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Summary

Conventional chemotherapy for precursor B-cell (preB) acute lymphoblastic leukaemia (ALL) has
limitations that could be overcome by targeted therapy. Previously, we discovered a potential
therapeutic molecular target, MDX3 (MAX dimerization protein 3), in preB ALL. In this study,
we hypothesize that an effective siRNA therapy for preB ALL can be developed using antiCD22
antibody (aCD22 Ab) and nanoparticles. We composed nanocomplexes with super paramagnetic
iron oxide nanoparticles (SPIO NPs), aCD22 Abs and MXD3 siRNA molecules based on physical
interactions between the molecules. We demonstrated that the MXD3 siRNA-aCD22 Ab-SP10
NP complexes entered leukaemia cells and knocked down MXD3, leading the cells to undergo
apoptosis and resulting in decreased live cell counts in the cell line Reh and in primary preB ALL
samples /n vitro. Furthermore, the cytotoxic effects of the MXD3 siRNA-aCD22 Ab-SP1O NP
complexes were significantly enhanced by addition of the chemotherapy drugs vincristine or
doxorubicin. We also ruled out potential cytotoxic effects of the MXD3 siRNA-aCD22 Ab-SPIO
NP complexes on normal primary haematopoietic cells. Normal B cells were affected while
CD34-positive haematopoietic stem cells and non-B cells were not. These data suggest that
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MXD3 siRNA-aCD22 Ab-SPIO NP complexes have the potential to be a new targeted therapy for
preB ALL.

Keywords

MXD3 siRNA; antiCD22 antibody; superparamagnetic iron oxide nanoparticle; precursor B-cell
acute lymphoblastic leukaemia; RNA inhibition

Leukaemia is the most common malignancy in children, with precursor B-cell (preB) acute
lymphoblastic leukaemia (ALL) being the most common type (Mullighan, 2012; Wiemels,
2012). Despite some progress, outcomes of certain subtypes of preB ALL still remain poor,
with survival rates as low as 30% (Pui et al., 2008). The outcome of ALL in adults, 70% of
which is B-cell type ALL, is also poor with a survival rate of approximately 40% (Kato et
al., 2013). Unfortunately, there are no effective salvage treatments for those patients. In
addition, many children who survive leukaemia suffer from “late effects,” which are serious
life-long side effects from systemic chemo- and radiation therapy (Zerra et al., 2013,;
Krishnan & Rajasekaran, 2014). These late effects include secondary malignancies and
dysfunction of multiple organ systems (i.e., endocrine, skeletal, cardiovascular and nervous)
and are usually irreversible. As the number of leukaemia survivors increases, the serious
life-long late effects are a growing problem as more of these young children face far-
reaching quality of life challenges.

To avoid the limitations and significant long-term side effects of current treatments, it is
necessary to develop targeted therapies using new approaches. A few targeted therapies have
been successfully used in clinic for different leukaemias, such as a BCR-ABL1 tyrosine
kinase inhibitor in chronic myeloid leukaemia (and in BCR-ABL1 positive ALL) and all-
trans retinoic acid in acute myeloid leukaemia (Hochhaus & Kantarjian., 2013; Sanz et al.,
2013). Furthermore, ongoing research has identified multiple molecular targets and
therapeutic approaches in different types of cancers, including monoclonal antibodies with
or without drug conjugates, tyrosine kinase targeting agents and inhibition of various
pathways essential for cancer cells (Barth et a/., 2012; August et al., 2013; Brown, 2013;
Daver & O'Brien, 2013).

Previously we discovered that the MAX dimerization protein 3 (MXD3) transcription factor,
a member of the MYC/MAX/MXD family of basic helix-loop-helix proteins, can be a
therapeutic molecular target in preB ALL (unpublished observations). MXD3 has the
potential to be a therapeutic target not only because it is highly expressed in preB ALL but
also because its expression is generally limited to B cells, both normal and malignant (based
on the current study and http://www.genecards.org/cgi-bin/carddisp.pl?
gene=MXD3&search=a026324439964c3975c0e4c3ffa46513). Current chemotherapeutic
drugs work through targets, such as dihydrofolate reductase or glucocorticoid receptor;
however, these targets are not specific with expression in many tissue types and thus
targeting them would result in considerably greater systemic toxicities. In a separate study,
we also demonstrated the therapeutic efficacy of antiCD22 antibody-drug conjugates in preB
ALL (Kato et al., 2013). Here we report the development of a novel targeted therapy using
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MXD3 siRNA, superparamagnetic iron oxide (SP10) nanoparticles (NPs), and anti-CD22
antibodies (aCD22 Abs).

Materials and Methods

Reagents

The MXD3 siRNA sequence was 5'-AUGGACUAAAAGGACCCUUTT-3' (sense) and 5'-
AAGGUCCUUUAGUCCAUTT-3' (antisense). The 3' end of the antisense strand was
tagged with Alexa Fluor 488 (A488) (Qiagen, Valencia, CA). As a control, AllStars
Negative siRNA was used, which has no known homology to mammalian genes and has
minimal nonspecific effects (Qiagen, Valencia, CA). The 3’ end of the control RNA was
also tagged with the A488.

Superparamagnetic iron oxide nanoparticles (SP1O NPs) with amphiphilic polymer and
polyethylenimine (PEI) coating (iron core diameter: 15 nm) were purchased from Ocean
Nanotech (San Diego, CA). Amine-modified SPIO NPs were fluorescently tagged with
Alexa Fluor 532 (A532) succinimidyl ester (Life Technologies, Grand Island, NY). The
surface of the NP was coated with fluorescein isothicyanate (FITC) conjugated anti-CD 22
antibody (aCD22 Ab) (BD Biosciences) to enable the NP complexes to target leukaemia
cells.

Clinical-grade doxorubicin and vincristine (discarded after clinical use) were provided by
University of California (UC) Davis Pharmacy.

