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Abstract

Mast cell leukemia (MCL) is a highly fatal malignancy characterized by devastating expansion of 

immature mast cells in various organs. Although considered a stem cell disease, little is known 

about MCL-propagating neoplastic stem cells. We here describe that leukemic stem cells (LSCs) 
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in MCL reside within a CD34+/CD38− fraction of the clone. Whereas highly purified CD34+/

CD38− cells engrafted NSGhSCF mice with fully manifesting MCL, no MCL was produced by 

CD34+/CD38+ progenitors or the bulk of KIT+/CD34− mast cells. CD34+/CD38− MCL cells 

invariably expressed CD13 and CD133, and often also IL-1RAP, but did not express CD25, CD26 

or CLL-1. CD34+/CD38− MCL cells also displayed several surface targets, including CD33, 

which was homogenously expressed on MCL LSC in all cases, as well as the D816V mutant form 

of KIT. Whereas CD34+/CD38− cells were resistant against single drugs, exposure to 

combinations of CD33-targeting and KIT-targeting drugs resulted in LSC-depletion and markedly 

reduced engraftment in NSGhSCF mice. Together, MCL LSCs are CD34+/CD38− cells that express 

distinct profiles of markers and target antigens. Characterization of MCL LSCs should facilitate 

their purification and should support the development of LSC-eradicating curative treatment 

approaches in this fatal type of leukemia.

Introduction

Mast cell leukemia (MCL) is a rare and highly fatal variant of systemic mastocytosis (SM).

1–3 The disease is characterized by invasive growth and leukemic expansion of neoplastic 

mast cells (MC) in various internal organs and a poor prognosis. In most patients, the 

malignant clone expands rapidly, and even when treated with poly-chemotherapy or targeted 

drugs, the median survival in these patients is below 12 months.1,2,4–7 In a small subset of 

patients, hematopoietic stem cell transplantation (SCT) results in disease eradication and 

cure.8

So far, only little is known about the biology and origin of MCL. The phenotype of 

neoplastic MC in MCL suggests a close relationship to other variants of SM.9–12 In most 

patients, MC display CD13, CD33 and KIT as well as CD25.9–11,13 Moreover, MCL cells 

usually express gain-of-function mutations in KIT.14–17 In most patients, the D816V 

mutation is found, although other KIT mutations may also be detected.16,17 In a few MCL 

patients, no KIT mutations are found.14,15 However, MCL cells may exhibit additional 

molecular defects. Indeed, several different molecular lesions, including RAS-, TET2-, 
SRSF2-, ASXL1- and RUNX1- mutations, have been detected in patients with advanced 

SM, including MCL.18–21

The concept of leukemic stem cells (LSC) was established to explain cellular hierarchies and 

clonal architectures in leukemias and to improve treatment-strategies by eliminating disease-

propagating cells.22–28 The leukemia-initiating and propagating ability of LSC can usually 

be demonstrated in highly immuno-deficient mice, such as non-obese diabetic severe 

combined immunodeficiency (NOD/SCID) mice lacking an IL-2 receptor-gamma chain 

(NSG). In acute myeloid leukemia (AML), NSG mouse-engrafting LSC usually reside 

within a CD34+ compartment of the clone.29 Depending on the AML-type and mouse strain 

employed, AML LSC may be detected in CD34+/CD38− and/or in CD34+/CD38+ sub-

fractions.29 In the blast phase of chronic myeloid leukemia (CML), CD34+ LSC also 

display CD38,30 whereas in chronic phase CML, LSC reside primarily in a CD34+/CD38− 

cell-compartment,23–25 thereby resembling the phenotype of normal hematopoietic stem 

cells (HSC). However, in contrast to normal bone marrow (BM) HSC, CML LSC aberrantly 
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express CD25, CD26 and IL-1RAP.31,32 Aberrantly expressed surface markers on CD34+/

CD38− AML LSC include CD25 and CLL-1.33,34

In patients with aggressive systemic mastocytosis (ASM) and MCL, the malignant clone 

consists almost entirely of MC that express KIT but do not express CD34.1–3,6 Although 

CD34+ cells are also detectable in these patients, their frequency in the peripheral blood 

(PB) and BM is extremely low unless the patient is suffering from an associated non-MC-

lineage leukemia such as AML.35–38 So far, the origin, frequency and phenotype of MCL 

LSC remain unknown.

In this study, we were able to define the phenotype, target expression profile and functional 

properties of MCL-initiating and -propagating LSC. Of a total of 63 patients with SM 

screened for the presence of putative LSC, 6 with advanced SM/MCL were found to be 

suitable for xenotransplantation experiments. Since MC development requires membrane-

bound stem cell factor (SCF) as important niche-molecule, we employed NSG mice 

expressing human membrane-bound SCF (NSGhSCF)39,40 in our engraftment studies.

