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ABSTRACT

Leukemic stem cells (LSCs) are considered to be an important source of resistance to ty-
rosine kinase inhibitor therapy in CML. We addressed their predictive value for response 
to nilotinib therapy both at diagnosis and after 3 months of therapy. The LSC burden was 
assessed by multiparameter flow cytometry (MPFC; n=44) and sorting of CD34+CD38- cells 
plus FISH (n=39). By MPFC, residual normal stem cells were detected in 41% of patients at 
diagnosis, while the mean percentage of Ph+ stem cells by FISH was 85%. LSC burden at 
diagnosis correlated with blood and bone marrow blast count, hemoglobin, spleen size, 
Sokal score, molecular response at 3 (MPFC and FISH), 6 (MPFC), 9 (FISH) and 15 months 
(FISH) (p < 0.05) and occurrence of hematological toxicity. During nilotinib therapy, the 
proportion of LSCs rapidly decreased as measured by both methods. At 3 months, residual 
LSCs were only detected in 12% of patients by MPFC analysis, while 67% of patients had 
Ph+ stem cells left when analyzed by FISH (mean percentage of LSCs 9%). In conclusion, 
the composition of the hematopoietic stem cell compartment as analyzed by two inde-
pendent methodologies reflects clinical parameters and correlates with outcome in first-
line nilotinib treated CML patients. 
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INTRODUCTION

The introduction of the tyrosine kinase inhibitor (TKI) imatinib and, more recently, of the 
second generation TKIs nilotinib and dasatinib marked a revolution in the treatment of 
chronic myeloid leukemia (CML) patients. Most patients attain excellent cytogenetic and 
molecular responses to these drugs and remain free of progression to accelerated phase 
and blast crisis.1-3 However, in the majority of patients the cure of the disease will prob-
ably not be achieved by TKIs alone due to the persistence of leukemic stem cells (LSCs). 
According to in-vitro studies LSCs are inherently insensitive to currently available TKIs.4-10 
Patients with high Sokal or Euro scores, based on hematological parameters, spleen size 
and age, and those with slow reduction of BCR-ABL1 transcripts in response to starting 
treatment are at increased risk of treatment failure.11-13 Moreover, our study groups have 
previously demonstrated that the composition of the CD34+CD38- stem cell compartment 
at diagnosis, as assessed by multiparameter flowcytometry (MPFC) or stem and progeni-
tor cell sorting followed by fluorescence in-situ hybridization (FISH), not only predicts later 
response, but also hematological toxicity during TKI treatment.14,15 Reliable and early re-
sponse prediction is of great value as it enables personalized tailoring of therapy before 
progression to advanced phases in patients who are deemed to respond poorly. In the 
current study, we set out to assess whether analysis of the stem cell compartment at diag-
nosis and stem cell dynamics early after treatment initiation, such as the LSC reduction or, 
conversely, LSC persistence, has additional value in predicting outcome in nilotinib-treated 
chronic phase CML (CP-CML) patients. This translational project was performed as a sub-
study to the ENEST1st clinical study in which newly diagnosed CML-CP were treated with 
nilotinib 300 mg BID. The project is a collaborative effort of the Nordic CML Study Group, 
the Central European Leukemia Study Group (CELSG) and selected Dutch HOVON centers.

PATIENTS AND MATERIALS

Patients

Patients were eligible for the stem cell study when they were treated in the multicenter 
and multinational phase IIIb clinical trial Evaluating Nilotinib Efficacy and Safety as First-
Line Treatment (ENEST1st study). Patients could be included in this study when they had 
newly diagnosed chronic phase CML, were 18 years of age or older and had WHO perfor-
mance status ≤ 2. Treatment consisted of nilotinib 300 mg BID. An adequate bone mar-
row (BM) aspirate and/or peripheral blood (PB) sample was required at diagnosis, after 1 
month and after 3 months of therapy.
The study was performed in accordance with the declaration of Helsinki. All patients pro-
vided written informed consent. The study was approved by the local institutional re-
view boards of all participating centers and is registered at ClinicalTrials.gov (identifier 
NCT01061177).
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Materials

