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a b s t r a c t
Chemotherapy resistant leukemic stem cells (LSCs) are being targeted as a modern therapeutic approach to prevent disease relapse. LSCs isolated from methotrexate resistant side population (SP) of leukemic cell lines HL60
and MOLT4 exhibited high levels of CD25 and TRAIL R2/DR5 which are potential targets. Recombinant
immunotoxin conjugating IL2α with TRAIL peptide mimetic was constructed for DR5 receptor speciﬁc targeting
of LSCs and were tested in total cell population and LSCs. IL2-TRAIL peptide induced apoptosis in drug resistant SP
cells from cell lines and showed potent cytotoxicity in PBMCs derived from leukemic patients with an efﬁcacy of
81.25% in AML and 100% in CML, ALL and CLL. IL2-TRAIL peptide showed cytotoxicity in relapsed patient samples
and was more effective than TRAIL or IL2-TRAIL proteins. Additionally, DR5 speciﬁc IL2-TRAIL peptide was effective in targeting and killing LSCs puriﬁed from cell lines [IC50: 952 nM in HL60, 714 nM in MOLT4] and relapsed
patient blood samples with higher efﬁcacy (85%) than IL2-TRAIL protein (46%). Hence, CD25 and DR5 speciﬁc
targeting by IL2-TRAIL peptide may be an effective strategy for targeting drug resistant leukemic cells and LSCs.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Chemotherapy resistant leukemic stem cells (LSCs) are the major
cause for relapse of leukemia, since the chemotherapeutic drugs eradicate differentiated cells while LSCs remain unaffected. Characterizing
and targeting LSCs using speciﬁc surface markers is a rational therapeutic approach to prevent disease relapse. Various surface markers like
CD34, CD90, CD123, CD25, CD32, CD96 and CD47 have been identiﬁed
in LSCs that could be used for therapeutic targeting. CD25 was reported
to be a potential target for LSC speciﬁc therapy since it is highly expressed
in LSCs and not in normal hematopoietic stem cells (HSCs). The safety of
targeting CD25 was also demonstrated by the long term multi-lineage
hematopoietic reconstitution capacity of normal HSCs depleted of
CD25-positive cells. CD25-positive LSCs were quiescent, chemotherapyresistant and could initiate AML in vivo (Saito et al., 2010). Therefore,
we developed an immunotoxin using CD25 ligand IL2α to target LSCs.
Recently, we reported the potential of CD25 speciﬁc targeting in leukemia using immunotoxin conjugated with recombinant human TNFrelated apoptosis inducing ligand (TRAIL) (Madhumathi et al., 2016).
Recombinant TRAIL protein, TRAIL derivatives or monoclonal antibodies
targeting TRAIL receptors have been successfully used as anti-tumor
agents (Mérino et al., 2007, Cretney et al., 2007). Interestingly, drug
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resistant side population (SP) showed higher expression of TRAIL receptors compared to non-SP cells. Chemoresistant SP cells of colon cancer,
displayed higher sensitivity to TRAIL compared to non-SP cells, suggesting the possible role of TRAIL in targeting drug resistant CSCs (Sussman
et al., 2007). Upregulation of TRAIL receptors in CSCs have been reported in other studies (Signore et al., 2013, He et al., 2014). Hence, targeting
TRAIL receptors in CSCs is an attractive strategy to induce selective apoptosis. However, using recombinant TRAIL protein have been reported
to result in TRAIL resistance due to binding of TRAIL to decoy receptors
that lack intracellular death domain and does not induce apoptosis.
Targeting TRAIL R2/DR5 receptor speciﬁcally using anti-DR5 mab or
DR5 speciﬁc TRAIL peptide mimetic (Pavet et al., 2010) could overcome
TRAIL resistance by inhibition of non-speciﬁc binding to antagonistic
decoy receptors (van der Sloot et al., 2006, Mérino et al., 2007). We hypothesized that IL2 conjugated with TRAIL peptide mimetic could effectively bind and destroy LSCs speciﬁcally since LSCs over express both
CD25 and TRAIL receptors. Here, we report for ﬁrst time a novel
immunotoxin conjugate IL2-TRAIL peptide to target leukemic stem
cells isolated from drug resistant cell lines and relapsed leukemic patient samples.
2. Materials and methods
2.1. Cell lines and enrichment of side population (SP)
HL-60 (acute promyelocytic leukemia) and MOLT-4 (acute lymphoblastic leukemia) cell lines were procured from National Center for Cell
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Science, Pune, India. All the leukemic cell lines were propagated in
IMDM medium, supplemented with 10% fetal bovine serum (FBS),
2 mM L-Glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin
(Gibco, NY, USA). The cell lines were maintained at 37 °C in humidiﬁed 5% CO2 containing atmosphere. The cell lines HL60 and MOLT-4
were grown in presence of 0.1 μl/ml of 0.1 mM methotrexate (MTX)
(0.01 nM) for 8–10 passages in order to enrich the drug resistant
side population (Tang et al., 2011), which was isolated and named
as HL60-R and MOLT4-R.The LSCs were cultured in HSC expansion
medium Stemline® II (Sigma-Aldrich, India) with 10% FBS after
sorting.

Reverse Primer:
CCCAAGCTTTTACCAGTCGCACAGGTCGTTACGGATACCACGACGCTGG
CAAACTTTCAGGGAGCCGCCGCCCACTTCCTCCAG
Reverse primer was designed to carry a G3S linker and gene sequence of TRAIL peptide of 16 amino acids (LKVCQRRGIRNDLCDW) at
the C-terminal of IL2α (Supplementary Fig. 2a). Using these primers
and IL2-TRAIL plasmid as template, 301 bp fusion product of IL2-TRAIL
peptide was ampliﬁed and the amplicon was cloned in pRSET B vector
into Nde I and Hind III sites with an N-terminal 6× Histidine. The clone
was conﬁrmed by restriction digestion and sequencing.