Materials and Methods

Patients

The patients’ characteristics are shown in Table S1A. From April 2011 to December 2016, 

63 patients with SM (29 female, 34 male; median age: 63 years, range: 24-90) were 

included. Patients were diagnosed at the Medical University of Vienna (Austria) or the 

University Hospital of Mannheim (Germany). Diagnoses were established according to 

published criteria and the classification of the World Health Organization (WHO).3 Most 

patients were freshly diagnosed at the time of sampling. In 20 patients, previous anti-

neoplastic therapy had been administered (Table S1B). Treatment consisted of anti-

neoplastic drugs in advanced SM and anti-mediator type drugs, including histamine receptor 

blockers in all patients. Patients with MCL and other SM subtypes received cytoreductive 

agents and/or KIT-targeting drugs according to available guidelines.3,6,14 In 2 patients 

treated with midostaurin (100-200 mg/day), 5 patients receiving 3-6 cycles of cladribine 

(0.1-0.13 mg/kg/day over 7 days per cycle), 1 patient receiving fludarabine (30 mg/m2 per 

day; days 1-5) and cytarabine (2.000 mg/m2 per day; days 1-5), and 1 patient receiving 

fludarabine (30 mg/m2 per day; days 1-5), cytarabine (2.000 mg/m2 per day; days 1-5), and 

gemtuzumab-ozogamicin (2 injections of 5 mg on days 1 and 7), BM samples were obtained 

both before and during or after therapy. An overview of patient-derived samples and their 

use in individual experiments is provided in Table S1C. Control BM samples obtained from 

healthy donors were purchased from Lonza. All studies were approved by the ethics 

committees of the Medical University of Vienna (Austria) and University of Mannheim, 

Heidelberg (Germany) and conducted in accordance with the declaration of Helsinki. 

Informed consent was obtained in each case before BM or blood samples were analyzed.

Animal models

For xenotransplantation experiments, NOD-SCID-IL-2Rγ-/- (NSG) mice expressing a 220 

amino acid isoform of the human membrane-bound SCF (NOD.Cg-Prkdcscid Il2rgtm1Wjl 
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Tg[PGK1-KITLG*220]441Daw/SzJ) (NSGhSCF) as well as NSG mice without human SCF 

were used. Experiments were performed on adult (8-12 weeks) animals. Littermates of the 

same sex were randomly assigned to experimental groups. Animals were purchased from 

The Jackson Laboratory (Bar Harbor, ME, USA, stock #017830 and #005557) and housed in 

individual ventilated cages to maintain pathogen-free conditions. Animal studies were 

approved by the ethics committee of the Medical University of Vienna and the University of 

Veterinary Medicine Vienna, and carried out in accordance with guidelines for animal care 

and protection and protocols approved by Austrian law (GZ 66.009/0040-II/10b/2009).

Xenotransplantation assay

A total of six patients (patient #1, #3, #5, #7, #10, and #22; patient sample details are shown 

in Tables S1A-C) were found eligible for xentrotransplantation experiments based on their 

disease variant (advanced SM/MCL), time point of sample acquisition, and the numbers of 

CD34+ cells that could be purified by cell sorting. In this subset of patients, sub-populations 

of primary BM MNC (i.e. CD45+; CD45+/KIT+; CD45+/KIT+/CD34−; CD45+/CD34+, 

CD45+/CD34+/CD38+; CD45+/CD34+/CD38−; CD45+/CD38+; CD45+/CD38−; see Figure 

1A and Figure S1) were purified by FACS-sorting. Sorted cells were washed, resuspended in 

0.15 ml RPMI medium containing 10% fetal calf serum (FCS), and injected into the lateral 

tail vein of NSGhSCF mice. In each experiment, a total number of 0.3-3 x 105 cells per 

mouse (3-5 mice per experimental group) were injected. Twenty-four hours prior to 

injection, mice were sub-lethally irradiated (2.4 Gy). After injection, mice were inspected 

daily and sacrificed when they showed disease symptoms or after 35 weeks. BM cells were 

obtained from flushed femurs, tibias, and humeri. Engrafted MCL cells were detected in BM 

samples by multicolor flow cytometry using mAb against CD45 and KIT. In pilot 

experiments, we found that engrafted cells invariably express KIT. In most patients, the 

engrafted MCL cells also expressed CD45, but in one patient with MCL, MC expressed only 

very low amounts of CD45. Therefore, MCL-repopulation was measured by determining the 

percentage of human KIT+ cells in mouse BM samples by flow cytometry. In a separate set 

of experiments, cells were treated in vitro for 1 h with GO (5 μg/ml), midostaurin (1 μM), 

alemtuzumab (500 μg/ml), or combinations of these drugs prior to injection. Afterwards, 

drugs were removed by centrifugation before cells were injected.

In vitro drug incubation experiments

Drug effects on cell viability were examined by flow cytometry. In these experiments, 

primary MNC from selected patients with MCL or ASM (patient #1, #3, #7, #8, #10, #15, 

#18, #24, #26; patient sample details are shown in Tables S1A-C) or ROSAKIT D816V cells 

were treated with GO (0.5-50 ng/ml), midostaurin (0.01-1 μM) or a combination of both 

drugs (GO, 50 ng/ml and midostaurin, 1 μM) for 48 hours. Viability and apoptosis of drug-

exposed cells were determined by staining with Annexin-V and PI (ROSAKIT D816V) or 

Annexin-V and 4’,6-diamidino-2-phenylindole (DAPI; primary MNC). In the case of 

primary MNC, cells were stained for CD34, CD38, and CD45 to detect CD34+/CD38− cells 

as shown in Figure S1. All experiments were performed in triplicates.

