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Abstract

Chronic myeloid leukemia (CML) is a stem cell–derived leukemia in which neoplastic cells 

exhibit the Philadelphia chromosome and the related oncoprotein BCR-ABL1. The disease is 

characterized by an accumulation of myeloid precursor cells in the peripheral blood and bone 

marrow (BM). A small fraction of neoplastic cells in the CML clone supposedly exhibits self-

renewal and thus long-term disease-propagating ability. However, so far, little is known about the 

phenotype, function, and target expression profiles of these leukemic stem cells (LSCs). Recent 

data suggest that CML LSCs aberrantly express the interleukin-2 receptor alpha chain CD25. 

Whereas normal CD34+/CD38− BM stem cells display only low amounts of CD25 or lack CD25 

altogether, CD34+/CD38− LSCs express CD25 strongly in more than 90% of all patients with 

untreated CML. As a result, CD25 can be used to identify and quantify CML LSCs. In addition, it 

has been shown that CD25 serves as a negative growth regulator of CML LSCs. Here, we review 

the value of CD25 as a novel marker and potential drug target in CML LSCs.

Chronic myeloid leukemia (CML) is a stem cell–derived neoplasm characterized by the 

expansion and accumulation of immature and mature myeloid cells in the bone marrow 

(BM) and peripheral blood (PB), the Philadelphia chromosome (Ph), and the Ph-associated 

oncoprotein BCR-ABL1 [1–4]. In chronic phase (CP) CML, BCR-ABL1 is considered a 

major driver of disease evolution and oncogenesis. In line with this notion, the BCR-ABL1 

inhibitor imatinib induces complete cytogenetic responses (CCyRs) and major molecular 

responses (MMRs) in most patients with CML [5–8]. However, some of these patients 
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relapse during treatment with imatinib due to intrinsic and/or acquired resistance of 

leukemic cells [9–21]. Intrinsic resistance is independent of BCR-ABL1 and is often found 

in leukemic stem cells (LSCs) [9–16]. Acquired resistance of CML cells against imatinib 

and other BCR-ABL1-targeting drugs is often mediated by BCR-ABL1 mutations [16–18]. 

For these patients, novel, more potent BCR-ABL1-targeting drugs have been developed. 

These drugs include nilotinib, dasatinib, bosutinib, and ponatinib [19–22]. A number of 

clinical trials have shown that these drugs can induce clinically meaningful cytogenetic and 

molecular responses in most patients with imatinib-resistant CML [23–27]. However, not all 

patients with tyrosine kinase inhibitor (TKI)-resistant CML are long-term responders. In 

fact, these patients may relapse after treatment with one or more second-generation BCR-

ABL1-targeting TKIs. One particular problem is primary drug resistance of CML LSCs.

The concept of LSCs was established some time ago with the intention of explaining cellular 

hierarchies and developing curative drug therapies through the elimination of leukemia-

initiating and -propagating cells [28–30]. Based on the LSC concept, the leukemic clone can 

be divided into two fractions, a bulk population of more mature cells and LSCs. Whereas 

most cells in the bulk have no long-term proliferative capacity, LSCs exhibit self-renewing 

and long-term disease-propagating ability [28–30]. This concept has major clinical 

implications. In particular, the LSC concept predicts that any drug can act in a curative 

manner only when eliminating most or all LSCs and implies that relapses develop from 

residual LSCs that escaped therapy [10–13]. Indeed, LSCs are known to exhibit multiple 

forms of drug resistance [9–15]. In CML, the intrinsic form of resistance is common to most 

or all LSCs and is considered to be at least in part independent of BCR-ABL1 [9–12]. In 

contrast, the acquired form of TKI resistance arises during the course of disease in distinct, 

LSC-derived subclones and is often triggered by BCR-ABL1 mutations.

In patients with CP CML, LSCs are considered to reside in a CD34+/CD38− cell population 

[9–14,31–33]. Normal hematopoietic stem cells (HSCs) also exhibit this phenotype. 