2.2. Patient samples

2.6. Puriﬁcation and characterization of TRAIL immunotoxins

Peripheral blood samples from leukemic patients were obtained
from Apollo Cancer Specialty hospitals, Chennai. Informed consent
was obtained for experimentation with human samples. Totally 31 samples were obtained after clinical diagnosis and classiﬁed as acute myeloid leukemia (AML) (n = 16), Chronic myelogenous leukemia (CML)
(n = 4), acute lymphoblastic leukemia (ALL) (n = 3) and chronic lymphocytic leukemia (CLL) (n = 8). The samples included 13 chemotherapy resistant relapsed patients. All experiments involving human blood
samples were performed in accordance with the code of ethics of the
world medical association for experiments involving humans and
guidelines of institutional ethical committee.

The recombinant plasmids of TRAIL, IL2-TRAIL and IL2-TRAIL peptide were expressed and puriﬁed as described earlier (Madhumathi
et al., 2016). The puriﬁed immunotoxins IL2-TRAIL peptide
(11.17 kDa) (Supplementary Fig. 2b& c), TRAIL (24.5 kDa) and IL2TRAIL protein (27.8 kDa) were refolded and analyzed by CD spectra
in 20 mM Tris buffer (pH 7.9) using Jasco J-810 spectropolarimeter
(MD, USA) to conﬁrm the presence of secondary structures (Supplementary Fig. 2c). The spectrum was recorded for both refolded and
denatured proteins (1 mg/ml) at 20 °C in the far UV region (190–
250 nm) after baseline correction with the buffers. The secondary
structure composition was then analyzed by JWSSE-480 program
using Yang's reference spectra after smoothening. The puriﬁed proteins were further conﬁrmed by western blot with anti-TRAIL antibody (Cell Signaling Technology, USA).

2.3. Dye efﬂux assay
Drug resistant side population have the ability to efﬂux drugs/dyes
due to over-expression of ABCG2 transporters (Scharenberg et al.,
2002) and thus Hoechst dye exclusion assay have been used to identify
or isolate these SP cells which are enriched with CSCs (Ho et al., 2007).
MTX treated and untreated cells were seeded at 1 × 106 cells/ml/well in
a 6 well plate and incubated with 5 μg/ml Hoechst 33342 (Sigma, USA)
at 37 °C for 90 min and shaken well every 15 min. After washing with
DPBS cells were visualized in ﬂuorescence microscope (Nikon Eclipse
Ti, Japan). Blue nucleus was observed when Hoechst 33342 bound
to DNA in the nucleus of viable cell. The cells with Hoechst 33342
dye efﬂux ability showed negative/low staining. Propidium Iodide
(PI) was added at 2 μg/ml concentration and incubated for 5 min
at room temperature to visualize the dead or necrotic cells (Goodell
et al., 1996).
2.4. EdU proliferation assay
CSCs have an important characteristic of being quiescent or slow cycling resulting in reduced proliferation rate compared to other cancer
cells which could be detected using BrdU labeling (Moore and Lyle,
2011). EdU assay enables detection of DNA synthesis and S phase cell
cycle progression (Salic and Mitchison, 2008). Cells were seeded at
1 × 105/ml/well in a 6 well plate along with 1 μl of 20 μM EdU reagent
and incubated for 24 h. EdU assay was carried out according to
manufacturer's instructions (Click-iT® EdU Alexa Fluor® 555 Imaging
Kit, Thermo-Fisher Scientiﬁc, Bangalore, India). Nuclear stain live
Hoechst 33342 was added. The cells were visualized under ﬂuorescence
microscope and used for FACS analysis.
2.5. Construction of IL2-TRAIL peptide immunotoxin
The gene sequence of IL2α was ampliﬁed using IL2-TRAIL plasmid as
template (Madhumathi et al., 2016). In order to construct IL2-TRAIL
peptide fusion gene, following forward and reverse primers were
designed–
Forward Primer:
GGAATTCCATATGCATCATCATCATCATCATCCTACTAGTAGTTCTACAA
AGAAAAC

2.7. Fluorescence microscopy
Approximately 1 × 105 cells were pelleted at 450 ×g for 5 min and
washed once with DPBSA. The cells were then ﬁxed with 100 μl of ice
cold 4% PFA for 20 min followed by permeabilization with 100 μl of
0.25% Triton X-100 for 20 min. The cells were pelleted and blocked
with 3% FBS in DBPSA for 30 min at 37 °C. Subsequently, the cells
were incubated overnight with primary antibodies anti-CD90, antiCD96 and anti-CD123 (1:100) diluted in 1.5% FBS in DPBSA (Thermo
Scientiﬁc, Bangalore, India) at 4 °C followed by 2–3 washes of DPBSA
and incubation with anti-mouse IgG-FITC or anti-mouse IgG-PE secondary antibody (1:500) (Sigma, USA) and live Hoescht 33342 dye (5 μg/
ml) (Fluka, Germany) for 1 h at 37 °C. After washing thrice with
DPBSA, about 50 μl of stained cell suspension was smeared onto glass
slide and visualized under ﬂuorescence microscope at 20× magniﬁcation (Nikon Eclipse Ti, Japan).