For this study, MPFC and sorting plus FISH were performed in parallel and independently 
in selected and qualified core laboratories (MPFC: Stem Cell Laboratory of the VU Univer-
sity Medical Center, Amsterdam, the Netherlands; sorting plus FISH: Helsinki University 
Central Hospital, Helsinki, Finland, Department of Clinical Genetics, Lund University, Lund, 
Sweden and Karolinska Institutet, Stockholm, Sweden). 
The assessment of the CD34+CD38- compartment was performed by MPFC and sorting 
plus FISH at diagnosis, by MPFC after 1 month of treatment and by both MPFC and sorting 
plus FISH after 3 months of treatment. 
Mononuclear cells were isolated from BM and/or PB by density gradient centrifugation 
using Ficoll-paque (1.077 g/ml; Amersham Biosciences, Freiburg, Germany), followed by 
a red cell lysis step with lysis buffer (155 mM NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA, pH 
7.4) for 10 min at 4 ºC.

Multiparameter flow cytometry 

MPFC was used as previously described for separation of normal and leukemic stem cells.14 
Briefly, freshly isolated mononuclear cells were incubated with monoclonal antibodies 
for 15 min at room temperature, washed once in PBS containing 0.1% human serum al-
bumin (HSA) and analyzed by flow cytometry. The fluorescent-labeled antibodies used 
were anti-CD34 phycoerythrin-Cy7 (PE-Cy7), anti-CD45 fluorescein isothiocyanate (FITC), 
anti-CD38 allophycocyanin (APC), anti-CD7-phycoerythrin (PE), anti-CD11b-PE, anti-CD56-
PE, anti-CD90-PE and Via-Probe (7-amino-actinomycin D, 7AAD) (all from BDBiosciences, 
Erembodegem, Belgium). IgG1-PE was used as a control for PE labeled anti-CD7, -CD56 
and -CD90, IgG2a-PE was used for PE-labeled anti-CD11b. PBS was used as a control for 
anti-CD34-PE-Cy7, CD38-APC and -CD45-FITC. 7-AAD was included to gate out apoptotic/
dead cells before stem cell assessment. Data were acquired using a 3-laser FACSCanto or 
FACSFortessa flow cytometer (BD Biosciences, Erembodegem, Belgium) and analyzed us-
ing FACSDiva software (BD Biosciences). 

Flow cytometry gating strategy

The gating strategy we used in this study was as previously described.14 In short, the low-
est 1% of CD38 expressing cells in the CD34+ compartment was designated as the stem 
cell compartment. In a CD34CD45 plot, these cells can display two different patterns. In 
the first, there are two separate populations visible, designated as CD34+CD45high with 
relatively high forward and side scatter light properties (FSC and SSC respectively) and 
CD34+CD45low with lower FSC/SSC properties, respectively. As we previously showed, the 
latter consists of Ph negative cells, always negative for aberrant markers like CD7, CD11b 
or CD56 and low in CD90 expression, while the cells in the former population are almost 
all Philadelphia-positive (Ph+) and may display CD7, CD11b or CD56 positivity and high 
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CD90 expression. The second pattern involves patients with only one single CD34+CD45+ 
population. These cells exhibit relatively high FSC/SSC signals and express one or more 
of the aberrant lineage markers together with high CD90 expression, and were demon-
strated to be Ph+. For reasons of clarity the cells in the Ph+ cell population are referred 
to as LSCs and the Ph-negative cells as nHSCs, although nu functional assessment was 
performed.
For a reliable distinction between malignant and benign stem cells, at least 10 clustered 
cells per population were required. To be able to achieve this we aimed to analyze at least 
1 million mononuclear cells (MNCs).