Therefore, additional markers need to be used to discriminate between normal (residual) 

HSCs and CML LSCs. However, little is known about biomarkers and phenotypes of CML 

LSCs. Recently, a number of more or less specific markers and potential drug targets have 

been identified in CML LSCs [34–36]. The long-term aim of this research is to develop 

robust LSC markers for LSC isolation, for diagnostic purposes and prognostication, as well 

as for the design of LSC-eradicating treatment concepts [35–41]. One novel marker of CML 

LSCs is the interleukin-2 (IL-2) receptor alpha chain CD25 [34–37,42,43]. Here, we provide 

an overview of markers and targets displayed by CML LSCs, with special focus on the 

expression and function of CD25.

Cell surface structures expressed on CML LSCs and their potential clinical 

value

A number of previous and more recent studies have shown that growth, self-renewal, and 

distribution of CML LSCs are regulated by a network of cytokines, cytokine receptors, 

chemokines, and niche-related surface molecules [32,43–47]. In common with normal BM 

stem cells, CML LSCs express a number of growth factor receptors, including the IL-3 
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receptor (CD123/CD131), stem cell factor receptor (KIT = CD117), granulocyte colony-

stimulating factor receptor (CD114), granulocyte/macrophage colony-stimulating factor 

receptor (CD116/CD131), and fms like tyrosine kinase 3 (FLT3) (CD135) [43,47–50]. In 

addition, CML LSCs reportedly express CXCR4 (CD184), a homing-related antigen that 

serves as a receptor for stromal cell–derived factor-1 (SDF-1) in the stem cell niche 

[36,51,52]. CML LSCs also display CD33, CD44, CD47, CD52, and CD93 [36,48,50,53]. 

Table 1 shows a summary of cell surface antigens expressed on CML LSCs and normal BM 

stem cells. Several of these cell surface antigens, such as CD123, are expressed at higher 

levels on CML LSCs compared with normal BM HSCs [36,48,50,53]. In addition, it has 

been shown that CD34+/CD38− LSCs in CP CML display several surface antigens in an 

aberrant manner. These surface markers include CD25, CD26, and IL-1 receptor-accessory 

protein (IL-1RAP) [34–36,43,54]. Other surface markers expressed more or less specifically 

on CML LSCs, but not or only at a low level on normal BM stem cells, include CD56 and 

CD93 [50,55] (Table 1). The CLL-1 antigen (CD371) that is specifically displayed by 

CD34+/CD38− LSCs in a subset of patients with acute myeloid leukemia (AML) [56] is only 

weakly expressed or undetectable on CML LSCs [50] (Table 1).

Whereas in untreated patients with CP CML, LSCs display an almost invariable profile of 

aberrantly expressed surface antigens (CD25+/CD26+/IL-1RAP+/CD56+), this is not the 

case in patients with accelerated phase (AP) or blast phase (BP) of CML [36,43]. In fact, in 

AP or BP patients, one or more of the aberrantly expressed LSCs markers may no longer be 

detectable on CD34+/CD38− cells. Likewise, it has been shown that CD34+/CD38− LSCs 

express CD25 in more than 90% of patients with untreated CML, but express CD25 in only 

about one half of patients with AP CML [43]. Even in some CP patients, not all of the 

aberrantly displayed LSC markers may be detectable in the stem cell fraction, which has 

practical implications.

Based on the high specificity of the aberrant profile of CML LSCs, diagnostic LSC 

phenotyping and LSC quantification in CML have been considered recently. The approach 

of LSC phenotyping has not yet been validated, however, and although CD25 expression on 

LSCs has been reported [35,38,42], more prospective studies may be required to translate 

this new diagnostic approach into routine application. For such diagnostic phenotyping of 

LSCs, we recommend that at least three specific LSC markers (preferably CD25, CD26, and 

IL-1RAP) are used. With these three markers, along with CD19 and/or CD20, the specificity 

for CML is more than 90%. Expression of all three markers on LSCs is highly indicative of 

the presence of BCR-ABL1+ CML. In fact, CD26 and IL-1RAP are not expressed on 

CD34+/CD38− LSCs in other hematopoietic malignancies, with a few exceptions: patients 

with BCR-ABL1p210
+ acute lymphoblastic leukemia (often referred to as primary lymphoid 

blast phase of CML), a subset of patients with FLT3 ITD+ AML, and a few patients with 

primary JAK2 V617F+ myelofibrosis [36]. As mentioned before, aberrantly expressed LSC 

markers can also be used to quantify CML LSCs at diagnosis and during therapy [36,57]. 