2.8. Receptor quantiﬁcation by ﬂow cytometry
The surface expression of CD markers for CSCs was quantiﬁed by
ﬂow cytometry in cell lines. Approximately 4 × 105 cells were ﬁxed
with 4% paraformaldehyde for 20 min and blocked for 15 min using
1% FBS in DPBSA. After washing with DPBSA, the cells were incubated
for 1 h with CD45-FITC/CD34-PE, CD90-FITC, CD96-PE, CD123-FITC conjugates or isotype controls mouse IgG1-FITC/PE (5 μl/106 cells)
(Biolegend, San Diego, CA) at 4 °C. The cells were resuspended in
300 μl of DPBSA and analyzed by ﬂow cytometry (BD FACS caliburTM).
The results were analyzed using Flowjo v.10.0.8 and gated using secondary controls.
For human blood samples, approximately 100 μl of whole blood was
diluted in 1 ml of RBC lysis buffer (0.15 M NH4Cl, 10 mM NaHCO3,
0.1 mM EDTA, pH 7.3) and incubated at room temperature for 5 min.
The cells were harvested by centrifugation at 400 ×g for 5 min, washed
once in 500 μl of DPBSA and processed as described above for ﬂow cytometry analysis.
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2.9. Cytotoxicity assay
Cytotoxic activity of IL2-TRAIL peptide was analyzed in leukemic cell
lines-HL60, MOLT-4 and their MTX resistant side population- HL60-R,
MOLT4-R which over-express IL2 and TRAIL receptors. The activity
was compared with previously reported TRAIL and IL2-TRAIL proteins
and TRAIL peptide alone was used as negative control. Cells were seeded
at 5000 cells/well in 96 well plate and treated with immunotoxins at
concentrations 12 μg, 8 μg, 4 μg, 2 μg or 1 μg per well for 24, 48 and
72 h. After treatment the cytotoxic effect of the fusion proteins was
assessed by MTT cell viability assay. The cells were incubated with
10 μl of MTT (SRL, India) (5 mg/ml) for 2 h and the formazan crystals
developed were solubilized by 100 μl of stop solution [20% (w/v) SDS
in 50% (v/v) DMF]. The absorbance was then measured at 590 nm
with a reference at 620 nm using plate reader (Berthold technologies, Germany). All the assays were performed in duplicates and repeated thrice. The percentage viability was calculated using the
following formula:
Percentage Viability
¼ ðMean absorbance of treated=Mean absorbance of untreatedÞ
 100
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The IC50 was calculated as the concentration of immunotoxin that
induces 50% inhibition of cell proliferation.
2.10. Apoptosis by Annexin V-FITC assay
The early apoptotic feature of phosphatidyl serine translocation to the
outer membrane was analyzed by the ﬂow cytometry using Annexin VFITC/PI kit (Cell Signaling Technology, MA, USA). The cells were seeded
at 1 × 105 cells/well in 24 well plate and treated for 24, 48 and 72 h
with IC50 concentration of immunotoxins at 72 h. After treatment, the
cells were centrifuged (2300 ×g, 10 min), resuspended in 100 μl of
DPBSA and incubated for 15 min with Annexin-V FITC and PI according
to the manufacturer's protocol. After incubation, 200 μl of DPBSA was
added and analyzed by ﬂow cytometry using untreated cells for gating.
2.11. Change in membrane potential by JC-1 staining
The loss of mitochondrial potential—another characteristic feature of
apoptosis induction was assessed by using membrane-permeant lipophilic JC-1 dye. About 5 × 104 cells/ well were seeded in 48 well plate
and treated with IC50 concentration of immunotoxins for 48 h. The
treated cells were then centrifuged (2300 × g, 10 min) and incubated

Fig. 1. Characterization of drug resistant side population (SP) in leukemic cell lines a) Fluorescence image of Hoescht efﬂux assay. Hoescht (blue) nuclear staining shows live cells and PI
(red) staining indicates dead or necrotic cells. Arrows indicate drug efﬂuxing SP cells that remain unstained. b) Flow cytometric analysis for surface expression of drug transporter ABCG2.
Histogram showing percentage of cells stained with ABCG2-FITC in non-SP (HL60, MOLT4) and SP (HL60-R, MOLT4-R) population in leukemic cell lines. c) EdU assay to compare
proliferation of cells in non-SP (MOLT4) and SP cells (MOLT4-R) a) Flow cytometry of stained cells gated for non-proliferating quiescent (P1) and proliferating (P2) population
measured by EdU assay. d) Immunoﬂuorescence image of stained MOLT4 cells in EdU assay. Arrows indicate proliferating cells (pink) showing DNA stained with Alexa Fluor® 555.
Hoescht dye was used to stain nucleus. Non-proliferating quiescent cells (blue) do not get stained with Alexa Fluor® 555. Scale bar: 50 μm.
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for 30 min at 37 °C, 5% CO2 with fresh IMDM medium containing 5 μl of
1000 μM JC-1 dye (Abcam Inc, USA). The cells were centrifuged and resuspended in 300 μl DPBSA for ﬂow cytometry analysis. Untreated cells
were used as experimental control for each cell line. The percentage of
cells showing shift from red to green was quantitated after gating to assess the apoptotic cells by change in mitochondrial membrane
potential.
2.12. Cell cycle analysis
Approximately 1 × 105 cells/well were seeded in 24 well plate and
incubated for 48 h with IC50 concentration of immunotoxins. After
treatment, the cells were ﬁxed overnight in ice cold 70% ethanol,
washed twice with DPBSA and resuspended in 350 μl of DPBSA containing RNase A (50 μg/ml) (Bio Basic Inc, Canada) and PI (50 μg/ml) (Sigma
Aldrich, USA). After 15 min incubation at 37 °C, cells were analyzed by
ﬂow cytometry using untreated cells as control.
2.13. Western blot analysis of apoptotic proteins
The cells were seeded at 5 × 105 cells/well in 6 well plate and treated
with IC50 concentration of immunotoxin for 12, 24 and 48 h. Cell lysates
were prepared and the whole protein concentration was estimated by
BCA protein assay kit (Thermo Scientiﬁc, USA). Equal amounts of protein (~30 μg/well) were resolved on 12% SDS–PAGE and electro-blotted
onto 0.45 μm nitrocellulose membrane (Bio-Rad). The blots were
probed with the primary antibodies rabbit anti-human caspase-8
(1:500) (Cell Signaling Technology, MA, USA), caspase-3 (1:250)
(Abcam Inc, USA), PARP (1:500) (Abcam Inc, USA), tBid (1:2000)
(Millipore, CA) and the housekeeping gene mouse anti-human β-actin
(Sigma, USA) as control. After washing, blots were incubated with
anti-rabbit IgG-HRP or anti-mouse IgG-HRP polyclonal antibody

