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SUMMARY

While imatinib and other tyrosine kinase inhibitors (TKIs) are highly efficacious in the treatment

of chronic myeloid leukaemia (CML), some patients become refractory to these therapies. After

confirming that interleukin-3 receptor (IL3R, CD123) is highly expressed on CD34+/CD38− BCR-

ABL1+ CML stem cells, we investigated whether targeting IL3R with diphtheria toxin (DT)-IL3

fusion proteins SL-401 (DT388-IL3) and SL-501 (DT388-IL3[K116W]) could eradicate these stem

cells. SL-401 and SL-501 inhibited cell growth and induced apoptosis in the KBM5 cell line and

its TKI-resistant KBM5-STI subline. Combinations of imatinib with these agents increased

apoptosis in KBM5 and in primary CML cells. In six primary CML samples, including CML cells

harbouring the ABL1 T315I mutation, SL-401 and SL-501 decreased the absolute numbers of

viable CD34+/CD38−/CD123+ CML progenitor cells by inducing apoptosis. IL3-targeting agents

reduced clonogenic growth and diminished the fraction of primitive long-term culture-initiating

cells in samples from patients with advanced phase CML that were resistant to TKIs or harboured

an ABL1 mutation. Survival was also extended in a mouse model of primary TKI-resistant CML

blast crisis. These data suggest that the DT-IL3 fusion proteins, SL-401 and SL-501, deplete CML

stem cells and may increase the effectiveness of current CML treatment, which principally targets

tumour bulk.
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INTRODUCTION

Chronic myeloid leukaemia (CML) is a malignant clonal disorder of haematopoietic stem

cells that results in increased numbers of myeloid cells, erythroid cells and platelets in

peripheral blood, as well as marked myeloid hyperplasia in the bone marrow. Eighty percent

of newly diagnosed CML cases are in chronic phase, and imatinib, a BCR-ABL1 tyrosine

kinase inhibitor (TKI), is efficacious as a front-line therapy in newly diagnosed patients. A

long-term study of imatinib demonstrated a 7-year cumulative rate of complete cytogenetic

response of 82%, an event-free survival rate of 81% and a freedom-from-progression rate of

93% (Guilhot et al., 2009). However, a subset of patients with chronic phase CML are

resistant to imatinib, and more than 18% of cases that initially achieve a complete

cytogenetic response develop secondary resistance to the drug (Radich et al., 2006). Patients

whose disease progresses to accelerated or blast phase have shown rates of complete

cytogenetic response to imatinib ranging from 16% to 50%, however, responses are

generally brief and the estimated duration of overall survival of such patients is 7 months

(Berman et al., 2006; Schiffer, 2007). Moreover, mutations that arise in the kinase domain

of ABL1, such as the substitution of threonine at position 315 with isoleucine (T315I), limit

the effectiveness of imatinib and other second-generation TKIs and often lead to resistance

and disease relapse (Jamieson et al., 2004).

Cancer stem cells (CSCs) have been identified in virtually all major tumour types, including

leukaemia and cancers of the brain, breast, colon, prostate and pancreas. In acute myeloid

leukaemia (AML), the percentage of leukaemic stem cells (LSCs) represents a small fraction

(0.5–5%) of the total number of cancer cells, yet these cells can give rise to, and are

responsible for, the growth of the entire tumour. LSCs have also been shown to be highly

resistant to standard cancer therapies, including chemotherapy, radiation and targeted

therapies (Zhou et al., 2009). Therefore, the failure of therapeutics in our current

armamentarium to target LSCs is widely believed to be partly responsible for overall

treatment failure and relapse after standard therapies. CML progenitor cells have been

shown to maintain BCR-ABL1 signalling, but they demonstrate insensitivity to TKIs.

Indeed, quiescent CD34+ BCR-ABL1+ cells are not effectively killed in vitro by any of

several BCR-ABL1–targeting TKIs, including imatinib, dasatinib and nilotinib (Copland et

al., 2006; Graham et al., 2002; Jorgensen et al., 2007). Moreover, the persistence of LSCs as

a cause of relapse may occur in as many as 75% of patients after treatment discontinuation

(Copland et al., 2006; Corbin et al., 2011; Graham et al., 2002).

The interleukin-3 receptor (IL3R, also known as CD123) is normally expressed on certain

haematopoietic cells, including maturing myeloid cells, B-cells and dendritic cells, but not

on normal haematopoietic stem cells, and is involved in cell maturation, differentiation and

survival. IL3R is also overexpressed in several haematological malignancies, including

AML, myelodysplastic syndrome (MDS), CML, B-cell acute lymphoid leukaemia (ALL),
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hairy cell leukaemia, Hodgkin lymphoma, and certain aggressive forms of non-Hodgkin

lymphoma (Aldinucci et al., 2005; Borthakur & Reddy, 2010; Djokic et al., 2009; Florian et

al., 2006; Graf et al., 2004; Jordan et al., 2000; Lhermitte et al., 2006). Importantly, IL3R is

also overexpressed on LSCs in AML, CML, MDS, and T-cell ALL (Borthakur & Reddy,

2010). Moreover, the expression of IL3R on leukaemic blasts correlates inversely with

overall survival in AML (Graf et al., 2004; Testa et al., 2002). In particular, patients whose

blasts expressed a high level of IL3R had a median complete remission time of 6 months,

whereas those whose blasts expressed a normal IL3R level had a median complete remission

time of greater than 24 months (Testa et al., 2002). The differential expression pattern of

IL3R on normal stem cells and LSCs renders IL3R an attractive drug target in terms of

specificity, overall toxicity and potency.