Statistics

Details on statistical evaluations are found in the supplementary material.
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Data sharing statement

Gene array data are available as GEO record GSE103223. For other data, please contact the 

corresponding author.

Results

NSGhSCF-repopulating MCL LSC reside in a KIT+/CD34+ compartment of the clone whereas 
the bulk of neoplastic KIT+/CD34− MC have no MCL-propagating capacity

Highly enriched sub-populations of BM cells were obtained from patients with advanced 

SM/MCL (Table S1) by flow-sorting and were injected into NSGhSCF mice to define their 

MCL-initiating and propagating capacity. The gating strategy to delineate between 

CD45+/KITint/CD34+ stem cells and CD45+/KIT+/CD34− MCs is shown in Figure S1. 

Whereas the bulk of KIT+/CD34− MC did not produce a MCL-like disease in NSGhSCF 

mice (<1% engraftment), the CD45+/KIT+ fractions containing a small population of CD34+ 

cells (<1% of all leukocytes) engrafted and produced overt SM/MCL in NSGhSCF mice after 

11-31 weeks (Figure 1A-C; Table 1; Figure S2). Although CD34-containing cells produced 

MCL in most NSGhSCF mice, the time to leukemic engraftment and engraftment-levels 

varied from donor to donor (Figure 1B). In one patient with hyper-acute MCL,17 leukemic 

engraftment was detected after 11 weeks, whereas in the other patients with MCL and those 

with ASM, engraftment was detected after 22-31 weeks (Table 1). In one patient with 

chronic MCL41 no engraftment was detectable after 35 weeks. MCL engraftment was 

confirmed by morphologic and phenotypic studies (Figure 1A, C, S1 and S2) and KIT 
mutation analysis (Table S2). Unexpectedly, however, KIT D816V was not detected in all 

engrafting recipient mice even if the morphology suggested fully manifesting MCL. The 

type of engrafting cells also varied, depending on the variant of ASM/MCL. In patients with 

pure ASM or pure MCL, most NSGhSCF-engrafting cells were MC or metachromatic blasts, 

whereas in MCL-AML, engrafting cells were MC and AML blasts (Figure 1C; Table 1 and 

S2). Highly purified CD34+ cells also produced MCL-like engraftment (Table S3). In 

limiting dilution experiments performed using isolated CD34+ cells, the calculated 

frequency of NSGhSCF-repopulating LSC within the CD34+ fractions ranged between 

0.019% and 0.478%, and the calculated frequency of LSC in the total bulk of leukemic cells 

ranged between 0.0003% and 0.0045% (Table S3). Engrafted MCL cells produced MCL in 

secondary and tertiary recipient mice in 2/3 donors (Figure 1D). These data formally 

establish that MCL-initiating and -propagating LSC reside in a CD34+ subset of the 

malignant clone.

We next asked whether NSGhSCF-engrafting MCL LSC reside within a particular sub-

fraction of CD34+ cells. To address this critical question, ASM- or MCL-derived BM 

fractions containing CD34+/CD38+ and CD34+/CD38− cells were purified by cell-sorting 

and were then injected separately into NSGhSCF mice (n = 0.5–2.5 × 105 cells per mouse; 

4-5 mice per cohort per patient). In these experiments, only the CD38− subset of CD34+ 

cells engrafted NSGhSCF mice, whereas no leukemic engraftment was seen in mice injected 

with CD34+/CD38+ cells (Figure 1E), suggesting that MCL LSC strictly reside within a 

CD34+/CD38− compartment of the clone similar to LSCs in chronic phase CML.25,31,32
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Evaluation of surface marker- and target expression profiles in MCL CD34+/CD38− cells

As assessed by gene array profiling, CD34+ cells obtained from patients with MCL 

expressed several functionally relevant markers and target antigens. Some of these antigens, 

like CD123, IFNγR1, CD44, IFNαR2, or IL-1RAP, were expressed at higher levels in 

CD34+ MCL cells compared to CD34+ BM cells from healthy BM (Figure S3; Table S4). In 

a next step, CD34+/CD38− and CD34+/CD38+ cells were analyzed separately by flow 

cytometry. Although most surface antigens, including CD13, CD33, CD44, CD54, CD117 

(KIT), CD123 and CD133 were expressed on both, CD34+/CD38− and CD34+/CD38+ cells, 

differences in expression levels were found (Table 2). CD34+/CD38− MCL cells displayed 

higher levels of CD133 than CD34+/CD38+ progenitor cells (Figure 2, Table 2). CD34+/

CD38+ MCL cells, in turn, displayed higher levels of CD33 and CLL-1 (CD371) compared 

to CD34+/CD38− MCL cells (Figure 2, Table 2). Compared to normal BM HSC, MCL 

CD34+/CD38− cells expressed higher levels of CD13, CD30 and CD133. Moreover, in a 

subset of patients with advanced SM, CD34+/CD38− cells expressed IL-1RAP (2/9 patients 

with MCL, 5/12 patients with ASM) and CD52 (3/11 patients with MCL, 10/17 patients 

with ASM) (Figure 2; Table S5). The only marker that was found to be downregulated on 

the surface of MCL CD34+/CD38− cells (compared to HSC and ASM CD34+/CD38− cells) 

appeared to be KIT, although it was still expressed at clearly detectable levels (Figure 2). 