Sorting plus FISH 

The protocol for sorting plus FISH has been described previously.15 In short, the mononu-
clear cell fraction was separated by Ficoll centrifugation (GE Healthcare Bio-Sciences AB, 
Uppsala, Sweden). Next, CD34+ cells were enriched with paramagnetic beads (Miltenyi 
Biotech, BergischGladbach, Germany), stained with CD34 and CD38 antibodies (BD 
Biosciences, San Jose, CA, USA) after which the primitive cell fractions were sorted by a 
flow cytometer (FACSAria, BD Biosciences) into two populations; the first representing 
5% with the lowest expression of CD38 (CD34+CD38−) and the second representing 80% 
with highest expression of CD38 (CD34+CD38+). Like the definition used for MPFC, Ph+ 
CD34+CD38- cells are further designated as LSCs and Ph+ CD34+CD38+ cells as leukemic 
progenitor cells (LPCs).
After sorting, cytospin slides were made from both primitive cell fractions and additionally 
from unseparated whole BM samples from which red cells were lysed with FACS lysing 
buffer (BD Biosciences). The proportion of Ph+ cells was determined by FISH using dual 
fusion dual color BCR-ABL1 probes (Vysis, Abbot, Downers Crove, IL, USA). 
By sorting plus FISH 1.000 cells were analyzed in each fraction, in contrast to conventional 
FISH which most often uses only 200 unselected cells. Therefore, the sensitivity increases 
considerably up to a detection limit of one Ph+ stem cell out of 100.000 to 1.000.000 
mononuclear cells. Although in this study, neither for FISH nor for MPFC functional stem 
cell assays were performed, in the following, for simplicity, we refer to these populations 
as stem- and progenitor cells, respectively.
Before the trial start, quality control rounds were performed in the different stem cell 
laboratories to assess inter-laboratory consistency. The same FISH sample slides were cir-
culated among the laboratories and FISH slides were quantitatively evaluated. In addition, 
at two different time points, a BM aspirate sample was taken from a newly diagnosed 
CML patient and an aliquot of the sample was sent to each participating stem laboratory 
to assess reproducibility for the sorting and FISH procedure. The results were compared 
between various centers and a > 90% concordance was achieved among the different 
laboratories.
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STATISTICAL ANALYSIS

The primary objective of this study addressed the question whether the composition of 
the CD34+CD38- compartment at diagnosis and during follow up, determined by either 
MPFC or sorting and FISH, has a predictive value for reaching MR4 at 18 months. 
For analysis of MPFC results, samples were divided in two classes: either nHSCs detectable 
(in any quantity) or only LSCs detectable at diagnosis. Conversely, at follow up, a binomi-
nal distinction was made between samples with only nHSCs and samples with detectable 
residual LSCs. Differences between those groups regarding a set of parameters were in-
vestigated using the Exact Wilcoxon Mann-Whitney Rank Sum test.
For sorting plus FISH analysis, outcome was given on a continuous scale, i.e. the percent-
age of LSCs of all stem cells. Correlation coefficients were calculated using Kendall’s tau-b 
statistic. Sokal and Euro-scores were calculated according to Sokal et al. and Hasford et 
al.12,13 Molecular response was centrally analyzed in the EUTOS reference laboratory. Ma-
jor molecular response (MR3) was defined as a BCR–ABL1 transcript level of ≤ 0.1%, MR4 
as a measurable BCR-ABL1 transcript level of ≤ 0.01% or an undetectable transcript level 
with at least 10.000 ABL1 copies and MR4.5 as a measurable BCR-ABL1 transcript level of 
≤ 0.0032% or an undetectable transcript level with at least 32.000 ABL1 copies, all ac-
cording to the international scale. For calculation of mean BCR-ABL1 levels, undetectable 
transcript levels with at least 10.000 ABL1 copies were counted as zero.
Statistical analyses were performed with the R software under consideration of a) Fisher’s 
exact test for pairs of categorical variables, b) Exact Wilcoxon-Mann-Whitney Rank Sum 
test for dichotomous independent/continuous dependent variables, and c) Kendall’s rank 
correlation tau-b test for pairs of continuous random variables. A logistic regression model 
was used for predicting response for percentage of Ph+ stem cells by FISH. For all analy-
ses, p-values <0.05 were considered to indicate a statistically significant difference. For 
all analyses, p-values <0.05 were considered to indicate statistical significance outcome.