(Sigma, USA) and developed with the enhanced chemiluminescence
system (Thermo Scientiﬁc Pierce ECL). Bands were detected in BioRad VersaDocTM MP 4000 system. The intensity of bands was measured
using Image J software and normalized with values of beta-actin bands.
2.14. Real-time PCR quantiﬁcation of surface receptors
Total RNA was extracted from approximately 5 × 106 cells of both
cell lines and patient PBMCs using TRIZOL method. About 1 μg of total
RNA with purity (A260/280) ≥ 1.8 was reverse transcribed into cDNA
using M-MLV reverse transcriptase enzyme (Invitrogen, USA) and
oligo-dT primers (New England Biolabs Inc, USA). Thereafter, 1 μl of
cDNA was PCR ampliﬁed in duplicates using 12.5 μl of SYBR Green Master Mix (Thermo Scientiﬁc, USA) in a total reaction volume of 25 μl. PCR
was performed for 40 cycles using primers for the genes listed in Supplementary Table 1. The relative fold change of the gene transcripts
were then calculated using the following formula and expressed as
Log10 fold change. GAPDH was used as reference gene or endogenous
control and cDNA from normal PBMCs were used as control for all reactions.
Fold change ¼ 2ΔCt of target gene=2ΔCt of reference gene
ΔCt ¼ Ct of Control−Ct of Test

2.15. Cytotoxicity induced by immunotoxins in PBMCs from leukemic
patients
The peripheral blood mononuclear cells were isolated from whole
blood samples by gradient separation using Ficoll Paque (HiSep™ LSM
1077). Blood was diluted in 1:1 ratio with DPBSA and layered over Ficoll

Fig. 2. Real time PCR to analyze expression levels of gene transcripts in side population (SP) isolated from leukemic cell lines. RNA from non-SP population was used for normalization. Data
represents mean ± SEM of Log2 fold change of three different experiments. Expression levels of genes (a) LSC Surface markers (b), Other common CSC markers (c), Transcription factors
and genes involved in stem cell pathways (d) TRAIL receptors.
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in 3:1 ratio followed by centrifugation at 400 g for 30 min. The lymphocytes were aspirated, to which equal volume of DPBSA was added and
centrifuged at 260 g for 15 min at room temperature The pellet was
washed with IMDM medium and ﬁnally resuspended in 1 ml of complete medium. Cells were counted and approximately 10,000 cells/
well were incubated with different immunotoxins (4 μg/well), MTX
(0.25 nM) or combination of both in a 96 well plate for 24 h. Normal
PBMCs were used as negative control. The cell viability after treatment
was assessed by MTT assay as described above.
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2.17. Statistical analysis
The data are presented as mean values from three separate experiments ± SEM. All statistical analysis was done using graphpad prism
software version 5. Comparisons between two individual data points
were made using a Student's t-test. For multiple comparisons, nonparametric Kruskal–Wallis test was used along with the Bonferroni's
post-test. For MTT assay two-way ANOVA was used with Bonferroni's
post-test. A probability (p) value of b0.05 was considered statistically
signiﬁcant.

2.16. Fluorescence activated cell sorting
3. Results
Puriﬁed white blood cells were obtained from 1 × 106 cells/100 μl of
peripheral blood using RBC lysis buffer (0.15 M NaCl, 10 mM NaHCO3,
0.1 mM EDTA) to remove red blood cells. After washing with DPBS,
cells were re-suspended in DPBS containing 0.1% FBS, incubated with
antibodies for 1 h at 4 °C and washed with DPBS containing 0.1% FBS.
Cells were sorted and fractions were collected in 1 ml of Stemline® II
(Sigma-Aldrich, India) with 10% FBS Cell sorting was performed using
FACSAria (BD) with FACSDiva analysis software.