Cells and cell cultures

Two human ALL cell lines were used in this study: Jurkat (T cell ALL), provided by the Kit
Lam laboratory at UC Davis, and Reh (preB ALL), purchased from American Type Culture
Collection (ATCC; Manassas, VA). Cells were maintained in 75 cm? plastic tissue culture-
treated flasks (Corning Inc., Corning, NY) at 37 °C in a 5% CO, incubator. Both cell lines
were grown in complete medium formulated with RPMI 1640 medium (Life Technologies,
Grand Island, NY) supplemented with 10% heat-inactivated fetal bovine serum (Thermo
Scientific, Pittsburgh, PA), 100 u/ml penicillin and 100 pg/ml streptomycin (Thermo
Scientific, Pittsburgh, PA), 0.25% D-glucose (Sigma-Aldrich, St Louis, MO), 1 mM sodium
pyruvate (Thermo Scientific, Pittsburgh, PA), and 10 mM HEPES buffer (Thermo
Scientific, Pittsburgh, PA). Cells were manually washed and counted in phosphate-buffered
saline (PBS; Thermo Scientific, Pittsburgh, PA) using trypan blue exclusion (0.04%, Sigma-
Aldrich, St Louis, MO) and a haemocytometer. Cells were used within the first 25 passages
and were maintained at their logarithmic phase of growth prior to each experiment.

Primary patient leukaemia samples were collected from patients with informed consent
based on our institutionally approved Institutional Review Board (IRB) protocol and
transplanted into female NOD/SCID/IL2Rg—-/- (NSG) mice using our institutionally
approved animal care protocol. As mice developed leukaemia, they were sacrificed and
leukaemia cells were harvested from the leukaemia-infiltrated spleen and bone marrow for
experiments. Human leukaemia cells were confirmed by flow cytometry using anti-HLA-
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ABC Ab (Biolegends, San Diego, CA) and B-cell leukaemia panels, including anti-CD10,
19, 20 and 22 antibodies (BD Biosciences, San Diego, CA).

Normal blood cells were collected from anonymized discarded apheresis bags from healthy
donors with IRB approval. B cells (lymphocytes) and CD34 positive (+) haematopoietic
stem cells (HSCs) were isolated using magnetic beads (Miltenyi, San Diego, CA) and non-B
cells were collected from the counterpart of B cell isolation. Cell purity of the isolated B
cells and CD34+HSCs was confirmed by flow cytometry (FC500 Beckman Coulter) using
anti-CD34 and anti-CD19 Ab, respectively. CD19-positive, CD20-negative immature B
cells were collected by an Influx flow cytometer cell sorter (BD Biosciences, San Jose, CA).

siRNA nanoformulations

Fresh nanocomplexes were made for each experiment. SPIO NPs were briefly vortexed with
an amine-reactive succinimidyl ester labelled with A532 and incubated in the dark at 4 °C
for 3 h. The molar ratio of SPIO to succinimidyl ester was 1:1. After incubation, the labelled
SP10s were mixed with aCD22 Abs and either control sSiRNA or MXD3 siRNA in water.
The siRNA molecules were adsorbed on the surface of the A532-labelled SPIO NPs based
on electrostatic interactions between the negative backbone of sSiRNA molecules and the
amine-modified SP1O NPs. The antibody molecules were also physically adsorbed onto the
NP surface. The ratio of aCD22Ab:siRNA:SPIO NP by mass was 0.2 : 1 : 1 and by mole
was 5 :264 : 1, respectively. Standard molecular weight for IgG Ab was used for aCD22 Ab
and molecular weights for siRNA and SPIO NP were obtained from the manufacturer
(Qiagen and Ocean Nanotech, respectively). The aCD22 Abs and siRNAs were
simultaneously added to the labelled SPIO NPs by vortexing for 5 s. The complete
nanocomplexes were then mixed with Opti-mem Reduced Serum Medium (Life
Technologies, Grand Island, NY) and added to each well, resulting in a final volume of 2ml
per well.

Characterization of the nanocomplexes was performed using diffraction light scattering
(DLS) on a Zetasizer Nano ZS (Malvern, UK) in ultrapure water to measure the
hydrodynamic diameter and zeta potential of the nanocomplexes. Briefly, 0.5 mg of SPIO
NPs (without A532 labelling) was combined with siRNAs and aCD22 Abs as described
above and diluted in 1 ml of water. Measurements were performed 3 times in succession.
Zeta potentials were determined using the Smoluchowski model (Doane et af., 2012).

To measure loading efficiency of siRNAs and aCD22 Abs on SPIO NPs, the mixed solution
was centrifuged at 900 g for 4 min. The pelleted nanocomplexes and supernatant, which
contained unbound siRNAs and/or aCD22 Abs, were collected separately. The amount of
SiRNA and aCD22 Ab present in the supernatant and in the pelleted nanocomplexes was
quantified using fluorescence titration curves.

Cell viability following treatment with siRNA nanocomplexes and chemotherapy drugs

Reh cells were plated directly before treatment with siRNA nanocomplexes at 200,000
cells/1 ml Opti-mem/well in 6-well tissue culture-treated plates. Wells were prepared in
triplicates for each treatment group and time point. The Reh cells were incubated with the
SiRNA nanocomplexes for 4 h at 37 °C in a 5% CO, incubator. After 4 h, intracellular
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delivery of the siRNA nanocomplexes was assessed using an inverted fluorescent
microscope (Nikon, Tokyo, Japan). Opti-mem media was then replaced with complete Reh
media. Live cell counts were performed at 4, 8, 24, 48 and 72 h after siRNA nanocomplex
treatment, and the cells were collected for MXD3 protein expression by
immunocytochemistry. The entire experiment was repeated 3 times. To test chemotherapy
drugs with siRNA nanocomplexes, doxorubicin or vincristine was added either at 4 or 24 hs
after siRNA nanocomplex treatment, at a concentration corresponding to the 50% inhibitory
concentration (IC50) of each drug for Reh cells, which had been determined by prior MTS
(3-(4,5-dimethylthiazol-2-yI)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium) assays. MTS assay was carried out for each drug 3 times and the average 1C50
was calculated. The average IC50 for doxorubicin and vincristine was 2.56 ng/ml and 1.18
ng/ml, respectively.