SL-401 and SL-501 are biological targeted therapeutics directed at IL3R. SL-401 (formerly

known as DT388-IL3 (Cohen et al., 2004)) is a recombinant protein that is comprised of

human IL3 joined by acid-labile amino acids to diphtheria toxin truncated at its receptor

binding domain (amino acids 1–388), so that cytotoxicity results from binding of its IL3

domain to IL3R and subsequent internalization (Feuring-Buske et al., 2002; Frankel et al.,

2000a; Kiser et al., 2001). Upon the interaction of the TAT-like domain of DT (residues

201–230) with cytosolic Hsp90 and thioredoxin reductase, the catalytic domain (A

fragment) of SL-401 unfolds, is reduced and translocates to the cytosol. Once released into

the cytosol, the A fragment refolds and catalytically inactivates cellular protein synthesis by

ADP-ribosylating the diphthamide residue in domain IV of EF2. Global cellular inhibition

of protein synthesis causes efficient and timely cell lysis or apoptosis.

In preclinical studies, SL-401 demonstrated prominent in vitro and in vivo activity against

leukaemic blasts, AML colony-forming cells, AML long-term culture–initiating cells and

AML cells engrafted into non-obese diabetic severe combined immunodeficient (NOD/

SCID) mice, whereas it demonstrated negligible activity against normal bone marrow

progenitor cells (Feuring-Buske et al., 2002; Frankel et al., 2000a; Kiser et al., 2001). The

K116W variant DT388-IL3 molecule (DT388-IL3[K116W], or SL-501) exhibited greater

IL3R binding affinity and cytotoxic activity against AML progenitors than SL-401, although

SL-501 also possessed negligible activity against normal bone marrow progenitor cells

(Hogge et al., 2006a; Testa et al., 2005). In a Phase 1–2 clinical trial in patients with

advanced haematological cancers, a single cycle of SL-401 administered as a 15-min

intravenous infusion daily for 5 days induced complete responses in patients with relapsed

or refractory AML or blastic plasmacytoid dendritic cell neoplasm, an IL3R+ malignancy of

plasmacytoid dendritic cells (Frankel et al., 2013), and a survival signal among AML

patients who received this agent as third- or later-line therapy was noted (Konopleva et al.,

2012). In these clinical trials, SL-401 administration was devoid of myelosuppressive

effects.

Given the notable IL3R expression on the LSCs of CML, a population known to be resistant

to TKIs, the lack of effectiveness of the TKIs against BCR-ABL1+ CML LSCs (Copland et

al., 2006; Graham et al., 2002) and the differential expression of IL3R on the malignant

cells of haematological cancers relative to normal marrow cells, IL3R is an attractive

therapeutic target and both SL-401 and SL-501 are rational therapeutics to develop to
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selectively eradicate CML cells. In this study, we explored the consequence of targeting

IL3R in CML LCSs, as well as the antitumour activity of SL-401 and SL-501 in this setting.

MATERIALS AND METHODS

Chemicals and reagents

SL-401 (DT388-IL3) was provided by Stemline Therapeutics, Inc. (New York, NY). The

protein was diluted in culture medium immediately before use. DT388-IL3[K116W]

(SL-501) was prepared and purified as previously described (Frankel et al., 1997; Frankel et

al., 2000b; Su et al., 2010). Imatinib was purchased from LC Laboratories (Woburn, MA)

and dissolved in dimethyl sulfoxide (DMSO) before use.

Cell lines and primary CML samples

KBM5, an imatinib-sensitive blast crisis CML cell line, and KBM5-STI, an imatinib-

resistant KBM5 subline that harbours the ABL1 T315I mutation (Ricci et al., 2002), were

cultured in RPMI-1640 medium containing 10% fetal bovine serum (FBS) and 50 µg/ml

penicillin/streptomycin at 37°C in a humidified atmosphere containing 5% CO2. Bone

marrow, peripheral blood and apheresis samples were obtained from patients with CML in

various stages. All patient samples were collected at The University of Texas MD Anderson

Cancer Center, and each patient signed a written informed consent document approved by

the institution’s investigational review board. The clinical characteristics at the time of

specimen collection of the patients whose samples were used for in vitro and in vivo studies

are presented in Table I. Mononuclear cell fractions were obtained by Ficoll-Hypaque

(Lymphocyte Separation Medium; Cellgro, Manassas, VA) density-gradient centrifugation

and seeded at 1–2 × 106 cells/ml in RPMI-1640 medium containing 10% FBS and 50 µg/ml

penicillin/streptomycin at 37°C. The cell lines and primary samples were treated with

SL-401 (0.1–5 µg/ml), SL-501(0.1–5 µg/ml), imatinib (0.25–5 µM), or a combination of

these for either 24 or 72 h.