The number of CD26+ LSCs at diagnosis has been shown to correlate with the patients’ 

response to BCR-ABL1-targeting TKIs [57]. However, during therapy with imatinib or other 

TKIs, the numbers of CD26+ LSCs decrease rapidly in the PB and BM and disappear after a 

few weeks unless the clone is resistant. In all of these patients, monitoring of BCR-ABL1 
mRNA by quantitative polymerase chain reaction is by far a more sensitive approach to 
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quantify minimal residual disease (MRD) than LSC phenotyping. Therefore, LSC 

phenotyping in CML is recommended only at diagnosis and at relapse, not as an MRD 

parameter. With regard to CD25, another important issue has to be considered: recent data 

suggest that, in some patients with CML who achieve CCyR/MMR during treatment with 

imatinib, the CD34+/CD38− stem cells, detectable in the BM and/or PB after debulking of 

the dominant clone, are negative for BCR-ABL1 and CD26, but still express CD25 (IS and 

PV, unpublished observation). It is tempting to speculate that these CD25+ stem cells are 

remaining clonal stem cells derived from an earlier (pre-malignant) phase of LSC evolution 

[58,59]. However, the robust molecular data needed to confirm this hypothesis are lacking, 

and whether these cells are indeed residual preleukemic neoplastic stem cells (pre-L-NSCs) 

or normal HSCs that display CD25 in a “reactive” manner (e.g., inflammation- or cytokine-

induced) remains unknown.

CML LSCs display the alpha chain of the IL-2 receptor

The IL-2 receptor complex on lymphohematopoietic cells consists of an alpha chain 

(IL-2RA = CD25), a functional beta chain (CD122), and a gamma chain (CD132). CML 

LSCs display CD25, but do not express substantial amounts of CD122 or CD132 (Fig. 1A) 

[43,50]. Correspondingly, IL-2 is unable to trigger the growth or survival of CML LSCs, 

even when relatively high doses of the cytokine are applied [43]. The multipotent BCR-
ABL1+ cell line KU812 was also found to express CD25, but did not express substantial 

amounts of CD122 or CD132 (Fig. 1B) [43]. Moreover, KU812 cells are unresponsive to 

physiologic concentrations of IL-2 [43].

Expression of CD25 on CML LSCs is dependent on signal transducer and 

activator of transcription 5 (STAT5) activity

It is generally thought that activated STAT5 is a major trigger of CD25 expression on various 

physiologic and neoplastic cells. In addition, BCR-ABL1 is known to induce STAT5 

activation. Correspondingly, drug-induced or short hairpin RNA (shRNA)-mediated knock-

down of STAT5 expression in KU812 cells is followed by reduced expression of CD25 [43]. 

Consistent with these observations, the STAT5-targeting drug pimozide was found to 

decrease CD25 expression on CD34+/CD38− CML LSCs [43]. A similar effect was obtained 

with BCR-ABL1-targeting drugs. In particular, nilotinib and ponatinib were found to 

suppress expression of CD25 on CML LSCs (Fig. 2) and KU812 cells [43]. In contrast, 

imatinib did not inhibit the expression of CD25 on CML LSCs (Fig. 2). This discrepancy is 

best explained by intrinsic LSCs resistance against imatinib, a phenomenon that may be 

associated with a poor uptake of imatinib into LSCs or rapid efflux of the drug from LSCs 

after uptake [9,60,61]. STAT5 dependence of CD25 expression in CML LSCs is not 

restricted to the human system. In fact, transduction of BM stem cells obtained from 

C57BL/6 mice with STAT5 results in expression of CD25 on Lin−/Sca-1+/Kit+ cells [43]. 