Immunocytochemistry and fluorescent image intensity quantification

To evaluate MXD3 expression at the protein level in cells that were treated with SiRNA
nanocomplexes, cells were collected and fixed with 10% buffered formalin and mounted on
slides for fluorescent immunocytochemistry. Slides were incubated with anti-MXD3
monoclonal mouse Ab (Antibodies, Inc., Davis, CA) overnight at 4 °C, then with a
secondary goat anti-mouse Ab conjugated to A488 (Life Technologies, Grand Island, NY).
DAPI (4',6-diamidino-2-phenylindole) was used for nuclei visualization (Life Technologies,
Grand Island, NY).

Fluorescent image intensity for cells treated with sSiRNA nanocomplexes was quantified
using ImageJ (National Institutes of Health, Bethesda, MD). Representative fluorescent
images of cells from each treatment type on a given field were used to determine the average
level of MXD3 expression by mean fluorescent intensity (MFI). MFI was calculated by
manually forming a boundary around each cell and determining the average pixel intensity
per cell. The background fluorescent signal was subtracted from the MFI of each cell to
obtain the corrected MFI.

Apoptosis assay

Cell apoptosis in Reh cells treated with siRNA nanocomplexes was measured by flow
cytometry using annexin V conjugated to allophycocyanin (APC; BD Biosciences, San
Diego, CA). Briefly, Reh cells were treated with siRNA nanocomplexes (without A532
labelling) as described above and collected 2 and 4 h after treatment. Cells were washed,
counted, and resuspended in binding buffer and stained with DAPI and annexin V according
to the manufacturer's instructions. Samples were analysed by the Fortessa flow cytometer
(BD Biosciences, San Diego, CA) and the data were analysed by FlowJo. The experiment
was repeated.

Caspase activity in Reh cells treated with the sSiRNA nanocomplexes was measured using
the Caspase 3/7 Glo kit (Promega, Madison, WI). Reh cells were treated with siRNA
nanocomplexes as described above and collected 2 and 4 h after treatment. Cells were then
washed, counted in triplicates, resuspended in 50 pl of PBS in each well. Each sample was
mixed with 50 pl of Caspase 3/7 Glo reagent and incubated for 1 h according to the
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manufacturer's instructions. The samples were analysed using a Centro LB 960 Microplate
Luminometer (Berthold Technologies, Oakridge, TN). The experiment was repeated.

Statistical methods

Results

Statistical analysis was performed on all experiments using standard linear models
implemented in the R statistics package, version 3.0.2 (R Foundation for Statistical
Computing, Vienna, Austria). Multiple comparisons of means used the R package multcomp
(Hothorn & Zeileis, 2008; Hothorn et al., 2008) employing Tukey’s studentized range
statistics. A Pvalue <0-05 was considered significant for all statistical calculations.

Characterization of aCD22 Ab-siRNA-SPIO NPs

We investigated the use of MXD3 siRNA as a novel therapeutic for preB ALL. To increase
efficient intracellular delivery of sSiRNA, we used SP1O NPs and also aCD22 Ab as a
leukaemia-specific targeting agent. To demonstrate the proof of principle, the siRNAs were
combined with SPIO NPs based on electrostatic interactions between the NPs and siRNA
molecules. The aCD22 Abs were physically adsorbed onto the surface of NPs for specific
targeting.

First we characterized the size and charge of the final nanocomplexes: siRNA-aCD22 Ab-
SPI1O NPs. In order to track the SiRNA-aCD22 Ab-SPIO NPs, we first labelled the SP1O
NPs with A532. The size of the SPIO NPs with A532 was 47.4 nm in diameter
(polydispersity 0.213, average diameter from 3 repeated measurements). Once combined
with siRNA and aCD22 Ab, the size of the SIRNA-aCD22 Ab-SPIO NPs was 93.8 nm in
diameter (polydispersity 0.125) (Figure 1). Surface charges of the SPIO NPs with A532
alone and the sSiRNA-aCD22 Ab-SPIO NPs were +65.3 mV and +46.6 mV, respectively
(Figure 1).

Next we evaluated the loading efficiency of both sSiRNA and aCD22 Ab on the NPs. The
results of fluorescence measurements showed highly efficient loading of sSiRNA-A488 on
the NPs: 95.3% of the siRNAs were loaded when alone to the NPs and 100% were loaded
with aCD22 Abs to the NPs. aCD22 Abs-APC was also loaded with high efficiency
(89.9%) when loaded alone to the NPs, but 47.1% when loaded with siRNAs (Table I).
These results confirm that our siRNA-aCD22 Ab-SP1O NP complexes have the appropriate
size and charge to be used as therapeutics (Li et al., 2013; van der Meel et al., 2013).

Cell-targeted delivery of the nanocomplexes to preB ALL cells, but not T ALL cells

To evaluate cell-specific targeting properties of aCD22 Ab, we tested the sSiRNA-aCD22
Ab-SPIO NPs on Reh and Jurkat cells. Reh cells express CD22 whereas Jurkat cells do not
(Kato et al., 2013). When Reh and Jurkat cells were treated /7 vitro under the same
conditions with the MXD3 or control sSiRNA-aCD22 Ab-SPIO NPs, only Reh cells showed
uptake of the sSiRNA-aCD22 Ab-SPIO NPs (data not shown).

To determine the optimal amount of aCD22 Abs to load onto the SPIO NPs, we tested the
MXD3 siRNA-SPIO NPs (1 ug of siRNAs and NPs) with 2, 0.2 and 0.02 ug of aCD22 Abs
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and treated Reh cells /in vitro. Efficiency in MXD3 knockdown by each aCD22 Ab amount
was quantified by immunocytochemistry on the treated cells. Because the MXD3
knockdown effect had plateaued when increasing the «aCD22 Abs load on the
nanocomplexes, we chose the 0.2:1 ratio of aCD22 Ab:SPIO NPs.