Otherwise, CD34+/CD38− cells in ASM and MCL exhibited an almost identical phenotype 

(Table 3). CD25 and CD26, both of which are expressed on CML LSC,31 were not 

detectable on CD34+/CD38− cells in ASM or MCL (Figure 2; Table 3, S5, and S6). To test 

whether previously administered anti-neoplastic therapy (analyzed in 20 of the 63 patients) 

had an influence on the phenotype of CD34+/CD38− cells, we analyzed surface marker 

expression on CD34+/CD38− and CD34+/CD38+ cells in BM samples obtained from 

untreated and previously treated patients separately. However, no differences in surface 

marker expression between these two cohorts were observed (Figure S4) and the results 

obtained in the two subsets of patients were also very similar to the results obtained by 

analyzing surface marker expression on CD34+/CD38− and CD34+/CD38+ cells in all 

patients together (Figure 2). A summary of surface markers expressed on CD34+/CD38− 

cells in MCL, ASM, indolent systemic mastocytosis (ISM) and normal BM is shown in 

Table 3, and a comparison of phenotype of CD34+/CD38− cells in MCL with the phenotype 

of CD34+/CD38− cells in other human leukemias, determined with the same antibody-panel 

and methodology by our group,31,42 is provided in Table S6.

Combinations of targeted drugs may overcome drug resistance in MCL CD34+/CD38− cells

Subsequent experiments were conducted to validate therapeutically relevant targets using 

primary MCL CD34+/CD38− cells and the ROSAKIT D816V cell line. ROSAKIT D816V cells 

express KIT and several surface target antigens, including CD33 and CD52, and can engraft 

NSG mice.43 In vitro incubation of primary MCL CD34+/CD38− cells with the CD33-

targeting drug gemtuzumab-ozogamicin (GO) or the KIT D816V-targeting drug midostaurin 

did not result in apoptosis unless rather high drug concentrations were applied, suggesting 

resistance (Figure 3A). However, when combined, GO and midostaurin were found to 

produce modest, but statistically significant cooperative apoptosis-inducing effects on MCL 

CD34+/CD38− cells (Figure 3B). In addition, both drugs were found to induce growth 

inhibition and apoptosis in ROSAKIT D816V cells (Figure 3C, 3D, and S5). Additionally, we 
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were able to show that exposure to GO for 1 hour interferes with engraftment of primary 

MCL CD34+/CD38− cells and ROSAKIT D816V cells in NSGhSCF mice, and that combined 

treatment with midostaurin augments antibody-mediated depletion of NSGhSCF-engrafting 

cells (Figure 3E and S6A). Shortly after drug incubation (before injection into NSG mice) 

these cells were fully viable (Figure S6B). Exposure of ROSAKIT D816V cells or primary 

CD52+ CD34+/CD38− cells to the CD52-targeting drug alemtuzumab for 1 hour resulted in 

cell lysis in vitro (Figure S7A). Confirming results obtained in AML,42 the 

ROSAKIT D816V-killing effect of alemtuzumab in vitro was strictly dependent on the 

presence of complement (Figure S7A). No alemtuzumab effects were seen in the same 

samples in CD34+/CD38+ cells that were found to lack CD52 (Figure S7B). In addition, 

short-term incubation of ROSAKIT D816V cells or primary CD52+ MCL CD34+/CD38− cells 

with alemtuzumab (500 μg/ml) also reduced long-term engraftment in NSGhSCF mice 

(Figure S8A and S8B). Together, CD33 and, less frequently CD52, are clinically relevant 

targets on MCL CD34+/CD38− cells and drug-responsiveness may be most likely dependent 

on target-expression.

Chemotherapy is reducing but not eliminating CD34+/CD38− cells in patients with 
ASM/MCL

We assessed the percentage of CD34+CD38− cells in the BM of 5 patients receiving 

cladribine, 2 patients receiving midostaurin, 1 patient receiving fludarabine and cytarabine, 

and 1 patient receiving fludarabine, cytarabine, and gemtuzumab-ozogamicin, before and 

during therapy (Table S1B). The median duration between initial and follow-up samples was 

7.86 months (range 1.6-33.3 months). We found that the fraction of CD34+CD38- cells 

decreased during therapy in eight of nine patients (overall/all patients - before therapy: 

0.029±0.022% vs post-therapy: 0.007±0.007% of all CD45+ cells) but these putative stem 

cells were still detectable (Figure 3F). Therefore, apparently, single-drug treatment did not 

result in a complete eradication of CD34+CD38- cells, suggesting stem cell resistance.

Discussion

In most human leukemias, including AML and CML, disease-initiating and leukemia-

propagating LSC are considered to reside within a CD34+ fraction of the malignant clone.