3.1. Characterization of drug resistant SP in leukemic cell lines
The drug resistant SP enriched from leukemic cell lines (HL60-R and
MOLT4-R) showed ability to efﬂux drug demonstrated by Hoescht efﬂux assay (Fig. 1a). This was conﬁrmed by quantitative ﬂow cytometric
analysis that showed signiﬁcantly higher percentage of cells (p b 0.05)
expressing membrane transporter ABCG2 in the drug resistant cells

Fig. 3. Flow cytometric analysis a) Percentage of CD45+CD34+ cells in non-SP (MOLT4, HL60) and SP population (MOLT4-R, HL60-R) of leukemic cell lines. Cells were stained with CD45FITC and CD34-PE. Isotype controls were used for gating the plots. The second quadrant in the plot shows percentage of CD45+CD34+ cells. b) Histogram overlay of cells from non-SP and
SP population stained with DR5-FITC showing percentage of DR5+ cells. Histogram overlay of cells stained with c) CD90-FITC, d) CD96-PE and e) CD123-FITC. Difference in surface
expression is represented in terms of shift in Mean Fluorescence Intensity (MFI). Cells stained with appropriate isotype controls were used as controls for gating.
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compared to normal cells (Fig. 1b). The SP cells of both HL60 and MOLT4 showed signiﬁcantly higher expression of ABCG2 compared non-SP
cells (75% and 60.6% respectively).
In order to demonstrate the cell cycle quiescent nature of LSCs in the
SP population, we used EdU proliferation assay which shows the percentage of actively dividing and non-dividing quiescent cells. MOLT4R side population showed signiﬁcant increase in the percentage of
non-dividing cells (48.7%) compared to normal MOLT4 cell line
(1.82%) (Fig. 1c & d). However, signiﬁcant difference was not observed
in the HL60-R SP population (data not shown).
3.2. Real time PCR of SP
Real time PCR of methotrexate resistant side population isolated
from the cell lines was carried out to analyze the transcript level expression of cancer stem cell markers normalized against normal cell lines.
MOLT4-R showed 2–8 fold higher expression of all LSC speciﬁc surface
markers like CD25, CD34, CD90, CD96, CD110 and CD123 while HL60
showed lesser expression of CD110. CD25 and CD123 were highly
expressed in HL60-R and MOLT4-R (Fig. 2a). Over-expression of other

CSC markers like ABCG2, ALDH, CXCR4, CLL and c-Kit was observed in
MOLT4-R. However, HL60-R showed lesser expression of c-Kit (Fig.
2b). Expression levels of transcription factors associated with CSCs
was invariably higher in MOLT4-R while the levels were varied in
HL60-R (Fig. 2c). Interestingly, analysis of RNA levels of TRAIL receptors
showed 4–5 fold higher expression of DR5 receptor in both the side
population (Fig. 2d).
3.3. FACS analysis of SP
FACS analysis of CSC surface markers was carried out to quantify surface expression levels of markers. The percentage of CD34 + ve cells
(32%) was signiﬁcantly increased (p b 0.05) in MOLT4-R but not in
HL60-R (15%) (Fig. 3a). Expression levels of CD90, CD96 and CD123 represented as mean ﬂuorescence intensity (MFI), were signiﬁcantly
higher (p b 0.05) in the SP cells, MOLT4-R and HL60-R compared to
non-SP cells (Fig. 3b,c & d) (Supplementary Fig. 1). Analysis of TRAIL
R2/DR5 receptor expression showed signiﬁcant (p b 0.05) higher percentage of DR5 + ve cells in MOLT4-R (92.2%) and HL60-R (74.2%)
than MOLT4 (76.7%) and HL60 (43.7%) (Fig. 3b).

Fig. 4. Cytotoxicity in cells treated with immunotoxins TRAIL protein, TRAIL peptide, IL2-TRAIL protein and IL2-TRAIL peptide leukemic cell lines and their side population assessed in terms
of percentage viability by MTT assay. Percentage viability of a) HL60, b) HL60-R, c) MOLT-4 and d) MOLT4-R cells treated with 12 μg, 8 μg, 4 μg, 2 μg and 1 μg proteins per well for 72 h.
Comparison of percentage viability of non-SP and SP population treated with different immunotoxins at 12 μg/well concentration in e) HL60 and f) MOLT-4. Data represents mean ± SEM
of three different experiments. *** P b 0.001.
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3.4. Cytotoxicity of immunotoxins in SP
Immunotoxin proteins and peptides were tested in normal and drug
resistant cell lines. The previously reported recombinant proteins TRAIL,
IL2-TRAIL and TRAIL peptide alone were used for comparison of cytotoxic activity. TRAIL peptide did not show any activity in both normal
and drug resistant cells. This could be due to degradation of small peptides in the cytoplasm. The recombinant proteins IL2-TRAIL protein, IL2TRAIL peptide and TRAIL protein induced cytotoxicity in normal and resistant cell lines and showed minimum cell viability at 72 h when treated with 60 μg/ml proteins (Fig. 4). TRAIL (p b 0.001) and IL2-TRAIL
(p b 0.01) proteins showed signiﬁcantly higher cytotoxic activity
expressed in terms of mean percentage cell viability in MOLT4-R
[25.7 ± 1.25% and 16.45 ± 1.05% respectively] compared to MOLT4
[50% ± 0.3% and 27.5 ± 2.7% respectively] at 72 h (Fig. 4 c & d). This
could be due to over-expression of death receptors in MOLT4-R (Fig.
2d). Since HL60-R showed over-expression of both death and decoy receptor DcR1, the difference in cytotoxicity was not signiﬁcant between
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HL60 and HL60-R (Fig. 4 a & b). This indicates that TRAIL based
immunotoxins could induce apoptosis in drug resistant leukemic cells
that over express TRAIL death receptors.
However, IL2-TRAIL peptide showed signiﬁcantly higher (pb0.001)
cytotoxicity in both normal [HL60-1.6 ± 0.1% and MOLT4-0.86 ±
0.06%] and resistant cells [HL60-R-0.35 ± 0.05% and MOLT4-R-0.1 ±
0.04%] in both cell lines compared to other TRAIL proteins (Fig. 4e & f).
This proves that speciﬁc targeting of DR5 has the potential to induce cytotoxicity in normal as well as side population more efﬁciently. Combination of methotrexate with recombinant proteins TRAIL, IL2-TRAIL and
IL2-TRAIL peptide had very little effect on cell viability in both the cell
lines (Supplementary Fig. 3).
The induction of apoptotic cell death by IL2-TRAIL peptide was conﬁrmed by apoptosis assays Annexin V-FITC assay, JC-1 staining for
change in membrane potential and cell cycle analysis (Supplementary
Fig. 4a, b & c). Speciﬁc activation of extrinsic pathway by IL2-TRAIL peptide was proved by western blot analysis of proteins involved in apoptotic cascade (Supplementary Fig. 4d).