Next we tested the MXD3 siRNA-SPIO NPs on the Reh cells with or without aCD22 Abs
on the nanocomplexes (Figure 2A). After delivery of sSiRNA nanocomplexes, there was a
trend towards higher MXD3 knockdown with aCD22 Abs than without aCD22 Abs
(average knockdown 70% vs. 42%, not statistically significant) (Figure 2B). Therefore, the
addition of aCD22 Abs to the nanocomplexes showed selective and more efficient delivery
of siRNA to Reh cells.

uptake, target-specific delivery of siRNA, and gene silencing effects

We next investigated /n vitro therapeutic effects of the nanocomplexes MXD3 siRNA-
aCD22 Ab-SPI10 NPs in Reh cells. The fluorescent-labelled MXD3 or control siRNA-
aCD22 Ab-SP10 NPs were observed inside Reh cells 4 h after a single treatment with the
siRNA nanocomplexes (Figure 3A). Co-localization of the A488-conjugated siRNA (and
possibly FITC-conjugated aCD22 Abs) and A532-conjugated SPIO NPs was observed
inside the treated cells, indicating that the SiIRNA nanocomplexes entered the cells as a
whole. Although the FITC-conjugated aCD22 Ab and A488-conjugated siRNA cannot be
distinguished using fluorescent imaging, we have demonstrated that most of the fluorescent
signal in the FITC channel is contributed by A488-conjugated siRNA, with minimal signal
from FITC-conjugated aCD22 Ab due to the amount of each molecule on the NP surface
and the difference in signal intensity between FITC and A488 (data not shown). The cells
treated with the MXD3 siRNA nanocomplexes showed a 70.6% reduction in MXD3 protein
expression 4 h after treatment (Figure 3B and C). MXD3 knockdown effects lasted until 72
h after treatment (data not shown). Cells that were treated under identical conditions with
control siRNA nanocomplexes or untreated cells did not show knockdown in MXD3 protein
expression (Figure 3B and C). Importantly, Reh cells treated with the MXD3 siRNA
nanocomplexes showed significantly reduced live cell counts over 72 h after treatment
(Figure 3D).

To determine the mechanism behind the reduced cell counts, we assessed cell death by two
cell viability assays: annexin V and DAPI, and caspase activity assays. The cells treated
with MXD3 siRNA nanocomplexes showed significantly increased annexin V- and DAPI-
positive cells than untreated or control sSiRNA nanocomplex-treated cells both 2 and 4 h
after a single treatment (Figure 4A and B). At 2 h after treatment, untreated or control
siRNA nanocomplex-treated cells showed more live than dead cells (average percentages of
live vs. dead cells: 74.0% vs. 10.4% and 65% vs. 14.0%, respectively) (Figure 4B). On the
other hand, MXD3 siRNA nanocomplex-treated cells showed fewer live cells than dead
cells (average percentages of live vs. dead cells: 22.1 % vs. 41.3%) (Figure 4B). At 4 h, the
live and dead cell ratio remained similar in the untreated cells and control SiRNA
nanocomplex-treated cells (average percentages of live vs. dead cells: 76.8% vs. 11.6% and
70.8% vs. 11.4%, respectively); however, there were significantly more dead cells than live
cells in the MXD3 siRNA nanocomplex-treated cells (average percentages of live vs. dead
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cells: 20.8% vs. 61.2%) (Figure 4B). Cells were also analysed for caspase 3 and 7 activities
2 and 4 h after treatment. At 2 h after treatment, there was a significant increase in caspase
activity in the MXD3 siRNA nanocomplex-treated cells compared to untreated cells. At 4 h,
the MXD3 siRNA nanocomplex-treated cells had significantly higher levels of caspase
activity than both untreated and control siRNA nanocomplex-treated cells (Figure 4C).
These results indicate that MXD3 knockdown led the cells to apoptosis to some extent, and
that the knockdown effects began as early as at 2 h after siRNA was introduced to the cells.

Treatment effects of the MXD3 siRNA-aCD22 Ab-SPIO NPs on primary cells

After studies with the Reh cell line, we determined the /n vitro effects of the SIRNA
nanocomplexes on primary preB ALL cells and normal blood cells. We first determined the
MXD3 protein expression levels in 10 different primary patient preB ALL samples, with
Reh as a control for high MXD3 expression and CD34+HSCs as a negative control (Figure
5A). All of the tested samples showed similar MXD3 protein expression levels to Reh cells,
and higher expression compared to CD34+HSCs. We treated four primary ALL samples
(S82, 83, 86 and 89) with the siRNA nanocomplexes /n vitro the same way as described
above for the Reh cells. The results of sample 86 are shown in Figure 5B to D. The MXD3
siRNA nanocomplexes demonstrated efficient intracellular uptake and knockdown of
MXD3 expression (72.6% reduction in MXD3 expression compared to untreated cells) in
these primary leukaemia cells, similar to Reh cells (Figure 5B and C). None of the sample
86 cells proliferated /in vitro, and the cells treated with the MXD3 siRNA nanocomplexes
showed accelerated cell death over the 72 h of treatment (Figure 5D).