22–26,28–30 However, in certain types of AML, LSC may also be CD34-negative.44 In the 

present study, MCL-initiating and propagating LSC were found to be CD34+ cells, whereas 

CD34-depleted cell populations containing the bulk of KIT+ MC did not produce leukemic 

engraftment in NSGhSCF mice. Based on the aggressiveness of the disease and very low 

numbers of CD34+ cells in these patients (<0.1% of cells) this clear-cut result was somehow 

unexpected. However, the data were reproducible and seen in all patients tested, independent 

of the subtype of disease. The long-term-propagating capacity (LSC-function) of these cells 

was confirmed by demonstrating engraftment in secondary and tertiary recipient mice.

In various disease-models, aggressiveness may correlate with engraftment-rates and the time 

to engraftment in NSG mice. Likewise, in most patients with AML, LSC engraft NSG mice 

relatively quickly with an overt leukemia, whereas in CML, engraftment of LSC takes much 

longer, often up to 12 months.22,24–26,29–32 In the present study, corresponding results 
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were obtained. In fact, in a patient with rapidly progressing (hyper-acute) MCL,17 rapid 

engraftment in NSGhSCF mice (11 weeks) was seen, whereas in other patients with MCL or 

ASM, it took a longer time-period (up to 33 weeks) until overt leukemia developed. Finally, 

in a patient with chronic MCL, a newly defined MCL entity with very slow or no 

progression,41 no measurable engraftment was seen after 35 weeks.

Based on the assumption that SCF is an important homing molecule for normal and 

neoplastic MC, most engraftment experiments were performed using NSG mice expressing 

membrane-bound human SCF (NSGhSCF).40 Our phenotypic studies also confirmed that 

leukemic stem- and progenitor cells invariably express the SCF receptor, KIT. However, in 

control experiments, we found that MCL CD34+/CD38− cells can also engraft in normal 

NSG mice (Figure S9). This observation confirms that murine SCF may be capable of 

replacing human SCF as a homing and growth-triggering cytokine. Alternatively, MCL LSC 

can grow and undergo homing in vivo independent of SCF. In this regard it is noteworthy, 

that neoplastic cells expressed KIT-activating mutations in almost all patients examined and 

that the levels of surface KIT were lower in MCL CD34+/CD38− cells compared to HSC. 

All in all, the NSG background apparently provides a sufficient environment for engraftment 

of CD34+/CD38− cells in ASM and acute MCL. For other types of SM and chronic MCL 

this may not be the case. Whether in these less aggressive SM-variants, other mouse strains, 

for example NSG mice expressing multiple human cytokines, provide a more permissive 

environment, is currently under investigation.

An interesting observation was that KIT codon 816 mutations were not detected in all 

engrafted MCL cells in all mice even when overt MCL was detected in the mouse BM and 

even when the mutant was identified in other mice in the same experiment. One explanation 

would be that KIT mutant-negative sub-clones can expand in NSGhSCF mice and sometimes 

even possess a developmental advantage over KIT-mutated sub-clones, a phenomenon that 

has been described also in MCL patients.45 In line with this hypothesis, one of our patients 

examined (#22) indeed developed a KIT D816V-negative AML in the follow up. 

Alternatively, normal MC also developed (from residual normal stem cells) because of 

expression of human SCF in these mice. However, both the morphology and the leukemic 

infiltration-pattern argued against the presence of normal MC in these transplants.

Recent data suggest that AML and CML LSC express several surface molecules in an 

aberrant manner. These markers include IL-1RAP, CD25 and CD26 in CML,31,32 and 

CD25, CD96 and CLL-1 in AML.33,34 We asked whether one or more of these markers are 

expressed on MCL CD34+/CD38− cells. Indeed, we found that both, the CD34+/CD38− and 

CD34+/CD38+ cells, express IL-1RAP in a subset of patients. By contrast, we were unable 

to detect CD25, CD26 or CLL-1 on CD34+/CD38− MCL cells. Confirming our previous 

data46 CD34+/CD38− MCL cells also expressed CD123, the alpha-chain of the IL-3 

receptor.

MCL CD34+/CD38− cells also expressed several surface-targets, including Siglec-3 (CD33) 

and Campath-1 (CD52). In those patients in whom CD34+/CD38− cells expressed CD33 

and/or CD52, targeted antibody-constructs directed against these antigens, namely GO (anti-

CD33) and alemtuzumab (anti-CD52) induced apoptosis or lysis in CD34+/CD38− cells. 
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However, relatively high drug concentrations were required to obtain these effects 

suggesting resistance. We therefore combined drugs directed against mutant KIT 

(midostaurin), CD33 (GO) and CD52 (alemtuzumab). Indeed, when applying any two of 

these agents in combination, modest but statistically significant cooperative apoptosis-

inducing or cell-lytic effects on MCL CD34+/CD38− cells were seen. In addition, these 

drugs suppressed engraftment of MCL CD34+/CD38− cells in NSGhSCF mice. Whereas 

most experiments were carried out using primary MCL CD34+/CD38− cells, we also 

employed the recently established MCL-like cell line ROSAKIT D816V, known to express 

both CD33 and CD52.43 As in primary MCL, both GO and alemtuzumab were found to 

block in vitro growth and viability of ROSA cells and their in vivo engraftment in NSGhSCF 

mice. These data suggest that the concept of targeting LSC is applicable to MCL. In line 

with this notion, treatment of a patient with advanced SM with GO induced major anti-

neoplastic effects.47 On the other hand, however, some of these targets, like CD52, are not 

all expressed on CD34+/CD38− cells in all MCL patients, and even in patients in whom most 

CD34+/CD38− cells display CD33 and/or CD52, smaller (quiescent) LSC sub-clones may 

lack these cell surface targets. Indeed, in patients in whom CD34+/CD38− cells did not 

express CD33 or CD52, the respective targeted drugs were unable to induce cell death. 

