 Welch JS, Ley TJ, Link DC, Miller CA, Larson DE, Koboldt DC et al. The origin and
evolution of mutations in acute myeloid leukemia. Cell 2012; 150: 264–278.

36 Zeijlemaker W, Gratama JW, Schuurhuis GJ. Tumor heterogeneity makes AML a
“moving target” for detection of residual disease. Cytometry B Clin Cytom 2014; 86:
3–14.

37 Shlush LI, Zandi S, Mitchell A, Chen WC, Brandwein JM, Gupta V et al. Identifi-
cation of pre-leukaemic haematopoietic stem cells in acute leukaemia. Nature
2014; 506: 328–333.

Leukemia stem cell tool in acute myeloid leukemia
W Zeijlemaker et al

7

© 2015 Macmillan Publishers Limited Leukemia (2015) 1 – 8

http://dx.doi.org/10.1111/bjh.13572


38 Corces-Zimmerman MR, Majeti R. Pre-leukemic evolution of hematopoietic stem
cells: the importance of early mutations in leukemogenesis. Leukemia 2014; 28:
2276–2282.

39 Valent P, Bonnet D, De Maria R, Lapidot T, Copland M, Melo JV et al. Cancer stem
cell definitions and terminology: the devil is in the details. Nat Rev Cancer 2012;
12: 767–775.

40 Pandolfi A, Barreyro L, Steidl U. Concise review: preleukemic stem cells: molecular
biology and clinical implications of the precursors to leukemia stem cells. Stem
Cells Transl Med 2013; 2: 143–150.

41 Van Rhenen A, Feller N, Kelder A, Westra AH, Rombouts E, Zweegman S et al.
High stem cell frequency in acute myeloid leukemia at diagnosis predicts
high minimal residual disease and poor survival. Clin Cancer Res 2005; 11:
6520–6527.

42 Corces-Zimmerman MR, Hong W-J, Weissman IL, Medeiros BC, Majeti R. Pre-
leukemic mutations in human acute myeloid leukemia affect epigenetic reg-
ulators and persist in remission. Proc Natl Acad Sci USA 2014; 111: 2548–2553.

43 Jan M, Snyder TM, Corces-Zimmerman MR, Vyas P, Weissman IL, Quake SR et al.
Clonal evolution of pre-leukemic hematopoietic stem cells precedes human acute
myeloid leukemia. Sci Transl Med 2012; 4: 149ra118.

44 Van der Pol MA, Feller N, Roseboom M, Moshaver B, Westra G, Broxterman HJ
et al. Assessment of the normal or leukemic nature of CD34+ cells in acute
myeloid leukemia with low percentages of CD34 cells. Haematologica 2003; 88:
983–993.

45 Wulf GG, Wang R, Kuehnle I, Weidner D, Marini F, Brenner MK et al. A leukemic
stem cell with intrinsic drug efflux capacity in acute myeloid leukemia. Blood
2001; 98: 1166–1174.

Supplementary Information accompanies this paper on the Leukemia website (http://www.nature.com/leu)

Leukemia stem cell tool in acute myeloid leukemia
W Zeijlemaker et al

8

Leukemia (2015) 1 – 8 © 2015 Macmillan Publishers Limited


	A simple one-tube assay for immunophenotypical quantification of leukemic stem cells in acute myeloid leukemia
	Introduction
	Patients and methods
	Patients
	Immunophenotyping
	Gating strategy and marker selection
	Statistics

	Results
	Prevalence of aberrant cell surface markers on CD34+CD38&#x02212; cells at diagnosis

	Table 1 8-Color antibody panel
	CD33 and CD123 perform best in detection of leukemic and normal CD34+CD38&#x02212; cells
	Essential markers for identifying CD34+CD38&#x02212; LSCs
	CD33 and CD123 are expressed on CD34+CD38&#x02212; HSCs in follow-up BM

	Figure 1 Scoring system criteria to evaluate marker performance.
	Figure 2 Performance of different cell surface markers for LSC detection.
	Composition and validation of CD34+CD38&#x02212; LSC detection tool

	Table 2 Median MFI ratios of CD34+CD38&#x02212; HSC population as compared with lymphocytes
	Table 3 8-Color LSC detection tube
	Discussion
	Figure 3 Specificity of marker cocktail in the LSC detection tube.
	Figure 4 Performance of marker cocktail: comparison with best single marker and with CD45RA expression.
	Figure 5 Efficacy of LSC detection tube in diagnosis AML (#2128).
	We thank all participating study centers for including their patients in the HOVON trials.Supplementary Information accompanies this paper on the Leukemia website (http://www.nature.com/leu)Pabst T, Vellenga E, van Putten W, Schouten HC, Graux C, Vekemans
	We thank all participating study centers for including their patients in the HOVON trials.Supplementary Information accompanies this paper on the Leukemia website (http://www.nature.com/leu)Pabst T, Vellenga E, van Putten W, Schouten HC, Graux C, Vekemans
	ACKNOWLEDGEMENTS
	REFERENCES



 
    
       
          application/pdf
          
             
                A simple one-tube assay for immunophenotypical quantification of leukemic stem cells in acute myeloid leukemia
            
         
          
             
                Leukemia ,  (2015). doi:10.1038/leu.2015.252
            
         
          
             
                W Zeijlemaker
                A Kelder
                Y J M Oussoren-Brockhoff
                W J Scholten
                A N Snel
                D Veldhuizen
                J Cloos
                G J Ossenkoppele
                G J Schuurhuis
            
         
          doi:10.1038/leu.2015.252
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/leu.2015.252
          1476-5551
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/leu.2015.252
            
         
      
       
          
          
          
             
                doi:10.1038/leu.2015.252
            
         
          
             
                leu ,  (2015). doi:10.1038/leu.2015.252
            
         
          
          
      
       
       
          True
      
   