Cell viability and apoptosis

Trypan blue exclusion was used to assess cell viability. The induction of apoptosis was

quantified by fluorescence-activated cell sorting (FACS) on treated cells stained with

annexin V. Briefly, cells were washed, resuspended with annexin V binding buffer, stained

with fluorescein isothiocyanate (FITC)–conjugated annexin V (Roche, Mannheim,

Germany) for 15 min at room temperature in the dark, and then washed and counterstained

with propidium iodide (PI). The analysis was performed by a FACSCalibur flow cytometer

(Becton Dickinson, Franklin Lakes, NJ) at a wavelength of 488 nm using Cell QuestPro

Software (Beckman-Coulter, Fullerton, CA).

Flow cytometry detection of CML stem cells and apoptosis

Mononuclear cell fractions derived from the bone marrow aspirates, peripheral blood and

apheresis samples of CML patients were washed with phosphate-buffered saline (PBS) and

then stained with anti-CD34, -CD38 and -CD123 antibodies (Becton Dickinson) for 30 min

at room temperature to identify LSCs. To determine the fractions of viable and apoptotic

cells, cells were also stained with annexin V-FITC (Roche) and 4′,6-diamidino-2-
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phenylindole (DAPI; Sigma-Aldrich, St. Louis, MO). The frequency of CD34+/CD38−/

CD123+/annexin V–positive cells was determined by multicolour flow cytometry. The

percentage of non-apoptotic (annexin V–negative) stem cells was calculated after SL-401 or

SL-501 treatment (number of stem cells in DMSO-treated cultures = 100%).

Long-term culture-initiating cell and colony-forming cell assays

Primary mononuclear cells used for the colony-forming cell (CFC) or long-term culture-

initiating cell (LTC-IC) assays were first incubated (1×106 cells/ml) with or without SL-401

or SL-501 for 24 h. The viability of cultured cells was measured by trypan blue dye

exclusion before plating for the assays.

The assays for CML CFCs were performed by plating cells at a density of 1.0×105 cells/ml

in growth factor–enriched methylcellulose medium (Methocult; StemCell Technologies,

Vancouver, BC, Canada) supplemented with 20 ng/ml IL6 (Invitrogen, Grand Island, NY).

Plates were scored for the presence of colonies after 14 days as previously described (Ailles

et al., 1997).

CML LTC-IC assays were established and maintained as previously described (Ailles et al.,

1997). Briefly, CML cells (1.0 × 105) in myeloid long-term culture medium (Myelocult;

StemCell Technologies) were co-cultured with feeder layers that consisted of MS-5 murine

stromal cells treated with 0.75 µg/ml mitomycin C for 3 h. After culture for 6 weeks with

weekly half-medium changes, adherent and nonadherent cells were harvested and assessed

for their CML CFC proportion as described elsewhere (Ailles et al., 1997).

Fluorescence in situ hybridization analysis

CD34+ cells were isolated from primary mononuclear cells using a magnetic cell sorting kit

(MACS; Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer’s

instructions. Clinical characteristics of patients whose cells were used for this experiment

are summarized in Table II. Briefly, primary mononuclear cells were washed twice with

MACS buffer, stained with CD34 beads, and separated on a MACS column using positive

selection. MACS-sorted CD34+-enriched cells were stained with anti-CD34-

allophycocyanin (APC), anti-CD38-cyanin 5 (Cy5), and anti-CD123-phycoerythrin (PE)

antibodies (BD Biosciences, San Jose, CA) for 30 min at room temperature. Unstained cells

were used as a negative control. After incubation, 1×103 CD34+/CD38−/CD123+ or CD34+/

CD38−/CD123− cells were FACS-sorted directly onto slides. Slides were fixed with

methanol-acetic acid (V/V, 3:1) for 30 min, pretreated with pepsin (0.25 mg/1 ml 0.01N

hydrochloric acid; Sigma) at 37°C for 10 min, and then fixed in 1% formaldehyde for 5 min

at room temperature and washed with PBS. After the slides were dehydrated in an ethanol

series, a standard fluorescence in situ hybridization (FISH) protocol was used (Engel et al.,

1997; Wang et al., 1996). A BCR/ABL1 dual color probe was used for hybridization

(Abbott Laboratories, Abbott Park, IL). Slides were analyzed under a fluorescence

microscope (Photolab-2; Nikon Instruments, Melville, NY).
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CML murine model and in vivo treatment with SL-401 and SL-501

All animal work was performed in accordance with a protocol approved by the Institutional

Animal Care and Use Committee of MD Anderson Cancer Center. NOD/SCID/IL2Rγ-KO

(NSG) mice were transplanted via tail vein injection with 3.5 × 106 or with 2 × 106 human

primary leukaemic cells obtained from a patient with CML in blast crisis or an AML patient,

respectively. In the CML model, once circulating human CD45 positive cells were detected

by FACS (day 21), mice (six per group) received daily intraperitoneal injections of SL-401

or SL-501 at 0.2 mg/kg/mouse for 5 consecutive days. In the AML model, starting on day 26

after cell injection, mice were treated with SL-401 (at the same dose stated above),

cytarabine (100 mg/kg body weight) or with a combination of these by daily intraperitoneal

injections for 5 days. Control mice received daily intraperitoneal injections of 0.2 ml normal

saline solution on the same schedule.