RESULTS

The demographic and clinical parameters of all patients are shown in Table 1. MPFC of the 
CD34+CD38- cell compartment (BM or PB) was available for 48 patients at diagnosis. Four 
patient samples were not evaluable due to either insufficient cell numbers in the stem 
cell compartment or indistinct flow patterns. Of the remaining 44 patients, residual nHSCs 
were detectable in 18 patients (41%), in either BM and/or PB. In 5 of these patients, the 
CD34+CD38- compartment consisted only of nHSCs, thus without the presence of LSCs. 
In 3 of these, FISH was performed as well, and all had low LSC burden (1.2%, 14.4% and 
29.5%). In the samples of the other 26 patients (59%) nHSCs could not be identified. In 
28 out of 30 patients who had both BM and PB samples evaluable, the stem cell patterns 
(either residual nHSCS or no residual nHSCS) were identical between both compartments. 
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Only two patients had inconsistent patterns in BM and PB: in one patient residual nHSCs 
were detected in PB, while BM revealed only LSCs, whereas in the second patient the op-
posite was observed.
To assess whether the total LSC burden as measured by MPFC differed between patients 
with or without residual nHSCs, we measured the percentage of LSCs from the total MNCs 
(the number of designated LSCs divided by the total number of MNCs): LSC burden was 
higher in patients without residual nHSCs compared to those with residual nHSCs (mean 
0.018% vs 0.003% respectively; median 0.011% vs 0.001% respectively, range 0.0007-
0.11% and 0.0002-0.02%, p < 0.001).
For sorting plus FISH, 46 diagnostic patient samples were available, of which 39 were as-
sessable (Table 1). The average percentage of Ph+ stem cells within the CD34+CD38- popu-
lation in the diagnostic samples was lower than in the progenitor and total BM fraction 
(85% vs 96% vs 96%, respectively, p = 0.023 and p = 0.12) (Figure 1A). Figure 1B presents 
the concordance between the two methods. The Kendall’s tau-b rank correlation coeffi-
cient between the two techniques based on the percentages of LSCs as detected by MPFC 
versus the percentage of LSCs by sorting plus FISH was 0.297 (p = 0.027). 

Table 1. Demographic and clinical data at diagnosis.

All MPFC sorting + FISH

n 50 48 40*

Sex (M:F) 33:17 31:17 25:15

Age (yr) 59 (20-82) 58 (20-75) 58 (27-82)

WBC (109/l) 61 (3.7-307) 62 (3.7-307) 76 (9.7-307)

Platelet count (109/l) 377 (98-1485) 388 (98-1485) 402 (98-1485)

Spleen size (cm) 0 (0-30) 0 (0-30) 0 (0-30)

Sokal score 0.9 (0,46-2,28) 0.9 (0.46-2.28) 0.9 (0.66-2.28)

Euro score 857 (83-1775) 857 (83-1775) 857 (83-1775)

For MPFC, 48 patients were assessable, either at diagnosis (n = 44), at 1 (n = 34) and/or at 3 months 
(n = 34). *For sorting plus FISH, 40 patients were assessable; either at diagnosis (n = 39) and/or at 3 
months (n = 15). Of one patient only a 3-month sample was available. 
Data for white blood counts (WBC), platelet counts, spleen sizes, Sokal and Euro scores are shown as 
medians with ranges in parentheses.
Abbreviations: n, number; M, male; F, female; yr, years
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LSC burden by MPFC and sorting plus FISH at diagnosis correlates with clinical and labo-
ratory characteristics

Patients with residual nHSCs by MPFC and patients with low LSC burden by sorting plus 
FISH had lower blood and marrow blast counts (p < 0.001 and p = 0.044 for MPFC; p < 
0.001 and p = 0.003 for sorting plus FISH respectively), smaller spleen size (p < 0.001 for 
MPFC; p = 0.006 for sorting plus FISH), lower platelet counts (p = 0.027 for MPFC; NS for 
sorting plus FISH), lower Sokal scores (p < 0.001 for MPFC; p = 0.035 for sorting plus FISH) 
(Figure 2), lower WBC counts (p = 0.006 for sorting plus FISH; NS for MPFC) and higher 
hemoglobin levels (p = 0.010 for MPFC; p = 0.001 for sorting plus FISH). 