We next assessed the potential toxicities of the sSiRNA nanocomplexes on normal blood cells
including B cells and CD34+HSCs. Isolated B cells, non-B cells and CD34+HSCs showed
purity greater than 97% by flow cytometry (data not shown). B cells express CD22 (Kato et
al., 2013). We also confirmed that B cells express MXD3 protein at the level of 50% of Reh
cells whereas non-B cells and CD34+HSCs express negligible MXD3 protein (Figure 6A).
These cells were treated with the sSiRNA nanocomplexes the same way as described above
for the Reh and primary ALL samples. As expected, B cells showed uptake of the sSiRNA
nanocomplexes and reduced MXD3 protein expression similar to Reh when treated with the
MXD3 siRNA nanocomplexes (Figure 6B and C). Less uptake was observed in non-B cells
and CD34+HSCs (data not shown). Non-B cells and CD34+HSCs did not exhibit any
significant difference in MXD3 protein expression between untreated, MXD3 and control
siRNA nanocomplex-treated conditions (data not shown). The live cell count after the
siRNA nanocomplex treatment showed significantly accelerated cell death in the MXD3
siRNA nanocomplex-treated cells compared to cells treated with control SIRNA
nanocomplexes or untreated cells (Figure 6D). In non-B cells and CD34+HSCs, there was
significantly accelerated cell death in both the MXD3 or control siRNA nanocomplex-
treated cells compared to untreated cells. However, between the two nanocomplex-treated
groups (MXD3 or control siRNA) there was no significant difference in death rate, implying
that the main cause of cell death was due to the toxicity of NPs (Figure 6D).
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Additive effects between the siRNA-aCD22 Ab-SPIO NPs and doxorubicin or vincristine

To study the possible additive effects that the SiIRNA nanocomplexes may have when
administered with common chemotherapy drugs currently used to treat ALL, we tested a
combination regimen of doxorubicin or vincrinstine with the sSiRNA nanocomplexes in Reh
cells /n vitro. A single dose of doxorubicin or vincristine, at a dose equivalent to the 50%
inhibitory concentration (IC50) of each drug for Reh cells, was added to Reh cells 4 h after
treatment with the siRNA nanocomplexes. A combination therapy of the MXD3 siRNA
nanocomplexes and either drug showed significantly higher cytotoxicity than monotherapy
(MXD3 siRNA nanocomplexes or chemotherapy drug alone) (Figure 7). We also added the
drugs 24 h after the siRNA nanocomplex treatment. However, the additive effects were not
significant in this cohort. These results demonstrate the strong potential of using sSiRNA
nanocomplexes as a part of current chemotherapy regimens for preB ALL treatment.

Discussion

An ideal cancer-targeted therapy must have both a cancer-specific target and a vehicle to
deliver drugs to its target. It is particularly important to develop a therapy with less systemic
side effects on growing children than current therapies. In this study, we have demonstrated
that our novel siRNA nanocomplexes have several advantages as a potential targeted
therapy for preB ALL.

First, MXD3RNA seems to be an ideal molecular target for preB ALL. In our previous
study, we demonstrated that MXD3 is anti-apoptotic in preB ALL (unpublished
observations). In this study, our results showed that significant knockdown of MXD3
protein was achieved within 2 h after a single treatment of the sSiRNA nanocomplexes,
leading to an increase in apoptosis of leukaemia cells (Figure 4). While this modest increase
was statistically significant (all p-values were < 0.05 in Figure 4B and C), it may not
correlate with /n vivo efficacy. It is, however, important to note that a single treatment led to
significant MXD3 knockdown, cell death and decreased live cell counts or accelerated cell
death in Reh or primary ALL cells, respectively. Dysregulation of apoptotic pathways is one
of the mechanisms for treatment resistance in cancers (Kumar et al., 2013; Ramsay &
Rodriguez-Justo, 2013). Therefore, targeting MXD3 for restoration of apoptosis is a
promising approach, particularly when it is combined with other drugs with different
treatment mechanisms. Furthermore, our results suggest that the turnover time of MXD3
protein is very short. It is possible to enhance the cell apoptotic effects by multiple dosing of
the siRNA nanocomplexes. Our results showed that not only is MXD3 protein highly
expressed in preB ALL cells (Figure 5A), but also, among normal blood cells, B cells are the
only cell lineage that expresses MXD3 protein, although its expression is less than half of
that in preB ALL cells (Figure 6A). It is particularly important that our results showed
CD34+HSCs do not express MXD3, as an ideal targeted therapy should avoid toxicities on
HSCs. Data at Gene Cards (http://www.genecards.org/cgi-bin/carddisp.pl?
gene=MXD3&search=a026324439964c3975c0e4c3ffa46513) show relatively low MXD3
MRNA levels in normal human tissues and no MXD3 protein expression except in plasma. It
is necessary to carefully evaluate potential toxicities and off-target effects of our MXD3
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SiRNA,; however, because of the preferential expression in preB ALL cells, MXD3 is a
potential therapeutic target.

Second, the addition of aCD22 Abs to our nanocomplexes is the key for achieving cell-
specific targeting of preB ALL cells. Our previous study and others have shown that aCD22
Ab drug-conjugates offer promising new therapies for B-cell malignancies (Mussai et al.,
2010; Hoelzer, 2013; Kato et al., 2013). High CD22 expression is known to be limited to
normal and malignant B cells, including preB ALL cells (Boue & LeBien, 1988; Haso et al.,
2013; Kato et al., 2013). Furthermore, it is known that aCD22 Abs are internalized upon
binding to CD22 on the cell surface; therefore, it makes an excellent drug delivery vehicle
(Hoelzer, 2013; Litzow, 2013; Sullivan-Chang et al., 2013). As expected, our MXD3
siRNA-aCD22 Ab nanocomplexes did affect normal B cells, because B cells express both
CD22 and MXD3. However, we expect that toxicities to B cells are acceptable side effects,
given that anti-CD20, CD19 and CD22 antibodies, all of which target B cells, have been
successfully used to treat leukaemias and lymphomas in the clinic (Thomas et al., 2010;
Kreitman & Pastan, 2011; Schindler et a/., 2011). It is also important to note that
CD34+HSCs were spared from the cytotoxicity of the MXD3 siRNA-aCD22 Ab
nanocomplexes. Therefore, normal B cells lost by the MXD3 siRNA-aCD22 Ab-
nanocomplex treatment could be regenerated.