Statistical analysis

All experiments were conducted at least three times unless specified otherwise. The two-

sided Student’s t-test was used to evaluate the statistical significance of differences between

groups. Results are expressed as the mean ± standard error of the mean (SEM) or standard

deviation (SD). Synergism, additive effects, and antagonism were assessed by the “Chou-

Talalay method” (Chou & Talalay, 1984) using Calcusyn software (Biosoft, Ferguson, MO)

whereby the combination index (CI) for each experimental combination was also calculated.

A CI = 1 represents the conservation isobologram and indicates additive effects. CI values

<1.0 indicated an additive effect characteristic of synergism. The Kaplan-Meier method was

used to estimate overall survival with Prism software (GraphPad, La Jolla, CA). P-values

were obtained by the log-rank test and were considered statistically significant when < 0.05.

RESULTS

CML cells express IL3R and are sensitive to SL-401 and SL-501

Supporting previous studies, which demonstrated that CD34+/CD38− CML cells express

CD123 (Florian et al., 2006), the CML cell lines KBM5, K562 and BV173 were shown to

express CD123 on the cell surface, albeit with varying intensities among the different lines

(Fig. 1A–D). Notably, the TKI-resistant CML line KBM5-STI also expressed CD123, at

similar or even higher levels than the parental line (Fig. 1A). Expression of CD123 by

KBM5 cells was not affected by treatment with 2.5, 5 and 10 µM imatinib for up to 72 h

(data not shown), suggesting that IL3R expression in CML is BCR-ABL1 independent.

We next assessed the sensitivity of these CML lines to SL-401 and SL-501. Cells were

incubated in the presence of each drug for 72 h and then assessed for viable cells and

apoptosis using trypan blue and annexin V flow cytometry, respectively. As shown in Figure

2A, both KBM5 and the TKI-resistant KBM5-STI cell lines were sensitive to SL-401 in a

dose-dependent manner, with 50% inhibitory concentration (IC50) values of 0.45 µg/ml and

0.4 µg/ml, respectively. SL-401 potently inhibited cell growth in a dose-dependent fashion

and induced apoptotic cell death in CML cells. Similar results were obtained in CD123-

expressing BV173 cells (Suppl. Fig 1). On the other hand, K562 cells, which have less

CD123 expression than the other two cell lines, were less sensitive to SL-401; the IC50 value

Frolova et al. Page 6

Br J Haematol. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



was 0.7 µg/ml (Suppl. Fig 1). SL-501 was significantly more cytotoxic than SL-401 in CML

cells, as the agent induced apoptosis in more than 50% of the cells at the lowest

concentration used in this assay (0.25 µg/ml). A time-course analysis demonstrated that

SL-401 and SL-501 concentrations of at least 0.25 µg/ml and 0.1 µg/ml, respectively,

completely arrested the growth of KBM-5 and KBM5-STI cells (Fig. 2B). Confocal

microscopy of KBM-5 cells incubated with DyLight680-conjugated SL-401 revealed

specific punctuated intracellular signal (Suppl. Fig. 2) consistent with endosomal

localization upon internalization.

We next tested the cytotoxic activity of SL-401 in primary leukaemia cells derived from

CML patients. Of 14 primary CML specimens evaluated, nine were from CML patients in

blast phase at sampling (seven myeloid and two lymphoid; Table I, assay “SL-401/501”),

ten had disease that was resistant to one or more TKIs, and four harboured the T315I

mutation. IL3R was ubiquitously highly expressed (>94% cells) within CD34+ cell

compartment in four samples tested (1CP, 3 BP, data not shown). Treatment of these

patient-derived leukaemic cells with 1 µg/ml SL-401 or SL-501 in vitro decreased viability

and increased the percentages of cells undergoing apoptosis compared to control cells

treated with vehicle only (average fractions of annexin V–positive cells were 47% [SL-401],

57% [SL-501], and 23% [control]; p <0.0001 for each drug compared to control; Fig. 2C),

regardless of the patient’s clinical status or presence of the BCR-ABL1 mutation. These

findings indicate that SL-401 and SL-501 induce apoptosis in CML cells ex vivo, including

cells with acquired resistance to BCR-ABL1 TKIs.