Figure 1. The proportion of Ph+ cells at diagnosis in the stem and progenitor cell compartments 
and whole BM. 
(A) The proportion of Ph+ cells was analyzed by sorting plus FISH in stem (CD34+CD38-), progenitor 
(CD34+CD38+) and whole BM compartments. The mean and median percentages of Ph+ cells were 
85% and 98% in the stem cell fraction, 96% and 99% in the progenitor fraction and 96% and 99% in 
the whole BM, respectively. Black lines represent mean and dashed lines median values.

(B) Concordance between results of MPFC (residual nHSCs; blue, versus no residual nHSCs; red) and 
sorting plus FISH (percentage of Ph+ stem cells) at diagnosis (n = 34). Black lines represent median 
values. Abbreviations: Res nHSCs, residual nHSCs present; no res nHSCs, no residual nHSCs present.
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Figure 2. Correlation between LSC burden and clinical parameters.
At the diagnosis, LSCs were measured by MPFC (A-E) and sorting plus FISH (F-J), and results were 
correlated with biological disease variables. Panels show PB blast percentages (Fig A and F: p < 0.001 
and p < 0.001), BM blast percentages (Fig B and G: p = 0.044 and p = 0.003), spleen sizes (Fig C and 
Fig H: p < 0.001 and p = 0.006), platelet counts (Fig D and Fig I: p = 0.027 and p = 0.33), and Sokal 
scores (Fig E and Fig J: p < 0.001 and p = 0.035). Black lines represent median values. Abbreviations: 
Res nHSCs, residual nHSCs present; no res nHSCs, no residual nHSCs present.
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LSC burden at diagnosis correlates with molecular response during early and late treatment 