Therefore, combinations of various targeted drugs, including the KIT D816V blocker 

midostaurin48 and antibodies directed against CD34+/CD38− cells, like GO or alemtuzumab 

may be a preferable strategy. Supporting this assumption, we were able to show that 

combinations of midostaurin and GO cooperate in inhibiting growth of MCL CD34+/CD38− 

cells and ROSAKIT D816V cells in vitro. Moreover, these drug combinations were found to 

inhibit engraftment of ROSAKIT D816V cells in NSGhSCF mice. Finally, we were able to 

show that midostaurin exerts suppressive effects on CD34+ cells in vivo in patients with 

ASM/MCL. However, as expected, no complete eradication of CD34+ stem and progenitor 

cells was produced by midostaurin. An advantage of applying antibody-type drugs may be 

that these drugs also kill slowly cycling or even quiescent LSC. However, not all antibody-

druggable targets were found to be expressed on MCL CD34+/CD38− cells. Likewise, CD52 

was only expressed on MCL CD34+/CD38− cells in a smaller subset of patients. The cell 

surface target Ki-1 (CD30) that has recently been identified on neoplastic MC in SM,49,50 

was only slightly expressed on MCL CD34+/CD38− cells. By contrast, although expression 

levels varied from donor to donor, CD33 was found to be expressed on MCL CD34+/CD38− 

cells in all patients tested, suggesting that this target may be a reasonable candidate to 

consider for immunotherapies employing GO, novel targeted antibodies or a CAR-T cell-

approach.

In summary, we have identified a disease-initiating and -propagating neoplastic stem cell in 

MCL. These cells reside within a small fraction of CD34+/CD38− cells in the malignant 

clone. Moreover, we established the phenotype and target expression profiles of MCL 

CD34+/CD38− cells and provide evidence that targeting LSC with specific antibody-based 

drugs or small molecules may lead to LSC-depletion. Our data may have theoretical and 

clinical implications and could assist in the development of novel LSC-eradicating 

treatments in this fatal disease.
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Figure 1. NSGhSCF-repopulating MCL LSC reside in a KIT+/CD34+ compartment of the clone 
whereas the huge bulk of neoplastic KIT+/CD34− MCs have no MCL-propagating capacity
(A) Sorting-strategy to obtain MCL subfractions in patient #1 (left column) and their 

engraftment in NSGhSCF mice after 11 weeks (middle and right columns). The bulk of 

CD45+ cells (top row panels) and KIT+ fractions (containing CD34+ cells; middle row 

panels) produced engraftment in NSGhSCF mice, whereas the KIT+ pure mast cell fractions, 

depleted of CD34+ cells, did not produce engraftment (bottom row panels). The right 

columns show immunohistochemical demonstration of MCL-formation in the BM of 
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NSGhSCF mice using an antibody against KIT. The scale bar represents 50 μm. (B) Summary 

of engraftment results in 6 patients. In each case, 3-4 mice per group were injected with the 

indicated cell fractions. Results show the percentage of human (hu) KIT+ cells in mouse BM 

samples and are expressed as mean±S.D. from all mice in each group. Sample details are 

summarized in Tables S1A-C. (C) Giemsa-stained cytospin-preparations of engrafted MCL 

cells (left and middle columns) or lack of engraftment (i.e. murine neutrophilic granulocytes, 

right column) in mouse BM samples in patients #1, #7 and #22. (D) Engraftment in 

secondary and tertiary recipient-mice after injection of bulk CD45+ cells (initial sample) and 

mouse BM cells (secondary/tertiary transfer). The upper panel shows engraftment-examples 

in primary, secondary and tertiary recipient mice in patient #1, and the lower panel shows a 

table summarizing engraftment results. (E) Engraftment of CD34+ sub-populations in 

NSGhSCF mice. The upper panel shows an example of engrafted CD45+/KIT+ cells from 

patient #7 in the BM of mice and the lower panel provides a summary of engraftment results 

in the three donors tested (n=3-5 mice per cohort and patient).