SL-401 and SL-501 enhance imatinib-induced apoptosis of KBM5 and primary CML cells

To determine whether SL-401 and SL-501 can enhance the cytotoxic activity of imatinib,

we treated KBM5 and KBM5-STI cells or mononuclear cells from CML patients (N = 4)

with imatinib (1 µM) in combination with SL-401 (1 µg/ml) or SL-501 for 72 h and

measured apoptosis by FACS. Imatinib enhanced the cytotoxicity of both SL-401 and

SL-501 against KBM5, as manifested as a dose-dependent increase in apoptosis and

decrease in the numbers of viable cells (Fig. 3A). The combination of SL-401 and imatinib

at a fixed ratio of 1:1 in KBM5 cells had a synergistic effect on viability, with a mean CI of

0.39 ± 0.13 at 72 h after treatment. TKI-resistant KBM5-STI cells were much less sensitive

to imatinib than KBM5 cells but preserved their sensitivity to SL-401. Similar findings were

observed with SL-501 combined with imatinib; the CI averaged 0.013 ± 0.005 for KBM5

cells. Furthermore, simultaneous treatment of CML cells with imatinib and either SL-401 or

SL-501 increased cell death in samples obtained from four patients with TKI-resistant CML

in blast phase, although the additive effect was restricted to samples without the T315

mutation (Patients 12 and 13). Two samples harbouring the T315I mutation (Patients 1 and

5) retained sensitivity to SL-401 and SL-501 (Fig. 3B,C).

CD123 is highly expressed in CD34+/CD38− progenitors of CML primary cells

CML was previously demonstrated to comprise a population of CD34+/CD38− LSCs that

express IL3R and are resistant to standard chemotherapeutic agents and TKIs (Florian et al.,

2006). In samples obtained from eight patients with CML in chronic or blast phase, IL3R

expression on CD34+/CD38− progenitor cells ranged from 49% to 98% (mean 83.6 ±
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16.7%; Table II). To determine whether the LSC population harboured oncogenic BCR-

ABL1, we performed FISH on FACS-sorted CD34+/CD38−/CD123+ cells from seven CML

samples (Patients 4 and 18–23). Interestingly, a significant percentage of the LSC

population was BCR-ABL1 positive, and the proportion of BCR-ABL1 positivity was higher

in CD123-expressing LSCs than in CD123-negative cells (mean 86.1% in CD34+/CD38−/

CD123+ cells versus 57.1% in the CD34+/CD38−/CD123− fraction, p <0.05; Table 3).

Based on the high CD123 expression in CML LSCs, we next determined whether this

population of cells was sensitive to SL-401 and SL-501. CML cells were treated with either

SL-401 or SL-501, and the number of CD34+/CD38−/CD123+ cells that expressed

phosphatidylserine was determined by multiparametric flow cytometry. The absolute

number of CD34+/CD38−/CD123+/annexin V–negative non-apoptotic stem cells was then

calculated and normalized to the number of DMSO-treated controls. As shown in Figure 4,

Figure 1 µg/ml of SL-401 caused a reduction in the numbers of viable bulk mononuclear

CML cells (mean ± SEM, 85.3 ± 6.1% remaining viable cells; Fig. 4A), and decrease in

viability of the putative LSC population compared to untreated controls (Fig. 4B, mean

54.8% ± 9.4% remaining viable LSCs). Additionally, SL-401 treatment induced apoptosis of

the CD34+/CD38−/CD123+ CML cell population (percentage apoptosis in LSC, mean ±

SEM: control, 27.6 ± 11.3%; SL-401, 44.8 ± 10.8%; Fig. 4C). In four samples (Patients 3,

10, 13 and 14), SL-401 treatment resulted in a greater loss of viability in the LSC fraction

than in bulk CML cells, indicating selective sensitivity of CML LSCs to SL-401 (Fig. 4D).

SL-501 was consistently more cytotoxic against CML mononuclear cells and CD34+/

CD38−/CD123+ cells, causing further reduction in the fraction of viable LSCs (Fig. 4B,

mean 31.7% ± 4.6% remaining viable LSCs). Both SL-401 and SL-501 caused LSC

depletion in samples from patients whose disease was resistant to multiple TKIs, including

those harbouring the T315I mutation (Patients 7 and 10).

SL-401 and SL-501 inhibit clonogenic growth and long-term colony formation of primary
CML

The effects of SL-401 and SL-501 on the viability of cells expressing CD34+/CD38−/

CD123+ suggested that they may affect the growth of progenitors and the most primitive

LSCs. Therefore, we first tested the effects of SL-401/SL-501 on colony forming ability by

pretreating patient CML blasts with SL-401/SL-501 ex vivo and assessing their growth in a

CFC assay for 14 days. As shown in Figure 5A, both SL-401 and SL-501 significantly

reduced colony formation, by as much as 75% compared to vehicle-treated cells, in a dose-

dependent manner (N = 6; p ≤0.0003), SL-501 again demonstrating greater inhibitory

activity. To evaluate the effect of SL-401/SL-501 on the most primitive leukaemia-initiating

cells, CML blasts from four primary samples were treated ex vivo and subjected to LTC-IC

assay. IL3R inhibition by SL-401 or SL-501 significantly reduced the number of colonies,

by approximately 80% over a 6-week period, in a dose-dependent manner (Fig. 5B; N = 4; p

≤0.009). Notably, the majority of the primary samples assessed in these assays were

obtained from patients who harboured an ABL1 mutation and/or whose disease was resistant

to TKIs (Table I, “CFC” and “LTC-IC” assays).
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SL-401 and SL-501 prolong the survival of NSG mice with CML xenografts