Patients with residual nHSCs and thereby lower LSC levels at diagnosis as detected by 
MPFC attained deeper molecular responses at 3 and 6 months after starting nilotinib 
treatment (p = 0.020 and p = 0.024 respectively) (Figure 3A) and attained MR3 earlier 
than patients with only LSCs, although the difference did not reach statistical significance. 
Although all evaluable patients in both MPFC groups achieved a BCR-ABL1 level < 10% at 
3 months, only 50% of patients (10 of 20) without nHSCs at diagnosis reached a BCR-ABL1 
level of ≤ 1% at 3 months, as compared to 100% of the 16 patients with residual nHSCs at 
diagnosis achieving BCR-ABL1 levels below 1%. In addition, all patients of the latter group 
reached a BCR-ABL1 level ≤ 1% at 6 months, whereas only 78% of patients (18 of 23) with 
only LSCs at diagnosis did. Twenty-five percent of patients with only LSCs and 14% of pa-
tients with residual nHSCs at diagnosis did not attain MR3 at 12 months. After 18 months, 
22% of patients with only LSCs and 19% of patients with residual nHSCs did not attain MR3. 
There was no significant difference between the groups in respect of achieving MR4 at 18 
months (primary endpoint), although a slightly higher proportion of patients with residual 
nHSCs at diagnosis accomplished this endpoint (50% versus 39%, p = 0.53).
LSC burden at diagnosis as a predictive factor for later molecular response could also be 
validated with the sorting plus FISH method. Patients with lower LSC burden achieved su-
perior molecular responses at 3 months (p = 0.023), 9 months (p = 0.007) and 15 months 
(p = 0.034) (Figure 3B), and although not significant, a tendency towards a better response 
was seen at 6, 12, 18 and 21 months (p value between 0.05 and 0.08) for patients with 
lower LSC burden. FISH analysis also predicted milestones; all patients not achieving MR3 
at 12 or 18 months had a high LSC burden at diagnosis (> 80% Ph+ cells) (Figure 3B). 
Based on the logistic regression analysis, the proportion of LSCs did not significantly impact 
the likelihood of achieving MR4 at 18 months (p = 0.136). However, the odds for a patient 
with a hypothetical LSC value of zero being in MR4 at 18 months was as high as 26.6, and for 
every one unit increase (+1 %) in the LSC number, the odds decreased by 1.04. Therefore, 
the odds for a patient showing MR4 at 18 months decrease with increasing LSC number.
Although in most studies with large patient cohorts Sokal score predicts response depth, 
this was not observed in our small study population (Supplemental Figure 1). In fact, pa-
tients with intermediate Sokal scores obtained the best responses. As shown in Figure 3 
and in Supplemental Figure 1, in this rather small group of patients, stem cell compart-
ment analysis by MPFC or FISH thus seems to have a better predictive value for response 
than the conventional risk scores. 
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Figure 3. Correlation of LSCs with molecular response. 
BCR-ABL1 transcript levels were measured every 3 months after the start of nilotinib treatment. All 
patients were followed for at least 24 months, but from 3 patients response data were not available.
(A) Mean BCR-ABL1 levels during treatment of patients with (blue line) and without (red line) re-
sidual nHSCs at diagnosis measured by MPFC. Error bars represent standard errors of the mean. 
P-values for the difference between groups for 3 and 6 months response were 0.020 and 0.024, 
respectively. Abbreviations: Res nHSCs, residual nHSCs present; no res nHSCs, no residual nHSCs 
present. 
(B) Correlation between LSC burden at diagnosis measured by sorting plus FISH and molecular re-
sponse at 3 (p = 0.023), 9 (p = 0.007), 12 (p = 0.066) and 18 months (p = 0.082). 
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Hematological adverse events are more frequent in patients with high LSC burden

During the 24 month observation period, hematological adverse events (cytopenias) were 
more frequent in patients without detectable nHSCs at diagnosis (Figure 4A). Interestingly, 
in six out of seven patients who experienced any hematological toxicity (grade 2-4) no 
residual nHSCs could be detected by MPFC at diagnosis. Notably, this observation was 
concordant with the data generated by sorting plus FISH, as all patients experiencing any 
hematological toxicities had a high LSC burden (> 89% Ph+ cells) at diagnosis (Figure 4B). 

LSCs rapidly disappear during nilotinib treatment

In-vitro studies have suggested that TKIs do not effectively target LSCs or that their sur-
vival is BCR-ABL1 independent.4-10 We here show by using two independent methods, 
that TKI treatment in-vivo rapidly reduces LSC burden in the BM. At 1 and 3 months after 
starting the treatment 45 and 43 patient samples, respectively, were available for MPFC. 
From both of these time points samples were evaluable by MPFC in 34 patients. While at 
diagnosis LSCs were detectable by MPFC in 89% of patients (39 of 44), the level dropped 
to 18% (6 of 34 evaluable patients) at 1 month and 12% (4 of 34 evaluable patients) at 3 
months. Notably, in all 4 patients with persisting LSCs at month 3, the stem cell compart-
ment at diagnosis consisted of LSCs only. One of these patients never reached MR3, two 
eventually attained a good response (MR3 at 9 and 12 months, respectively) and in one 
patient the molecular response was unknown.
For sorting plus FISH, at 3 months 15 patient samples were evaluable out of 23 samples 
received. Residual LSCs were detected in the majority of patients (67%), however, the lev-
els were relatively low (mean 10%, median 0.3%), and only three patients (20%) had more 
than 5% Ph+ CD34+CD38- cells (Supplemental Figure 2). Two of three patients with >5% of 
LSCs by FISH had also detectable LSCs by MPFC method and one patient was not evalu-
able. One of these three patients lost MR3 at 18 months, one obtained a good response 
and one patient was lost to follow-up. Similarly in the progenitor and overall bone marrow 
compartments the percentage of Ph+ cells was low at 3 months time-point (Supplemental 
Figure 2).
Due to the rapid LSC elimination kinetics during nilotinib therapy and the small patient 
numbers with persisting LSC at the early time-points after treatment initiation, we were 
not able to properly analyze the association between molecular response and persisting 
LSCs at month 1 and 3. 
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DISCUSSION