Lastly, SPIO NPs seem to be an efficient vehicle for sSiRNA delivery. As previous studies,
including ours (data not shown), have shown that non-viral transfection of B cells, either
malignant or normal, is extremely difficult, it is necessary to use a vehicle to deliver siRNA
intracellularly. We chose SPIO NPs based on the reported advantages of the SPIO NPs:
biocompatibility of iron oxide NPs, ability to modify the surface chemistry for efficient
loading of siRNA based on electrostatic interactions, and the ease of separating bound
molecules from the surface of the NPs using magnetic separation (Taratula et a/., 2011; Shah
et al., 2013; Duan et al., 2014). In this study, we have demonstrated high efficiency (~100%)
of loading siRNA molecules (271.6 moles per NP) based on electrostatic interactions
between positively-charged NPs and negatively-charged siRNA molecules. We also
demonstrated that both siRNA and antibody molecules were loaded on the surface of SPIO
NPs based on physical interactions (Figure 1, Table I). The nanocomplexes, with or without
aCD22 Abs, were efficiently delivered into both Reh cells and primary leukaemia cells
(Figures 2A and B). We have shown a proof of concept that SPIO NPs can serve an as
excellent vehicle for sSiRNA delivery. However, our results of control sSiRNA molecules with
SPIO NPs indicated potential toxicity of the SPIO NPs (Figures 4, 5D and 6D). Toxicity was
observed predominantly in primary cells, which was partly because the primary
haematopoietic cells generally do not survive well in vitro. However, we speculate that the
toxicity was due to the surface chemistry and net electrostatic charge on the surface of SPIO
NPs, interactions of NPs with cell membranes and the intracellular fate of NPs. It is
encouraging that SPIO NPs have been used successfully in clinical trials for imaging and
therapeutic purposes (Tong et al., 2011; de Rosales, 2014). Further studies are ongoing to
modify the nanocomplexes and reduce their toxicities. These studies include covalent
conjugation of siRNA and NPs and passivation of the surface with polyethylene glycol
(PEG) molecules.
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It is well known that monotherapy does not work for cancer; therefore, current treatments
for preB ALL use combination chemotherapy. In this study, we demonstrated significant
additive effects using a combination of one dose each of the MXD3 siRNA-aCD22 Ab
nanocomplexes and either doxorubicin or vincristine at IC50 doses (Figure 7). The
cytotoxicity of the MXD3 siRNA-aCD22 Ab nanocomplexes alone at 72 h after the
treatments was enhanced by more than 20% when combined with vincristine (40.1% vs.
63.8%) or doxorubicin (40.1% vs. 61.2%). It is important to note that these additive effects
were observed at a single treatment of each drug at 1C50 dose. Therefore, it should be
possible to find the most effective combination dose and schedule. Furthermore, we
hypothesize that knockdown of MXD3 leads to activation of the apoptotic pathway in
leukaemia cells, which sensitizes the cells to lower doses of chemotherapeutic agents, such
as vincristine. This has the potential to improve efficacy and minimize systemic side effects.
Therefore, we expect that our novel MXD3 siRNA-aCD22 Ab nanocomplexes have the
potential to be a new addition to combination therapy for preB ALL and to lower the doses
of current chemotherapy drugs, which will result in fewer side effects. It is also interesting
to note that these additive effects were greatest when the drugs were added 4 h, rather than
24 h, after initial treatment with the siRNA-aCD22 Ab nanocomplexes, suggesting that
SiRNA nanocomplex treatment followed shortly by chemotherapy drug dosing may be the
most effective timing for treatment of these cells /n vitro. This may be due to the fast turn
over time of MXD3. It is possible to further investigate the downstream pathway of MXD3
using combination therapies with other drugs with known mechanisms of action.

In summary, we have developed a new therapeutic concept using MXD3 siRNA-aCD22
Ab-SPIO NPs and demonstrated its potential as a novel therapy for preB ALL.
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Figure 1. Nanocomplexes ar e created with SRNAs, aCD22 Abs, and SPIO NPs
Diameter and zeta potential of the SIRNA-aCD22 Ab-nanocomplexes. A532-labelled SP10

NPs were combined with siRNAs and aCD22 Abs. The size and zeta potential of the
nanocomplexes changed after combining the siRNAs and aCD22 Abs. Average diameter or
zeta potential of SPIO NPs + A532 and SP1O NPs + A532 + siRNA + CD22 is indicated in
the left upper corner of each graph.

A532, Alexa Fluor 532; aCD22 Ab, anti-CD22 antibody; SPI10, superparamagnetic iron
oxide; NP, nanoparticle; siRNA, small interfering RNA.
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Figure 2. Efficient delivery of SRNA-aCD22 Ab-SPIO NPsand M XD3 knockdown in preB ALL
cells

(A) Intracellular uptake of the sSiRNA-aCD22 Ab-SPI1O NPs with A488-labelled siRNAs,
FITC-labelled aCD22 Abs and A532-labelled SPIO NPs to Reh cells. More nanocomplexes
were observed in the cells treated with the nanocomplexes with aCD22 Abs than those
without Abs. The images were taken 4 h after treatments.

(B) Addition of aCD22 Abs to the siRNA-aCD22 Ab-SPIO NPs enhancing the efficiency
of MXD3 knockdown in Reh cells. Reh cells treated with the nanocomplexes, with or
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without aCD22 Abs, or left untreated as control, were measured for MXD3 protein
expression 4 h after treatments. For each image, the protein level was measured by mean
fluorescence intensity (MFI) in each cell in the field and averaged MFI is shown in the right
lower corner of each MXD3 image.

aCD22 Ab, anti-CD22 antibody; SPIO, superparamagnetic iron oxide; NP, nanoparticle;
SiRNA, small interfering RNA.
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Figure 3. Intracellular delivery of the MXD3 siRNA-aCD22 Ab-SPIO NPsresultsin MXD3
knockdown and cell growth inhibition in Reh céllsin vitro

(A) Intracellular delivery of the SiIRNA-aCD22 Ab-SP10 NPs. The siRNA-aCD22 Ab-
SP1O NPs are composed of A488-labelled control or MXD3 siRNAs, FITC-labelled aCD22
Abs, and A532-labelled SPIO NPs. The images were taken 4 hours after treatment with
SiRNA-aCD22 Ab-SPIO NPs. Untreated cells were shown as a control.