The SL-401/SL-501–induced apoptosis of CML blasts and LSCs as well as the reduction of

colony formation in the CFC and LTC-IC are consistent with in vitro features of drug-

mediated killing of bulk tumour cells and LSCs, respectively. Thus, we next tested whether

such responses were also evident in vivo and whether these fusion proteins would provide a

survival benefit in a CML xenograft model. NSG mice were transplanted with CML cells

from a patient in myeloid blast crisis whose leukaemia had developed resistance to both

imatinib and dasatinib. At 3 weeks after inoculation, leukaemia engraftment was confirmed

by detection of circulating human CD45+ cells (mean % of circulating human CD45 positive

cells: 13.1+/−1.1[N=11]). The mice were then randomized and administered either 0.2 ml

normal saline (control; N = 7) or 0.2 mg/kg body weight SL-401 or SL-501 (N = 6/each

group) by intraperitoneal injection once daily for 5 days (one cycle). As shown in Figure 6, a

single cycle of SL-401 or SL-501 significantly prolonged the survival of mice compared to

control mice (48 days for SL-401 and 58 days for SL-501 versus 37 days in vehicle-treated

mice; p < 0.0001). In concordance, the percentage of circulating human CD45 positive cells

was lower in the treated mice than in the control (average percentage of circulating human

CD45+ cells: 4.1±1.9% in IL3R antagonist treated mice [N=3] and 18.3±3.8% in controls

[N=2]). To validate the in vivo anti-leukaemia activity of SL-40, a second model was

developed in NSG mice injected with a primary AML sample (Suppl. Fig. 3). On day 26

after cell transplantation mice were randomized and treated by intraperitoneal injection once

daily for 5 days (one cycle) with either 0.2 ml normal saline, 0.2 mg/kg body weight

SL-401, 100 mg/kg cytarabine or their combination (N = 5/each group). Each single agent

significantly prolonged survival but the combination was more effective at improving mice

survival (median survival of 40 days in control arm versus 45, 47 and 55 days for

cytarabine, SL-401 and the combination, respectively; p<0.0001). Taken together, these

results suggest that both SL-401 and SL-501 demonstrate anti-leukaemia activity CML in

vivo.

DISCUSSION

The persistence and resistance of malignant CML LSCs against currently approved therapies

continues to drive the need for new and novel therapeutic modalities that can eradicate this

cell population. Although several TKIs that target the BCR-ABL1 fusion protein markedly

improve the outcome of patients with CML, treatment invariably fails in a fraction of these

patients as a result of minimal residual disease that consists of CML LSCs (Bhatia et al.,

2003; Gorre et al., 2001). Recent studies showing that these cells are resistant to TKIs

(Copland et al, 2006; Graham et al, 2002; Jorgensen et al, 2007), together with the finding

that CML LSCs have survival mechanisms that are independent of BCR-ABL1, underscore

the suggestion that non-TKI therapies capable of eradicating this population are needed to

reduce relapse and improve overall survival rates.

In this study, we showed that SL-401 and SL-501, clinically active biological therapies

directed to the IL3R overexpressed on CSCs and the tumour bulk of a wide range of

haematological cancers, including CML, effectively induced apoptosis of CML blasts and

LSCs both in vitro and in vivo. Previous data showed successful targeting of BCR-
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ABL1(+)ALL progenitor cells by SL-401 when combined with imatinib or dasatinib (Kim et

al., 2010). We found that SL-401 and SL-501 specifically eradicated the CD34+/CD38−/

CD123+ population of CML cells, inhibited colony and LTC-IC formation and significantly

extended overall survival in a CML xenograft mouse model developed from CML-BP

patient resistant to standard TKIs. Although samples from patients at different stages of the

disease (blast crisis, chronic phase and accelerated phase) were tested by the CFC and LTC-

IC assays, majority of the samples tested in this study were procured from patients with

advanced phase CML. Together, these results indicate that SL-401 might be efficacious in

eradicating both CML LSCs and leukaemia blasts, as well as against TKI-resistant advanced

phase CML. Further detailed studies are needed to dissect its activity against CML LSCs at

earlier stages of the disease. Our results are in agreement with recently published findings by

Nievergall et al., (2014), who demonstrated effective targeting CML LSCs with CSL362,

another agent directed against the IL3R that induces antibody-dependent cell-mediated

cytotoxicity. Several studies have shown that, although BCR-ABL1 is important for the

growth and survival of CML progenitors, this appears not to be the case for CML LSCs, and

therefore TKIs most probably will have little effect on this subset of cells, which can persist

for many years (Angstreich et al., 2005; Bedi et al., 1993; Holyoake et al., 1999; Jiang et al.,

2003; Keating et al., 1994). Whether IL3R expression differs as disease progresses and

genetic instability drives evolution of blast crisis has not been addressed in the present work

and needs to be determined. In this regard, Gill et al. (2014) recently reported that,

expression of IL3R increases with time in AML blasts, even in blasts with initially dim

levels of the protein.