LSCs in CML are quiescent, self-renewing cells that derive from nHSCs after acquiring the 
chromosomal translocation (9;22). As a consequence of the translocation, the LSCs are 
characterized by deregulated cell-cycle activity, reduced apoptosis and adhesion, evasion 
of innate immunity, increased self-renewal and longevity.16,17 As LSCs have been suggest-
ed to persist during TKI treatment, they may act as a reservoir for resistant clones and 
eventually be responsible for progression to advanced phases. In this study we were able 
to demonstrate that LSC identification and quantification, by two independent methods 
(MPFC and stem cell sorting plus FISH) reflects the biology of the disease in newly diag-
nosed CML-CP patients and allows the prediction of important response milestones as 
well as hematological toxicities during therapy with the 2nd generation TKI nilotinib.

Figure 4. Correlation of LSCs with the occurrence of hematological toxicity during nilotinib therapy.
Grade 2-4 hematological toxicity during nilotinib therapy was defined according to standard clinical 
trial procedures and patients were divided in 2 groups based on the occurrence of any hematologi-
cal toxicity.
(A) The proportion of patients with hematological toxicity according to stem cell compartment com-
position as measured by MPFC. Abbreviations: Res nHSCs, residual nHSCs present; no res nHSCs, no 
residual nHSCs present; AE, adverse events.
(B) The proportion of LSCs as measured by sorting plus FISH in patients with and without hemato-
logical toxicity. 
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The proportion of LSCs markedly differed between individual CML patients at the diagno-
sis although all patients were in chronic phase. The LSC burden correlated well with PB 
and BM blast percentage, hemoglobin, spleen size and Sokal risk score. This result is in 
agreement with our previous studies done both with the MPFC and sorting plus FISH.14,15 
Interestingly, in the current study we were not able to detect LSCs at diagnosis by MPFC in 
five patients. This could be due to limited sensitivity of the MPFC assay in case LSC num-
bers are low, and indeed, with the sorting plus FISH analysis we were able to determine 
that these patients had the lowest percentages of Ph+ cells. However, it could also be due 
to the fact that in the MPFC assay we only analyzed the lowest 1% of CD34+CD38- cells 
whereas in the FISH method the stem cell compartment was defined as the lowest 5%. 
Although the majority of patients achieve extremely good responses with the 2nd genera-
tion TKIs, in our patient cohort, there was a clear association between the composition 
of the stem cell compartment at diagnosis and later response. The presence of residual 
nHSCs detected by MPFC or < 20% Ph+ cells detected by sorting plus FISH predicted for a 
86% and 100% MR3 rate at 12 months, while 25% and 27% of patients who did not meet 
these conditions by MPFC or sorting plus FISH failed to achieve this endpoint. Notably, 
stem cell analysis by MPFC or FISH seems to outcompete the conventional risk scores, 
such as the Sokal score, in the prediction of molecular response, but this needs to be con-
firmed in a larger patient cohort. 
Achievement of an early molecular response at 3 and 6 months has recently been in-
cluded in the updated ELN criteria.18 It has been demonstrated by several studies, that 
the BCR-ABL1 level at these time points is a good predictor for later major molecular 
response, overall survival and progression free survival.11,19-24 Although all patients in this 
study reached the ELN defined molecular goal of a BCR-ABL1 ratio <10% at 3 months 
(which shows the high efficacy of nilotinib), BCR-ABL1 levels at that time point were sig-
nificantly lower for patients with residual nHSCs at diagnosis than in those without de-
tectable nHSCs. Whether this fact has significance for long-term response depth and can 
predict for successful therapy discontinuation is an interesting subject, which needs lon-
ger follow-up.
In vitro data have shown that TKI therapy is not able to eliminate LSCs, which is at least 
partly due to BCR-ABL1 independent survival of the quiescent cells.4,6,9,10,25-27 In concor-