Fig. 5. Cytotoxicity induced in leukemic patient samples treated with immunotoxins assessed by MTT assay. Each data point represents percentage viability of peripheral blood
mononuclear cells of one patient from AML (a), CML (b), ALL (c), CLL (d). Mean ± SEM of different samples are represented. (e) Comparison of mean percentage viability in different
types of leukemia. ** P b 0.01.
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3.5. Cytotoxicity in leukemic patients

since CD25 is over-expressed in ~ 80–98% of lymphocytic leukemia
cells in most patients (Madhumathi et al., 2016). Flow cytometric analysis in drug resistant HL60-R and MOLT4-R side population showed
marked difference in CD123 expression compared to non-SP cells (Fig.
3e). Analysis of PBMCs from chemotherapy resistant relapsed leukemic
patients showed ~50–60% of CD45+CD34+ cells, 50–65% of CD96 and
5–25% of CD123 + cells (Supplementary Fig. 5). We sorted
CD34+ CD123 + cells from HL60-R, MOLT-R cell lines and peripheral
blood samples from relapsed leukemia patients (n = 13) which represent LSC population. In cell lines, percentage of LSCs varied from 25–
40% (Fig. 6a) and in leukemic patients LSCs ranged from 15–20% (Fig.
6b).

Earlier we have shown the efﬁcacy of IL2-TRAIL in ALL and CLL patient PBMCs in vitro due to over expression of CD25 (Madhumathi et
al., 2016). Here, we show that IL2-TRAIL peptide is more effective in inducing apoptotic cell death in leukemic patients including relapsed
samples, especially in ALL and CLL patients due to speciﬁc targeting of
DR5 receptor (Fig. 5). Although recombinant TRAIL was effective in
few samples, most of the leukemic patients were resistant and hence
showed poor efﬁcacy (12–25%) (Table 2). This could be due to non-speciﬁc binding to decoy receptors, one of the major causes for TRAIL resistance (Almasan and Ashkenazi, 2003, Riccioni et al., 2005, Mérino et al.,
2006). IL2-TRAIL induced cell death more effectively in ALL (mean cell
viability: 44.5 ± 7.8%) and CLL (mean cell viability: 53.6 ± 12.6%) samples which over express CD25 compared to AML (mean cell viability:
64.46 ± 5.9%) and CML (mean cell viability: 79.08 ± 7.89%) (Fig. 5a, b,
c & d) as observed earlier (Madhumathi et al., 2016). However, IL2TRAIL was not effective in some relapsed samples which may express
more decoy receptors and hence were resistant to TRAIL induced apoptosis. The overall efﬁcacy of IL2-TRAIL was 31.25% in AML, 75% in
CML, 66.6% in ALL and 62.5% in CLL (Table 2). This was much lesser
than what was reported earlier (Madhumathi et al., 2016) since it includes relapsed samples which showed TRAIL resistance.
Interestingly, DR5 speciﬁc IL2-TRAIL peptide showed maximum efﬁcacy [81.25% in AML, 100% in CML, ALL and CLL] and induced complete
cell death even in relapsed samples (Table 2). The mean percentage cell
viability in IL2-TRAIL peptide treated samples was lesser in CD25 expressing lymphoid leukemia, ALL (17.93 ± 8.6%) and CLL (17.41 ±
5.0%) compared to AML (21.76 ± 6.36%) and CML (37.71% ± 15.81%)
(Fig. 5e).

The sorted cells from drug resistant cell lines were cultured in stem
cell medium and treated with recombinant immunotoxins for cytotoxicity assay. Since LSCs show over expression of CD25 (Saito et al., 2010),
sorted cells were more susceptible to both IL2-TRAIL and IL2-TRAIL peptide compared to TRAIL (Fig. 7 a & b). However, IL2-TRAIL peptide that
targets DR5 speciﬁcally, showed signiﬁcantly higher (p b 0.001) cytotoxic activity in both HL60 and MOLT4 LSCs [IC50: 10 μg/ml (952 nM)
and 7.5 μg/ml (714 nM) respectively] compared to IL2-TRAIL and
TRAIL due to up-regulation of DR5 receptor in LSCs (Table 1). Cells treated with IL2-TRAIL showed lesser mean cell viability [HL60-LSCs: 26.5 ±
0.95% and MOLT4-LSCs: 22.9 ± 2.6%] compared to TRAIL [HL60-LSCs:
32.8 ± 1.68% and MOLT4-LSCs: 30.3 ± 1.8%]. IL2-TRAIL peptide was
most effective in inducing apoptosis with minimum mean percentage
cell viability [HL60-LSCs: 0.43 ± 0.035% and MOLT4-LSCs: 0.375 ±
0.075] (Fig. 7c).