SL-401 was previously assessed in a completed Phase 1/2 clinical trial of patients with

advanced haematological cancers, including AML, which also harbours blasts and LSCs

overexpressing IL3R (Frankel et al., 2008). In that study, a single cycle of SL-401

administered alone demonstrated antitumour activity, including reductions in leukaemia

blast cells or disease stabilization in more than half of all treated patients, the majority of

whom had been heavily pretreated (Frankel et al., 2008). Reduction in leukaemia blasts or

stabilization of disease was noted in 47% of patients with relapsed or refractory AML, 55%

of patients with AML who were poor risk and not candidates for chemotherapy and 43% of

patients with high-risk MDS. Moreover, durable complete responses were observed in two

patients with relapsed/refractory AML. Importantly, in that study, CFC assay revealed 79%

and 84% reductions in colonies in bone marrow sampled from two patients on day 30

following treatment with SL-401 (Giles et al., 2005; Keating et al., 1994).

Our increased understanding of LSCs, particularly the LSCs of CML, indicates that these

cells can become quiescent in haematopoietic micro-niches, such as the bone marrow, for

long periods of time during consecutive therapies (Bhatia et al., 2003). It has been shown

that a population of residual CD34+ progenitor cells can survive in the bone marrow of CML

patients in CP for several years during concomitant TKI therapy (Holyoake et al., 1999).

Given that these cells appear to be resistant to TKI-mediated apoptosis, and residual BCR-

ABL1+ stem cells are found in CML patients receiving long-term imatinib treatment, the

effective eradication of this population will probably require BCR-ABL1– and TKI-

independent treatment approaches. SL-401 can selectively target tumour blasts and LSCs

Frolova et al. Page 10

Br J Haematol. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



overexpressing IL3R regardless of quiescence or cell cycle status (Kim et al., 2010). SL-401

and SL-501 induce receptor-mediated endocytosis and subsequent localization of the drug-

toxin conjugate to early endosomes, where DT is cleaved from the larger protein. DT then

disrupts ribosomal machinery, leading to global cellular inhibition of protein synthesis and

subsequent efficient and rapid apoptosis independent of the cell cycle (Ratts et al., 2005;

Ratts et al., 2003).

In conclusion, our results suggest that SL-401 and SL-501 may be an effective treatment

modality for patients whose CML develops resistance to TKIs. The in vitro and in vivo

results show that these agents are effective at inducing apoptosis of both CML cell lines and

blasts from patients whose disease is TKI-resistant or harbours the T315I mutation.

Importantly, they effectively killed CML stem cells, defined as CD34+/CD38−/CD123+, and

provided a survival advantage to a cohort of mice harbouring a TKI-resistant CML

xenograft after only a single cycle of treatment. Combined with the safety and efficacy

profiles revealed by a human trial in patients with AML or MDS, these results warrant

further exploration of SL-401 in the advanced phase CML. Our preclinical data further

indicate that the variant fusion protein SL-501 has even greater anti-CML activity than

SL-401, similar to findings reported in AML cells (Hogge et al., 2006b; Liu et al., 2004;

Testa et al., 2005), and favor further clinical development of SL-501 for these indications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CD123 is expressed on representative CML cell lines
The (A) KBM5 and (B) TKI-resistant KBM5-STI, (C) K562, and (D) BV173 cell lines were

assessed for CD123 expression by flow cytometry. An IgG isotype antibody was used as the

control for gating. MFI, mean fluorescent intensity; IC50, 50% inhibitory concentration.
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Figure 2. KBM5 and TKI-resistant KBM5-STI CML cell lines and primary CML cells are
sensitive to SL-401 and SL-501
(A) KBM5 and TKI-resistant KBM5-STI cells were incubated with 0.25, 0.5, 1 or 5 µg/ml

of SL-401 or SL-501 for 72 h, after which cell viability was assessed by trypan blue staining

and induction of cell death by annexin V flow cytometry. The left panel shows viable cell

number per ml ×106, and the right panel shows the percentage of annexin V (AnnV)–

positive cells relative to untreated controls. (B) Time-course analysis of KBM5 and KBM5-

STI cells treated with SL-401 and SL-501. KBM5 and KBM5-STI cells were incubated with

different concentrations of SL-401 or SL-501 (0.05, 0.1, 0.25, 0.5 or 1 µg/ml). At the

indicated time points, cell viability was assessed as described above. DMSO, control

(dimethyl sulfoxide). (C) Mononuclear cells from CML patients (N = 14, see clinical

information for “SL-401” assay in Table I) were treated with SL-401 or SL-501 (1 µg/ml)

for 72 h, after which cell viability was assessed by trypan blue staining (left) and induction

of cell death by annexin V flow cytometry (right). Data represent means ± SEM.
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Figure 3. Combination of imatinib with SL-401 or SL-501 enhances the apoptotic rate in KBM5
and primary BP-CML cells
KBM5 and imatinib-resistant KBM5-STI cell lines (A) or mononuclear cells from four

CML patients (B, C) were treated with SL-401 or SL-501 (1 µg/ml), imatinib (1 µM), a

combination, or DMSO (control, dimethyl sulfoxide) for 72 h, after which apoptosis was

measured by FACS after staining with annexin V (AnnV) and propidium iodide (PI). (A)