Because STAT5 activation has been recognized as a major event in disease evolution and the 

JAK–STAT pathway may be a novel target of therapy, the observation that CD25 expression 

on CML LSCs is dependent on STAT5 activity is of potential interest. Indeed, STAT5 target 

genes are thought to play a role in disease evolution in CML.
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Aberrant expression of CD25 in CML cells is restricted to LSCs

Under physiologic conditions, CD25 is only expressed on a few hematopoietic cell types, 

including activated T lymphocytes, activated B lymphocytes, and basophils. A remarkable 

observation has been that, in CML patients, aberrant expression of CD25 is restricted to 

LSCs. In other words, although BCR-ABL1 and activated STAT5 are expressed in most 

clonal cells in patients with CML, the STAT5-dependent target gene CD25 is only 

upregulated and expressed aberrantly on LSCs [43]. More mature (CD34+/CD38+) 

progenitor cells display a low amount of CD25 or do not express CD25 in CML, similar to 

normal BM progenitors [43]. Similarly, basophils in CML and in healthy donors express 

CD25. However, the levels of CD25 on CML basophils are higher than those detectable on 

normal blood basophils [43,62] (Fig. 3).

Functional role of CD25 expression in CML LSCs

The exact functional role of CD25 on CML LSCs remains to be determined. In initial 

studies, CD25 has been described as a growth-promoting molecule in murine CML LSCs 

[42]. In addition, it was hypothesized that CD25 could also act as a growth-promoting 

regulator in human CML LSCs. However, more recently, CD25 was found to act as a 

growth-inhibitory molecule on human CML LSCs [43]. In particular, a shRNA against 

CD25 was found to enhance the proliferation of primary human CD34+ CML cells. In 

addition, a shRNA specific for CD25 was found to promote growth and survival of KU812 

cells in vitro (Fig. 4) and in vivo in an NSG xenotransplantation model [43]. Moreover, 

lentivirus-mediated transduction of CD25 into the CD25-negative cell lines K562, K562-R, 

and KCL-22 resulted in reduced cell proliferation [43]. Collectively, these data suggest that 

CD25 serves as a growth-suppressing molecule in CML stem and progenitor cells. So far, it 

remains unknown whether CD25 can also act as a growth-suppressing molecule of LSCs in 

patients with other myeloid leukemias such as AML. More recent data suggest that CD25 

can act as a tumor suppressor in a murine model of T-cell leukemia [63].

Identification of CD25 as a drug-inducible suppressor-type target in CML 

LSCs

Because BCR-ABL1 TKIs downregulate the expression of CD25 on CML LSCs, a new 

fascinating hypothesis is that CD25 may also serve as a drug-sensitive suppressor and that 

resistance against TKIs is facilitated by drug-induced downregulation of CD25 [43]. Based 

on this notion, drug screens were performed with the aim of identifying drug classes that 

promote the expression of CD25 on CML LSCs. In these screens, inhibitors of the 

phosphoinositide 3-kinase (PI3K)–mechanistic target of rapamycin (mTOR) pathway were 

identified as specific inducers of CD25 expression [43]. In particular, the dual PI3K and 

mTOR blocker BEZ235 and the mTOR-targeting drug rapamycin not only inhibit growth of 

CML cells, but also promote expression of CD25 on CML LSCs as well as on KU812 cells 

[43]. More importantly, KU812 cells transduced with shRNA against CD25 were found to 

be less sensitive against BEZ235 compared with untransfected cells [43]. To exploit CD25 

as a potential drug-inducible LSC inhibitor, BEZ235 was combined with various BCR-

ABL1 TKIs to induce synergistic antineoplastic effects. Indeed, when combining these 
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drugs, highly synergistic effects were obtained in KU812 cells [43] (Fig. 5). IL-2R-targeting 

antibodies and IL-2R-targeting IL-2-toxin conjugates (e.g., denileukin-diftitox) have already 

been applied in clinical trials. Whether such drugs can be used to attack and kill CML LSCs 

or LSCs in other hematopoietic neoplasms is being investigated.

Expression of CD25 on LSCs or pre-L-NSCs in other hematopoietic 

malignancies

A number of previous and more recent studies suggest that CD25 is expressed not only on 

LSCs in CML, but also on LSCs in other myeloid neoplasms, including AML [36,43,64]. In 

addition, CD25 is expressed on CD34+/CD38− stem cells in patients with Ph+ ALL and in a 

subset of patients with primary myelofibrosis. Finally, as mentioned previously, CD25 may 

be expressed on pre-L-NSCs in preleukemic conditions. Whether normal CD34+/CD38− 

(nonmutated) HSCs (e.g., after cytokine exposure) can also express CD25 remains unknown.