dance with the in-vitro data, it has been shown that in almost all patients in sustained 
complete molecular response after discontinuation of imatinib, the BCR-ABL1 rearrange-
ment DNA can still be detected in genomic DNA.28 In our study, in most patients upon 
nilotinib treatment, the majority of LSCs were rapidly eliminated, and only in a minority 
of patients relative high levels of LSCs persisted 3 months after treatment initiation. No 
other previous study has evaluated the disappearance of LSCs during nilotinib treatment, 
but in a study by Delfina et al the persistence of CD34+ progenitor cells was examined 
during nilotinib treatment.29 Ph+ cells were only detected in 1 out of 20 patients who had 
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been treated with nilotinib a longer time (median 22 months), and surprisingly in none of 
5 first-line patients who had only been on nilotinib treatment for 3 months.29 In contrast, 
in our study cohort, residual Ph+ stem cells were detected in 67% of patients at 3 months. 
The limited number of CD34+ cells analyzed in the former study (median 100 cells) may 
at least in part explain the differences between these two studies as the level of Ph+ cells 
found in our study was very low (median 0.3% based on 1000 cells analyzed). This low 
level is in accordance with our previous study analyzing first-line imatinib and dasatinib 
treated patients15 where we also found that TKI therapy rapidly eliminated the majority 
of LSCs (median 0.2% at 3 months). Similarly to our previous studies14,15, significantly less 
therapy related hematological toxicity was observed in patients who had residual nHSCs 
or low LSC percentage at the diagnosis. We postulate that this may mirror a larger residual 
nHSC pool allowing maintenance of normal hematopoiesis even though the leukemic pro-
genitors and LSCs are efficiently eliminated during the initial phase of nilotinib treatment.
Overall, none of the previous studies evaluated two independent stem cell quantification 
methods. We demonstrate a good correlation between the results of MPFC and sorting 
plus FISH, even though slightly different definitions of the stem cell compartments were 
used. MPFC has the additional benefit of enabling sorting of viable leukemic and normal 
stem cells into separate fractions. This permits functional evaluation as well as expression 
profiling and comparison of LSCs versus nHSCs that may lead to the identification of novel 
targets on LSCs and ultimately facilitate the development of LSC specific targeted thera-
py concepts. On the other hand, the cell sorting plus FISH method appears to be more 
sensitive than MPFC when it comes to the detection of residual disease during therapy. 
However, the continued development of both methods and other methods utilizing new 
markers of CML LSCs, could allow them to become valuable tools for assessing patients 
with CML at diagnosis and during the course of therapy. 
In conclusion, we here demonstrate the ability of MPFC and/or sorting plus FISH to predict 
achievement of molecular response to nilotinib therapy in first-line treated CML patients 
already at the diagnosis by discrimination of malignant from normal stem cells. This may 
allow personalized patient management and tailoring of the therapy in the future to se-
lect the most potent TKI with respect to LSC elimination, which may be a prerequisite for 
long-term disease control and also for treatment-free remission upon TKI discontinuation. 
However, the use of our methods to guide therapy selection should be confirmed in a 
prospective clinical trial. 
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SUPPLEMENTAL MATERIAL

Supplemental Figure 1. Responses at 3, 6, 9, 12, 18 and 24 months according to Sokal risk group. 
Bars represent mean values and black lines represent standard errors of the mean. The differences 
between the groups did not reach statistical significance. 

Supplemental Figure 2. The proportion of Ph+ cells at diagnosis in the stem and progenitor  cell 
compartment and whole BM as measured by sorting plus FISH. The mean and median percentages 
of Ph+ cells were 10% and 0.3% in the LSC fractions, 7.2% and 0.3% in the LPC fractions and 5.1% 
and 0.3% in the whole BM fractions. Black lines represent mean values.