3.6. Sorting leukemic stem cells

3.8. Targeting LSCs in leukemic patients

CD34 + CD123 + cells have been established to be leukemic stem
cells and were used for selection of human LSC population (Jordan et
al., 2000, Jordan, 2007). Hence, we used CD34 + CD123 + phenotype
for sorting LSCs. Although, CD25 is over-expressed in AML LSCs and
could be used to target LSCs in all types of leukemia (Saito et al.,
2010), it is not an ideal marker to sort LSCs from ALL/CLL patients

LSCs were isolated from 13 chemotherapy resistant relapsed patients, cultured and treated with recombinant immunotoxins either
alone or in combination with MTX to assess cytotoxic activity (Fig.
7d). Except one sample, all patient samples showed resistance to methotrexate with mean cell viability of 88.6 ± 4.9%. Only 2 out of 13 samples (15.38%) responded to TRAIL which was improved to 4 out of 13

3.7. Targeting LSCs in cell lines

Fig. 6. Separation of CD45+CD34+CD123+ LSCs from drug resistant (a) MOLT4 cell line and (b) Relapsed leukemic patients by ﬂuorescence activated cell sorting using. CD123+ cells
were gated (P5) from CD34+ cells. CD34+ cells were gated (P4) from CD45+ cells (P3). Percentage of each gated population is indicated.
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Fig. 7. Cytotoxicity in immunotoxin treated LSCs isolated from drug resistant side population of cell lines (a) HL60 and (b) MOLT-4. (c) Comparison of cell viability in LSCs from cell lines at
a concentration of 12 μg/well (d) Cytotoxicity in LSCs isolated from relapsed leukemic patient samples treated with MTX alone (0.25 nM), immunotoxins (4 μg/well) alone or
immunotoxins in combination with MTX. Each data point represents percentage viability of peripheral blood mononuclear cells from one patient. Mean ± SEM of different samples
are represented. *** P b 0.001.

(30.7%) when treated in combination with MTX. CD25 speciﬁc targeting
using IL2-TRAIL showed higher efﬁcacy of 46.15% (6 out of 13) with
mean cell viability of 58.36 ±5.4%. IL2-TRAIL peptide was effective in
11 out of 13 samples (84.6%) and induced potent cytotoxicity with
mean cell viability of 14.5 ± 8.9% (Table 2). Combination with MTX
did not show signiﬁcant difference for both IL2-TRAIL and IL2-TRAIL
peptide (Fig. 7d). This indicates that DR5 and CD25 speciﬁc targeting
is highly effective in targeting and inducing apoptosis in LSCs.

4. Discussion
Mutation in a stem cell or a progenitor cell may give rise to LSCs that
exhibits stem cell properties. Although the nature of LSC varies depending upon the stage or cell type at which the mutations appear, one common characteristic of all LSCs is drug resistance. The vast majority of
therapeutic agents used for treating leukemia are not effective against
LSCs, leading to rapid disease recurrence. The conventional leukemic
drugs either do not target or lack speciﬁcity in targeting LSCs (Jordan,
2007). Novel therapeutic strategies targeting LSCs speciﬁcally are

Table 1
IC50 values of recombinant immunotoxins measured by MTT assay in LSCs isolated from
cell lines treated for 72 h. IC50 was calculated as the concentration at which 50% inhibition
of percentage cell viability was observed.
S. no.
1.

HL60-LSCs

2.

MOLT4-LSCs

TRAIL

IL2-TRAIL

IL2-TRAIL peptide

45 μg/ml
(1.84 μM)
35 μg/ml
(1.43 μM)

40 μg/ml
(1.44 μM)
30 μg/ml (1 μM)

10 μg/ml (952 nM)
7.5 μg/ml
(714 nM)

required to eradicate leukemia completely. Consequently, various therapeutic targets for drug resistant LSCs were identiﬁed (Saito et al.,
2010).
CSCs are identiﬁed either by surface markers and up-regulation of
transcription factors/other genes involved in stem cell pathways or by
functional assays to characterize stem like properties like drug efﬂux,
quiescence and self-renewal (Moserle et al., 2010). Studies have reported enrichment of CSCs by growing them in presence of chemotherapeutic drugs which retains drug resistant side population (Zhang et al.,
2010). We established drug resistant side population from leukemic
cell lines by enrichment in presence of methotrexate and sorted cells
with LSC phenotype expressing CD34 and CD123.
Various surface markers for leukemic stem cells have been recently
identiﬁed (Becker and Jordan, 2011, Zhou and Chng, 2014). Although
most of the initial studies have used CD34 +/CD38− cells for sorting
LSCs (Zhou and Chng, 2014), recent studies have identiﬁed more specific LSC markers like CD96 for AML (Hosen et al., 2007), CD123 (Jordan et
al., 2000, Du et al., 2011, Hwang et al., 2012), CD90 and CD110 for ALL
(Yamazaki et al., 2009), CD47 (Majeti et al., 2009), CLL (van Rhenen et
Table 2
Efﬁcacy of immunotoxins in PBMCSs derived from leukemic patient samples and LSCs isolated from peripheral blood of relapsed leukemic patients. Percentage efﬁcacy is calculated
as number of samples showing b50% mean cell viability when treated with the
immunotoxin divided by total number of samples × 100.
S. no.

Leukemic cells

TRAIL

IL2-TRAIL

IL2-TRAIL peptide

1.
2.
3.
4.
5.