Clinical application and translational relevance

So far, the exact value of CD25 as a potential biomarker or target in CML LSCs remains 

uncertain. From a clinical point of view, CD25 may serve as a diagnostic LSC marker in 

CML. However, expression of CD25 on LSCs is not specific for CML, but is also seen in 

AML [64]. In addition, even normal (apparently healthy) BM stem cells may sometimes 

express CD25. Therefore, the application of CD25 alone is not recommended in CML. 

Rather, additional diagnostic LSC markers, such as CD26 and IL-1RAP (or CD56 and/or 

CD93), should be applied. When applied together, the diagnostic accuracy (at diagnosis) in 

CML is very high (more than 90%). In addition, when combined with CD26 and/or 

IL-1RAP, CD25 can be used as an LSC marker in the follow-up during treatment with TKIs. 

However, it should be mentioned that the sensitivity of this approach is limited. In fact, 

BCR-ABL1 monitoring is much more sensitive compared with LSC phenotyping. Whether 

CD25 can be used as a target of therapy in CML is not known. Because CD25 may acts as a 

tumor suppressor in CML LSCs, a functional block of CD25 may not be an advisable 

approach. However, CD25 may be used as an immunotherapy target using toxin conjugates. 

The elimination of preleukemic and leukemic stem cells could be an advantage of CD25-

targeting therapy. Another approach would be to promote CD25 expression through 

inhibition of the PI3K–mTOR pathway [43].

Concluding remarks

The alpha chain of the IL-2R, CD25, has been identified recently as a novel biomarker 

expressed aberrantly on the surface of CML LSCs. Expression of CD25 on CML LSCs 

depends on STAT5 activity and is seen in virtually all patients with CML. However, in 

contrast to other LSC markers, CD25 is also detectable on LSCs in patients with AML. 

Although the functional role of its expression on LSCs remains uncertain, recent data 

suggest that CD25 serves as a negative regulator of growth of CML LSCs. In addition, 

recent data suggest that TKI-induced downregulation of CD25 contributes to TKI resistance 

and that drugs promoting the expression of CD25 in CML cells exert strong synergistic 

effects when combined with BCR-ABL1 TKIs. In conclusion, CD25 appears to be a novel 
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marker and drug-sensitive suppressor in CML cells. Future studies should define the exact 

diagnostic and clinical value of CD25 in CML.
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Figure 1. 
Expression of CD25 on CD34+/CD38− LSCs in patients with CML and on KU812 cells. (A) 

Primary CML cells were stained with fluorochrome-labeled monoclonal antibodies against 

CD34, CD38, CD45, CD25, CD122, and CD132. LSCs were defined as CD45+/CD34+/

CD38− cells. As assessed by multicolor flow cytometry, LSCs were found to co-express 

CD25 (left panel), but did not express CD122 (middle panel) or CD132 (right panel) (red 
histograms). The isotype-matched control antibody is also shown (black open histograms). 

(B) The Ph+ cell line KU812 was stained with antibodies against CD25, CD122, and CD132 

(blue histograms). It can be seen that KU812 cells also express CD25 and do not express 

substantial amounts of CD122 or CD132.

Sadovnik et al. Page 11

Exp Hematol. Author manuscript; available in PMC 2018 July 13.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 2. 
Effects of BCR-ABL1-targeting TKIs on CD25 expression on CD34+/CD38− CML LSCs. 

CML MNCs were incubated in control medium or TKIs (left histogram: imatinib, middle 

histogram: nilotinib, right histogram: ponatinib; each 1 μmol/L) at 37°C for 24 hours. 

Thereafter, CD25 expression on CD34+/CD38− LSCs was analyzed by multicolor flow 

cytometry. Black open histograms represent the matched isotype control; blue histograms 

represent CD25 expression on CML LSCs kept in control medium; and red histograms 

represent expression of CD25 on CML LSCs after treatment with TKI. As illustrated, the 

expression of CD25 on CML LSCs is not altered by imatinib, but decreases on exposure to 

nilotinib or ponatinib. MNCs = Mononuclear cells.
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Figure 3. 
CML basophils express higher levels of CD25 than do basophils obtained from healthy 

donors. Expression of CD25 on CD123++/CD45+ basophils was analyzed by multicolor flow 

cytometry using fluorochrome-labeled antibodies against CD45, CD123, and CD25. Cells 

were obtained from five patients with CP CML (left red bar) and five healthy controls (right 

blue bar). Expression of CD25 was determined as the MFI and is expressed as the SI 

according to the following formula: SI = MFI test antibody: MFI isotype-control antibody. 