Upper panels, live cell numbers; lower panels, percentage of annexin V–positive cells. (B)

Percentage of annexin V–positive cells in four individual primary CML samples after

treatment; (C) mean ± SEM annexin V–positive cells for all four samples; * p <0.05; p

<0.01. For clinical information on patients, refer to Table I (patient numbers correspond to

the numbers listed in Table I, assay “SL-401/501”).
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Figure 4. SL-401 and SL-501 reduce viability and induce apoptosis in the CD34+/CD38−/CD123+

LSC population in CML patients
Diphtheria toxin-interleukin 3 (DT-IL3) fusion proteins reduced viability of bulk CML cells

(A; mean ± standard error of the mean [SEM], 85.3 ± 6.1% remaining viable cells) and of

putative CD34+/CD38−/CD123+ leukaemic stem cells (LSCs) (B; mean 54.8% ± 9.4%

remaining viable LSCs) after incubating samples at a dose of 1 µg/ml for 72 h; UNT,

untreated. (C) Percentage of annexin V (AnnV)–positive cells in untreated or SL-401/

SL-501–treated CML CD34+/CD38−/CD123+ LSCs percentage apoptosis in LSC, mean ±

SEM: control, 27.6 ± 11.3%; SL-401, 44.8 ± 10.8%). (D) Fraction (percentage of untreated

controls) of remaining viable cells (black columns, bulk; grey columns, CD34+/CD38−/

CD123+ cells) after SL-401 and SL-501 exposure. For clinical information on patients, refer

to Table I (patient numbers correspond to the numbers listed in Table I, assay “LSC

+SL-401”).
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Figure 5. SL-401 and SL-501 inhibit colony formation and long-term colony-initiating cells in a
dose-dependent manner
Primary mononuclear cells (1×106 cells/ml) from CML patients were incubated with or

without SL-401 or SL-501 for 24 h and then plated for (A) colony-forming cells (CFC; N =

6; 3 blast phase [BP], 2 chronic phase [CP] and 1 accelerated phase [AP]) or (B) long-term

culture-initiating cells (LTC-IC; N = 4; 3BP and 1CP) assay. The CFC assay plates were

analysed 14 days after plating and the LTC-IC assay plates were analysed 6 weeks after

plating. Control vs. agents: * p ≤0.05**p ≤0.01, ***p ≤0.001, ****p <0.0001. For clinical
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information on patients, refer to Table I (patient numbers correspond to the numbers listed in

Table I, assays “CFC” and “LTC-IC”).
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Figure 6. SL-401 and SL-501 significantly prolong the survival of NSG mice engrafted with
CML blast crisis xenografts
Mice were engrafted with cells obtained from a patient with CML in myeloid blast crisis

with resistance to imatinib and dasatinib. After confirmed engraftment, mice received

intraperitoneal injection of 0.2 ml normal saline solution (controls; N = 7), 0.2 mg/kg

SL-401 or 0.2 mg/kg SL-501 daily for 5 days. Survival of the three groups was compared by

Kaplan-Meier analysis.
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Table II

Expression of IL3R (CD123) in the CD34+/CD38− population of primary CML cells

Patient
Number CML Phase

CD123+ cells within CD34+/CD38−

population (%)

4 Chronic 93.6

10 Blast 96.0

12 Blast 98.2

13 Blast 94.0

18 Chronic 49.1

19 Blast 70.8

20 Chronic 80.8

21 Blast 86.2

Mean (SD) 83.6 (16.7)

Mononuclear fractions of bone marrow or blood cells from chronic myeloid leukaemia (CML) patients were stained with CD34, CD38 and CD123

antibodies as described in Materials and Methods and analyzed by flow cytometry. Proportion of CD123+ cells was analysed within the gated

CD34+/CD38− population of total mononuclear cells and data are expressed as the percentage of positive cells from the CD34+/CD38− cell
population.
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Table 3

Frequency of BCR-ABL1 expression in CD123+ and CD123− populations of primary CD34+/CD38− CML

cells

Patient
Number

CML Phase BCR-ABL1+

Cells in
Unsorted
Population (%)

BCR-ABL1+ Cells
in CD34+/CD38−

/CD123+

Population (%)

BCR-ABL1+ Cells in
CD34+/CD38−

/CD123− Population
(%)

4 Chronic 93.5 92.3 61.4

18 Chronic 95 71.8 32.5

19 Blast,
myeloid

88.5 87.2 38.5

20 Accelerated
phase

95.5 99.1 90.9

21 Blast,
lymphoid

90 90.0 72.0

22 Chronic 97 84.8 61.8

23 Chronic 95.5 77.4 42.5

Mean
(SD) 93.6 (3.1) 86.1 (9.2) 57.1 (20.7)

The CD34+-enriched fraction of mononuclear cells from bone marrow or peripheral blood was stained with CD34, CD38, and CD123 antibodies

and FACS-sorted onto slides as CD34+/CD38−/CD123+ or CD34+/CD38−/CD123− populations. Slides were then analysed by FISH staining as
described in Materials and Methods.
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