(B) MXD3 knockdown in the cells treated with the MXD3 siRNA-aCD22 Ab-SPI1O NPs at
4 hours after treatment. Reh cells that were treated with the control siRNA-aCD22 Ab-SP10
NPs did not exhibit the same level of MXD3 knockdown and showed similar levels of
expression to untreated cells. For each image, protein level was measured by MFI in each
cell in the field and the average MFI is shown in the right lower corner of each MXD3
image.

(C) MXD3 protein knockdown quantified using MFI. The cells treated with MXD3 siRNA-
aCD22 Ab-SPIO NPs showed decreased MXD3 protein expression compared with the cells
treated with the control sSiRNA-aCD22 Ab-SP10O NPs or untreated cells. Each point
represents the average MFI of all measured cells per treatment type, in 3 independent
experiments. Untreated vs. MXD3 siRNA-aCD22 Ab-SP1O NPs (**) p = 0.00606, control
vs. MXD3 siRNA-aCD22 Ab-SPIO NPs (**) p = 0.00814. The p-values are from the post-
hoc Tukey studenized range test on a one-way ANOVA of log(MFI).
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(D) Reduced cell growth in the cells treated with the MXD3 siRNA-aCD22 Ab-SP1O NPs.
Data points indicate mean values of independent cell count in triplicates from 3 independent
experiments. Live cell count was measured at 4, 8, 24, 48 and 72 h after a single treatment
with the MXD3 or control sSiRNA-aCD22 Ab-SPI1O NPs. Untreated cells were also used as a
control. Error bars represent range (n=9 for each time point). The cells treated with the
MXD3 siRNA-aCD22 Ab-SPIO NPs had significantly fewer live cells than either the
untreated cells or the cells treated with the control SiRNA-aCD22 Ab-SPIO NPs (p <
0.0001).

aCD22 Ab, anti-CD22 antibody; SP10, superparamagnetic iron oxide; NP, nanoparticle;
SiRNA, small interfering RNA; MFI, mean fluorescence intensity.
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Figure4. Treatment of Reh cellswith the M XD3 siRNA-aCD22 Ab-SPIO NPsincreases

apoptosis

(A and B) Cell death measured by annexin V and DAPI. (A) Reh cells treated with the
MXD3 siRNA-aCD22 Ab-SPIO NPs had fewer live cells (negative for annexin V and
DAPI) and more dead cells (positive for annexin VV and DAPI) than untreated cells or cells
treated with the control SiIRNA-aCD22 Ab-SP1O NPs at 2 and 4 h after treatment. The
circled or rectangle events indicate double negative or double positive cells, respectively.
Graphs show one representative experiment (from a total of 2 experiments repeated).
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(B) Flow cytometry results at 2 and 4 h from 2 experiments. Data as mean (n = 2 for each
time point). The MXD3 siRNA nanocomplex-treated cells showed significantly fewer
double negative cells and significantly more double positive cells at both time points: double
negative (vs. untreated p = 0.0000154, vs. control p = 0.0000484) and double positive (vs.
untreated p = 0.0006531, vs. control p = 0.0008478). This analysis used a three-way
ANOVA with Treatment, Time and Experiment Number as factors. The p-values are from
the post-hoc Tukey studentized range test.

(C) Cell death measured by caspase 3 and 7 activities. Cells were treated the same way as in
(A) with the same control. Histograms represent caspase activity measured by luminescence
signal at 2 and 4 hours after treatment. Data include 2 independent experiments. Data as
mean £ SD. (n = 9 for each time point). We used a two-way ANOVA on Treatment and
Time, with post-hoc comparisons from the Tukey studentized range test. The cells treated
with the MXD3 siRNA nanocomplexes had a significantly higher average caspase 3 and 7
activity levels than either the untreated cells (p = 0.0127) or those treated with the control
siRNA nanocomplexes (p = 0.0380)

aCD22 Ab, anti-CD22 antibody; SPIO, superparamagnetic iron oxide; NP, nanoparticle;
siRNA, small interfering RNA; AV, Annexin V; DAPI, 4',6-diamidino-2-phenylindole.
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Figure5. MXD3 siRNA-aCD22 Ab-SPIO NP treatment resultsin MXD3 knockdown and
decreased viability of primary preB ALL cellsin vitro

(A) High MXD3 protein expression in a series of primary preB ALL samples. Ten primary
preB ALL samples showed high MXD3 protein expression relative to Reh cells. Jurkat cells
and normal CD34+HSCs showed low expression. Boxes represent MXD3 protein levels in
individual cells relative to those in Reh cells, measured by MFI. Bars indicate mean and
whiskers 10-90 percentile represented as individually plotted points.

(B) MXD3 knockdown in a primary leukaemia sample treated with the MXD3 siRNA-
aCD22 Ab-SPI1O NPs at 4 h after treatment. Cells that were treated with the control siRNA-
aCD22 Ab-SPIO NPs did not exhibit the same level of MXD3 knockdown. For each image,
protein level was measured by MFI in each cell in the field and the average MFI is shown in
the right lower corner of each MXD3 image.