AML (n = 16)
CML (n = 4)
ALL (n = 3)
CLL (n = 8)
LSCs (n = 13)

12.5% (2/16)
25% (1/4)
0% (0/3)
12.5% (1/8)
15.38% (2/13)

31.25% (5/16)
75% (3/4)
66.6% (2/3)
62.5% (5/8)
46.15% (6/13)

81.25% (13/16)
100% (4/4)
100% (3/3)
100% (8/8)
84.6% (11/13)
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al., 2007), CD32 and CD25 (Saito et al., 2010). However, CD123 represents a unique marker for primitive LSCs and CD34/CD123 markers
have been used to isolate LSCs (Jordan, 2007). CD123 is also widely
expressed in both AML and ALL (Muñoz et al., 2001). LSCs were conﬁrmed by surface marker analysis, up-regulation of transcription factors
and genes involved in stem cell pathways and by functional assays.
The greatest challenge in targeting cancer stem cells is their ability to
evade cell death induced by radio- or chemotherapy. Targeting apoptotic pathway is an attractive strategy especially due to the over expression of DRs reported in CSCs (Signore et al., 2013, He et al., 2014).
Recombinant TRAIL has been used in combination with Ara-c and daunorubicin for AML progenitors (Plasilova et al., 2002) and was effective
in breast cancer SCs when c-FLIP was inhibited (Piggott et al., 2011).
TRAIL gene armed oncolytic viruses effectively targeted lung cancer
stem-like cells (Yang et al., 2015). Gene expression and surface marker
analysis showed 4–5 fold higher expression of DR5 receptor in SP-cells
compared to non-SP cells in this study.
Up-regulation of DR5, induced by cisplatin, restored TRAIL induced
cell death in glioblastoma derived stem cells (Ding et al., 2011). Higher
expression of DR4 resulted in greater sensitivity to TRAIL in chemotherapy resistant colon cancer SP cells (Sussman et al., 2007). Use of DR5 selective TRAIL peptide mimic with increased afﬁnity was shown to
induce apoptosis effectively independent of p53 (Pavet et al., 2010). Selective targeting of DR5 has additional advantage of overcoming TRAIL
resistance due to binding decoy receptors (Koschny et al., 2007,
Buchsbaum et al., 2006). Hence, we used DR5 selective TRAIL peptide
to target and induce apoptotic pathway speciﬁcally in drug resistant
LSCs, which showed up-regulation of DR5 receptor.
LSCs also showed higher expression of CD25 and CD123 in both myeloid and lymphoid leukemic cell lines. CD25 is a unique receptor that is
over expressed in most of the hematological malignancies (Erber and
Mason, 1988). Interestingly, CD25 was also recently reported to be a potential LSC target since the receptor is selectively over-expressed in LSCs
not normal stem cells (Saito et al., 2010). Although many surface
markers were reported as therapeutic targets for LSCs, this selective feature of CD25 makes it an ideal target as normal stem cells would be
spared. We showed the potential of targeting CD25 in our previous
study. Here, we show the effective speciﬁc targeting of CD25 in LSCs
using IL2 fused with TRAIL peptide mimetic.
IL2-TRAIL peptide immunotoxin showed signiﬁcantly higher efﬁcacy compared to TRAIL alone or IL2-TRAIL fusion protein in drug resistant
SP cells as well as non-SP cells of both HL60 and MOLT4 cell lines. Since
TRAIL and IL2-TRAIL proteins bind to all TRAIL receptors including decoy
receptors, their efﬁcacy is reduced and their non-speciﬁc binding also
leads to TRAIL resistance in some cells. Additionally, these proteins
may bind to decoy receptors in normal cells reducing their efﬁcacy
and speciﬁcity. IL2-TRAIL peptide also showed higher efﬁcacy in
PBMCs derived from leukemic patients with 100% efﬁcacy in CML, ALL
and CLL patients.
DR5 speciﬁc targeting by IL2-TRAIL peptide induced potent cytotoxicity in LSCs isolated from drug resistant cell lines and relapsed patients.
Although TRAIL and IL2-TRAIL proteins could also induce apoptosis in
leukemic patients, relapsed patients were less susceptible to these proteins with only 15.38% and 46.15% efﬁcacy respectively. Higher expression of both CD25 and DR5 in LSCs and speciﬁc targeting resulted in
complete cell death in IL2-TRAIL peptide treated LSC cultures with
84.6% efﬁcacy in relapsed leukemic patients.
However, the chemotherapeutic drug methotrexate had very little
effect on cells derived from relapsed patients conﬁrming their highly
drug resistant nature. Combination of recombinant toxins with methotrexate did not show synergistic effect except for TRAIL protein. Thus,
DR5 receptor speciﬁc targeting proved to be highly effective in inducing
cell death in drug resistant leukemic cells. Additionally, IL2 makes the
construct dual speciﬁc and highly efﬁcient in targeting CD25 in both
myeloid and lymphoid leukemic LSCs as well as CD25 positive primary
leukemic cells. Hence, the immunotoxin IL2-TRAIL peptide can be used

for therapeutic targeting of LSCs along with primary leukemic cells including chemotherapy resistant cells.
5. Conclusion
Targeting LSCs speciﬁcally along with primary leukemic cells in a
multi targeted approach is needed to tackle drug resistant leukemia.
We targeted CD25 which is over-expressed in LSCs along with speciﬁc
targeting of TRAIL receptor R2 or DR5 using TRAIL peptide mimetic for
induction of apoptosis. IL2-TRAIL peptide immunotoxin induced potent
cytotoxicity in leukemic cells from cell lines and patient samples. Additionally, the immunotoxin could induce apoptosis also in resistant cell
lines, relapsed patient samples and LSCs isolated from leukemic patients
and cell lines.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scr.2017.01.001.
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