Eisenwort et al. Page 14

Leukemia. Author manuscript; available in PMC 2019 November 08.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 2. Evaluation of surface marker- and target expression profiles in MCL CD34+/CD38− 

and CD34+/CD38+ cells
Expression of cell surface antigens on CD34+/CD38− (●) and CD34+/CD38+ cells (●) 

obtained from the BM of patients with mast cell leukemia (MCL, n=11), aggressive 

systemic mastocytosis (ASM, n=17) and indolent systemic mastocytosis (ISM, n=35) was 

determined by multi-color flow cytometry (see also Figure S1, Table S5). Sample details are 

summarized in Tables S1A-C. CD34+/CD38− and CD34+/CD38+ cells obtained from 

healthy/reactive BM (nBM, n=11) served as controls. Results are expressed as dot blots and 

indicate the staining index (=median fluorescence intensitymarker / median fluorescence 

intensityisotype control) for each individual patient (dots) as well as the mean expression levels 

(bars) for each marker. Dotted horizontal lines represent cut-off values for negativity 

(staining index <1.0) and positivity (staining index >1.3). Samples located between these 

lines were considered weakly positive (staining index 1.0 – 2.99). * p<0.05; ** p<0.01 

(student’s t-test with Bonferroni correction).
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Figure 3. Combinations of targeted drugs may overcome drug resistance in MCL CD34+/CD38− 

cells
(A-D) Primary leukemic cells obtained from patients with MCL (n=5) or ASM (n=4) (A, B) 

or ROSAKIT D816V cells (C, D) were incubated in the absence or presence of GO (A, C, left 

panel) or midostaurin (A, C, right panel) or a combination of both drugs (B, D) at 37°C for 

48 hours. Bars represent the percentage of Annexin-V+ cells (A, B: gated for CD34+/CD38− 

cells) after drug exposure and are expressed as mean±S.D. of all experiments. (E) Primary 

MCL cells (patients #1 and #7) were incubated in control medium or GO (5 μg/ml), 

midostaurin (1 μM) or a combination of both drugs at 37°C for 1 hour. Then, cells were 

injected into NSGhSCF mice. Bars show the percentage of huKIT+ cells found in the murine 

BM after 10 weeks. (F) The percentage of CD34+CD38− cells among all CD45+ cells was 

determined in BM samples of 2 patients treated with midostaurin (100-200 mg/day), 5 

receiving cladribine (0.1-0.13 mg/kg/day over 7 days per cycle), 1 patient receiving 

fludarabine (30 mg/m2 per day, days 1-5) and cytarabine (2.000 mg/m2 per day, days 1-5), 

and 1 patient receiving fludarabine (30 mg/m2 per day, days 1-5), cytarabine (2.000 mg/m2 

per day, days 1-5), and gemtuzumab-ozogamicin (2 injections of 5 mg on day 1 and day 7). 

BM cells were examined before therapy and during/after therapy (median follow-up: 7.86 

months, range: 1.6-33.3 months). Sample details are summarized in Table S1B.
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Table 1
Engraftment results in patients with ASM and MCL

Patient Diagnosis Cell Fraction Cell number 
injected

engraftment in 
n/n mice

at week % huKIT+ cells 
in BM

engrafted 
cell types

#1 Acute MCL CD45+ 1.3 x 105 3/3 11 49.60±08.60 MC

CD45+/KIT+ 1.3 x 105 3/3 11 82.03±09.64 MC

CD45+/KIT+/
CD34-

1.3 x 105 0/3 11 00.19±00.17 -

#3 Acute MCL CD45+ 1.25 x 105 4/4 31 02.47±02.58 MC

CD45+/KIT+ 0.5 x 105 4/4 31 01.55±01.07 MC

CD45+/KIT+/
CD34-

0.5 x 105 0/4 31 00.04±00.01 -

#5 Chronic MCL CD45+ 1.2 x 105 0/3 35 00.01±00.01 -

#7 MCL-AML CD45+ 2.0 x 105 2/3 22 30.28±50.51 blasts, MC

CD45+/KIT+ 2.0 x 105 2/2 22 52.10±05.09 blasts, MC

CD45+/KIT+/
CD34-

1.9 x 105 0/1 22 00.22 -

#10 MCL-
MDS/MPN

CD45+ 2.5 x 105 2/4 29 00.07±06.0 MC

CD45+/KIT+ 0.55 x 105 3/4 29 00.20±00.13 MC

CD45+/KIT+/
CD34-

0.3 x 105 0/4 29 00.01±00.02 -

#22 ASM-CMML CD45+ 2.5 x 105 3/4 27 06.04±09.58 MC

CD45+/KIT+ 3.0 x 105 4/4 27 09.73±04.50 MC

CD45+/KIT+/
CD34-

3.0 x 105 0/4 27 00.14±00.02 -

Highly enriched sub-fractions of primary neoplastic cells were obtained from patients with acute or chronic mast cell leukemia (MCL), MCL 
associated with AML (MCL-AML), MCL associated with MDS/MPN, or ASM-CMML. Purified (FACS-sorted) cell fractions were injected into 
the tail vein of NSGhSCF mice. Technical details are described in the text. After 11-27 weeks, mice were sacrificed and their BM cells were 

analyzed for the percentage of human KIT+ cells (MC and blasts) by flow cytometry. Engraftment levels were determined by measuring the 

percentage of CD117+ cells relative to all nucleated BM cells in each mouse group. Results are expressed as mean±SD of all mice per group. 
Detailed engraftment results for each animal are provided in Table S2. Abbreviations: MC, mast cells; ASM, aggressive systemic mastocytosis; 
MCL, mast cell leukemia; BM, bone marrow; AML, acute myeloid leukemia; MDS/MPN, myelodysplastic/myelo-proliferative overlap neoplasm; 
CMML, chronic myelomonocytic leukemia.
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Table 2