*p < 0.05 compared with CD25 expression on normal basophils. MFI = Median 

fluorescence intensity; SI = staining index.
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Figure 4. 
Evaluation of CD25 as a functional target on CML cells. CD25 shRNA-transduced cells 

were mixed 1:1 with KU812 cells transduced with a RDM shRNA and cultured at 37°C for 

14 days. Expression of CD25+ cells was analyzed three times a week by flow cytometry 

using a phycoerythrin-conjugated antibody against CD25. Results are expressed as the 

percentage of CD25+ cells and represent the mean ± standard deviation from three 

independent experiments. *p < 0.05 compared with the percentage of CD25+ cells measured 

on day 0. RDM = Random.
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Figure 5. 
The PI3K/mTOR blocker BEZ235 synergizes with BCR-ABL1-targeting TKIs in inhibiting 

the proliferation of KU812 cells. KU812 cells were incubated in control medium, medium 

supplemented with BEZ235 (90 nmol/L), or medium containing BCR-ABL1-targeting drugs 

(imatinib, 108 nmol/L; nilotinib, 6.3 nmol/L; ponatinib, 0.27 nmol/L) alone or in 

combination at a fixed ratio of drug concentrations at 37°C for 48 hours (BEZ235 + 

imatinib, left panel; BEZ235 + nilotinib, middle panel; BEZ235 + ponatinib, right panel). 

After incubation, 3H-thymidine uptake was measured. Results are expressed as a percentage 

of control (100%), and represent the mean ± standard deviation from triplicates.
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Table 1

Expression of cell surface markers and targets on LSCs in CML and AML and comparison with normal BM 

stem cells

Expression on CD34+/CD38− cells

Target/Marker CD CML LSCs AML LSCs Normal stem cells

T-Span-29 CD9 ++ + +/−

IL-2RA CD25 ++ +/− −/+

DPPIV CD26 ++ −/+a –

Siglec-3 CD33 ++ ++ +

Pgp-1 CD44 ++ ++ ++

IAP CD47 ++ ++ ++

Campath-1 CD52 + +/− +/−

NCAM CD56 + −/+ −/+

Thy-1 CD90 + – ++

Lectin-R CD93 + + +/−

Tactile CD96 – −/+ –

Endoglin CD105 ++ ++ ++

G-CSFR CD114 + +/− +

GM-CSFR CD116 +/− −/+ −/+

KIT/SCFR CD117 ++ ++ ++

IL-3RA CD123 ++ ++ +

AC133 CD133 ++ + ++

FLT3 CD135 + + +/−

CXCR4 CD184 + + ++

CLL1 CD371 +/− +/− –

IL-1RAP n.c. + +/− –

HLA-DR n.c. ++ +/− ++

AC133 = CD133 (prominin or PROM1); CLL1 = C-type lectin-like molecule-1; CSFR = granulocyte-macrophage colony-stimulating factor 
receptor; CXCR4 = C-X-C chemokine receptor type 4; DPPIV = dipeptidyl-peptidase IV; FLT3 = fms like tyrosine kinase 3; G-CSFR = 
granulocyte colony-stimulating factor receptor; GM-CSFR = granulocyte macrophage colony-stimulating factor; HLA-DR = human leukocyte 
antigen; n.c. = not yet clustered; NCAM = neural cell adhesion molecule; SCFR = stem cell factor receptor; T-Span-29 = Tetraspanin 29.

Expression score: ++, expressed on (L)SCs in >90% of all patients/donors; +, expressed on (L)SCs in 75–90% of all donors; +/−, expressed on 
(L)SCs in 50–75% of all donors; −/+, expressed on (L)SCs in 15–50% of donors; –, expressed on (L)SCs in <15% of donors.

a
In a subset of patients with FLT3-mutated AML, LSCs display CD26.
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