(C) The MXD3 protein level measured by MFI. The cells treated with MXD3 siRNA-
aCD22 Ab-SP1O NPs showed significantly decreased MXD3 protein expression compared
with the cells treated with the control sSiRNA-aCD22 Ab-SPIO NPs or untreated cells. Each
point represents the average MFI of all measured cells per treatment type, in 3 independent
experiments. Untreated vs. MXD3 siRNA-aCD22 Ab-SP10O NPs (**) p = 0.00735, control
vs. MXD3 siRNA-aCD22 Ab-SPIO NPs (*) p = 0.03108

(D) Accelerated cell death in the primary leukaemia cells treated with the MXD3 siRNA-
aCD22 Ab-SPIO NPs. Data points indicate mean values of independent cell count in
triplicates from 3 independent experiments. Live cell count was measured at 4, 8, 24, 48 and
72 h after single treatment with the MXD3 or control sSiRNA-aCD22 Ab-SPI1O NPs.
Untreated cells were also used as a control. Data as mean + SD. Untreated vs. MXD3
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SiIRNA-aCD22 Ab-SPIO NPs (****) p< 0.00001, untreated vs. control sSiRNA-aCD22 Ab-
SPIO NPs (****) p = 0.000035, control vs. MXD3 siRNA-aCD22 Ab-SPIO NPs (****) p <
0.00001.

aCD22 Ab, anti-CD22 antibody; SPIO, superparamagnetic iron oxide; NP, nanoparticle;
SiRNA, small interfering RNA; MFI, mean fluorescence intensity; SD, standard deviation.
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Figure 6. Primary normal B cells, but not CD34+HSCs, express some M XD3, and the MXD3
sSiIRNA-aCD22 Ab-SPIO NP treatment resultsin MXD3 knockdown and accelerated cell death in
vitro

(A) Some MXD3 protein expression was observed in B cells, but not in CD34+HSCs. Both
mature and immature B cells showed less than 50% MXD3 protein expression compared to
Reh cells, but CD34+HSCs and non-B cells showed minimal MXD3 expression. Boxes
represent MXD3 protein levels in individual cells relative to those in Reh cells, measured by
MFI. Bars indicate mean and whiskers, 10-90 percentile represented as individually plotted
points.

(B) MXD3 knockdown in the normal B cells treated with the MXD3 siRNA-aCD22 Ab-
SPI1O NPs at 4 h after treatment. Cells that were treated with the control sSiRNA-aCD22 Ab-
SPI1O NPs did not exhibit the same level of MXD3 knockdown. For each image, the protein
level was measured by MFI in each cell in the field and the average MFI is shown in the
right lower corner of each MXD3 image.

(C) MXD3 protein level measured by MFI. The cells treated with MXD3 siRNA-aCD22
Ab-SP1O NPs showed significantly decreased MXD3 protein expression compared with the
cells treated with the control sSiRNA-aCD22 Ab-SPIO NPs or untreated cells. Each point
represents the average MFI of all measured cells per treatment type in triplicates in 2
independent experiments. The MXD3 protein expression was significantly lower in the cells
treated with MXD3 siRNA-aCD22 Ab-SPIO NPs than in untreated cells (p = 0.0012) and in
cells treated with the control sSiRNA-aCD22 Ab-SP10O NPs (p = 0.0015) using the Tukey
studentized range test in an ANOVA on log(MFI).
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(D) Accelerated cell death in the B cells treated with the MXD3 siRNA-aCD22 Ab-SP10
NPs. Data points indicate mean values of independent cell count in triplicates from 2
independent experiments. Live cell count was measured at 4, 8, 24, 48 and 72 h after single
treatment with the MXD3 or control SiRNA-aCD22 Ab-SPI10 NPs. Untreated cells were
also used as a control. Data as mean + SD. For all three cell types, the control and MXD3
SiIRNA-aCD22 Ab-SPIO NPs differ significantly from the untreated (p < 0.0002 for each of
the six comparisons). The MXD3 and control sSiRNA-aCD22 Ab-SPIO NP treated groups
differ significantly in B cell count (p = 0.00003), but not in CD34+HSCs (p = 0.91) or non-
B cells (p = 0.96). This analysis used a three-way ANOVA with Treatment, Time, and
Experiment Number as factors. The p-values are from the post-hoc Tukey studentized range
test.

aCD22 Ab, anti-CD22 antibody; SP10, superparamagnetic iron oxide; NP, nanoparticle;
SiRNA, small interfering RNA; MFI, mean fluorescence intensity; SD, standard deviation.
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Figure 7. Doxorubicin or vincristine enhanced the treatment effects of the MXD3 siRNA-aCD22
Ab-SPIO NPsin Reh cellsin vitro

Combination single treatment of the MXD3 siRNA-aCD22 Ab-SPIO NPs and doxorubicin
or vincristine at the 50% inhibitory concentration (IC50) doses showed significantly
enhanced cytotoxicity in Reh cells. Data were collected in triplicates, with 2 independent
experiments (n = 6). Data as mean. MXD3 siRNA-aCD22 Ab-SPIO NPs only vs. MXD3
SIRNA-aCD22 Ab-SPIO NPs + doxorubicin (****) p < 0.0000001, doxorubicin only vs.
MXD3 siRNA-aCD22 Ab-SPIO NPs + doxorubicin (****) p = 0.0000032, MXD3 siRNA-
aCD22 Ab-SPIO NPs only vs. MXD3 siRNA-aCD22 Ab-SPIO NPs + vincristine (****) p
< 0.0001 and vincristine only vs. MXD3 siRNA-aCD22 Ab-SPIO NPs + vincristine (****)
p < 0.0000001.

SPI0O, superparamagnetic iron oxide; NP, nanoparticle; siRNA, small interfering RNA.

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



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Satake et al.

Table |

Efficiency of siRNA and aCD22 antibody loading onto SP1O nanoparticles

APC

Absorbance % Intensity

aCD22 Ab-SPIO pellet 1.20E+06 89.9

supernatant (unbound aCD22 Ab) 1.35E+05 10.1

SIRNA-aCD22 Ab-SPIO pellet 6.89E+05 47.1

supernatant (unbound aCD22 Ab) 7.74E+05 52.9
Alexad88

Absorbance % Intensity

SiRNA-SPIO pellet 6.06E+07 95.3
supernatant (unbound siRNA) 2.96E+06 4.66
SiIRNA-aCD22 Ab-SPIO pellet 5.58E+07 100
supernatant (unbound siRNA) 1.27E+03 0

APC, allophycocyanin; Alexa488, Alexa Fluor 488; aCD22 Ab, anti-CD22 antibody; SP10, superparamagnetic iron oxide; siRNA, small

interfering RNA.
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