Cell surface antigen profile of neoplastic CD34+/CD38−stem cells in patients with MCL* 

and comparison to CD34+/CD38+ progenitor cells and neoplastic mast cells

Antigen CD Expression of Cell Surface Antigens on

Stem cells (CD34+/CD38-) Progenitor cells (CD34+/CD38+) Mast cells (CD34-/CD117+)

LFA-2 CD2 - - +/-

Amino-P-N CD13 ++ ++ +

FAL-3 CD15 - - -

IL-2RA CD25 - - +

DPPIV CD26 - - -

Ki-1 CD30 +/- +/- +

Siglec-3 CD33 + ++ ++

Leukosialin CD43 ++ ++ +

Pgp-1 CD44 ++ ++ ++

VNR CD51/CD61 - - +/-

Campath-1 CD52 +/- - +/-

NCAM CD56 - - -

Thy-1 CD90 - - -

KIT CD117 + ++ ++

IL-3RA CD123 + + +/-

IL-9R CD129 - - -

AC133 CD133 ++ + -

CXCR4 CD184 + + -

CLL-1 CD371 - ++ +

IL-1RAP n.c. - +/- +/-

The table shows a summary of all multicolor flow cytometry staining results obtained in all patients with MCL (n=11). *Detailed results obtained 
in each patient are shown in Table S5. Scoring system: median fluorescence intensity (MFI) values for each cell population were calculated and 
scored according to the following system: -, MFI <1.3; +/-, MFI 1.31-3.00; +, MFI 3.01-9.99; ++, MFI >10; the values refer to the median values 
(of MFI) obtained from all MCL donors examined.
Abbreviations: LFA-2, lymphocyte function-associated antigen-2; Amino-P-N, aminopeptidase N; FAL-3, 3-fucosyl-N-acetyl-lactosamine; 
IL-2RA, interleukin-2 receptor alpha chain; DPPIV, dipeptidylpeptidase IV; Siglec-3, sialic acid-binding immunoglobulin-type lectin 3; Pgp-1, 
phagocytic glycoprotein-1; VNR, vitronectin receptor; NCAM, neural cell adhesion molecule; Thy-1, thymocyte differentiation antigen-1; IL-3RA, 
interleukin-3 receptor alpha chain; CXCR4, C-X-C chemokine receptor type 4; IL-9R, interleukin-9 receptor; IL-1RAP, interleukin-1 receptor 
accessory protein; CLL-1, C-type lectin-like molecule-1; CD, cluster of differentiation; n.c., not clustered; MFI, median fluorescence intensity.
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Table 3

Phenotype of CD34+/CD38−stem cells in various categories of systemic mastocytosis (SM) 
and comparison to normal bone marrow (BM) stem cells

Antigen CD Expression of Antigens on CD34+/CD38− stem cells in

MCL ASM ISM normal BM

LFA-2 CD2 - - - +/-

Amino-P-N CD13 ++ ++ ++ ++

FAL-3 CD15 - - - +/-

IL-2RA CD25 - - - -

DPPIV CD26 - - - -

Ki-1 CD30 +/- +/- +/- -

Siglec-3 CD33 + + + +

Leukosialin CD43 ++ ++ ++ ++

Pgp-1 CD44 ++ ++ ++ ++

VNR CD51/CD61 - - - +/-

Campath-1 CD52 +/- +/- +/- +/-

NCAM CD56 - +/- +/- -

Thy-1 CD90 - - - +/-

KIT CD117 + ++ ++ ++

IL-3RA CD123 + + + +

IL-9R CD129 - - - -

AC133 CD133 ++ + + +

CXCR4 CD184 + + +/- -

CLL-1 CD371 - - - -

IL-1RAP n.c. - - - -

The table shows a summary of all multicolor flow cytometry staining results obtained in all patients in each SM group or normal BM. Scoring 
system: median fluorescence intensity values were calculated and scored according to the following scoring system: -, MFI <1.3; +/-, MFI 
1.31-3.00; +, MFI 3.01-9.99; ++, MFI >10; results refer to the median MFI values obtained in all donors examined in each group.
Abbreviations: BM, bone marrow; LFA-2, lymphocyte function-associated antigen-2; Amino-P-N, aminopeptidase N; FAL-3, 3-fucosyl-N-acetyl-
lactosamine; IL-2RA, interleukin-2 receptor alpha chain; DPPIV, dipeptidylpeptidase IV; Siglec-3, sialic acid-binding immunoglobulin-type lectin 
3; Pgp-1, phagocytic glycoprotein-1; VNR, vitronectin receptor; NCAM, neural cell adhesion molecule; Thy-1, thymocyte differentiation 
antigen-1; IL-3RA, interleukin-3 receptor alpha chain; CXCR4, C-X-C chemokine receptor type 4; IL-9R, interleukin-9 receptor; IL-1RAP, 
interleukin-1 receptor accessory protein; CLL-1, C-type lectin-like molecule-1; CD, cluster of differentiation; n.c., not clustered; MFI, median 
fluorescence intensity.
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