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Abstract
Efficient and safe delivery of siRNA in vivo is the biggest roadblock to clinical translation of RNA interference (RNAi)-based
therapeutics. To date, lipid nanoparticles (LNPs) have shown efficient delivery of siRNA to the liver; however, delivery to other
organs, especially hematopoietic tissues still remains a challenge. We developed DLin-MC3-DMA lipid-based LNP-siRNA formu-
lations for systemic delivery against a driver oncogene to target human chronic myeloid leukemia (CML) cells in vivo. Amicrofluidic
mixing technology was used to obtain reproducible ionizable cationic LNPs loaded with siRNA molecules targeting the BCR-ABL
fusion oncogene found in CML. We show a highly efficient and non-toxic delivery of siRNA in vitro and in vivo with nearly 100%
uptake of LNP-siRNA formulations in bone marrow of a leukemic model. By targeting the BCR-ABL fusion oncogene, we show a
reduction of leukemic burden in our myeloid leukemia mouse model and demonstrate reduced disease burden in mice treated with
LNP-BCR-ABL siRNA as compared with LNP-CTRL siRNA. Our study provides proof-of-principle that fusion oncogene specific
RNAi therapeutics can be exploited against leukemic cells and promise novel treatment options for leukemia patients.
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Introduction

Heterogeneity between leukemia patients and even among leu-
kemic cells causes a lack of specificity in the current treatment

regimens (chemotherapy and bone marrow transplantation),
which are often associated with long-term side effects [1].
Hence, there is a need to develop novel therapeutics for all leu-
kemia patients targeting the disease by its molecular fingerprint.
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Discovery of RNAi has opened new doors for the treatment
of various diseases including cancer. Examples of successful
RNAi translation include efficient knockdown (86.8%) of he-
patic transthyretin in patients with transthyretin amyloidosis
[2] and suppression of cholesterol levels in a phase I clinical
trial via a single dose of inclisiran (RNAi agent against
PCSK9 gene) [3]. Patisiran, a FDA-approved RNAi therapeu-
tic has been shown to effectively halt or reverse the progres-
sion of the cardiac manifestations of hereditary transthyretin-
mediated amyloidosis in phase III trials [4]. However, current
efforts aim to improve the delivery system for siRNAs beyond
the liver, by using nanotechnology [5].

LNPs represent one of the most advanced systems for
RNAi delivery in vivo [6, 7]. These LNPs mixed with surface
active compounds like polyethylene glycol (PEG) promote
the self-assembly of all components for siRNA encapsulation,
enter the cell through endocytosis, and enable siRNAs to es-
cape the endosomal compartment. The low pH in the endo-
some and lysosome supports the disassembly of the LNPs, the
release of the siRNA payload to the cytoplasm, and finally the
knockdown of the target mRNA [8–11]. A novel
microfluidics technology allows highly reproducible packag-
ing of siRNAs in LNPs [7, 12], and parallelization enables
upscaling for the clinical setting.

One major roadblock in the translation of RNAi therapeu-
tics is the upscaling to the clinical setting, which requires
initial proof of principle studies to validate efficacy and safety
of RNAi nano-therapeutics in a clinically relevant disease
model. Chromosomal translocations are considered driver
mutations in leukemogenesis, and are usually present in all
leukemic cells and are retained during relapse. We hypothe-
sized that fusion oncogenes frequently occurring in hemato-
poietic malignancies would be safe and effective therapeutic
targets for siRNA application in leukemic cells [13, 14].

The chimeric fusion oncogene BCR-ABL is a leukemia-
specific fusion transcript that occurs in all patients with
CML, 25% with acute lymphoblastic leukemia (ALL) [15],
and approximately 1% with acute myeloid leukemia (AML)
[16, 17]. Both ALL and advanced CML patients frequently
develop drug resistance after initial response from current
therapeutic strategies [18, 19]. Therefore, despite the marked
success in CML treatment, concerns regarding the occurrence
of resistant and residual disease in subsets of patients demands
new approaches to target BCR-ABL [18, 20, 21]. The appli-
cability of RNAi for degradation of the BCR-ABL transcript
and sensitization towards inhibitor treatment has been well
documented in in vitro studies [22, 23]. In 2007, Koldehoff
et al. first reported inhibition of BCR-ABL oncogene via syn-
thet ic BCR-ABL siRNA non-vira l del ivery in a
chemotherapy-resistant CML patient [24]. Since then, many
other delivery systems including shRNA viral vectors have
been applied for the knockdown ofBCR-ABL and other fusion
oncogenes [7, 25–28].

We utilized microfluidic mixing technology to package
BCR-ABL siRNA molecules in LNPs for targeting BCR-
ABL fusion oncogene in vitro and in vivo. We show a highly
efficient and non-toxic delivery of siRNA in vitro and in vivo
with nearly 100% uptake of LNP-siRNA formulations in bone
marrow of leukemic model. By testing and validating the
safety and functional efficacy of LNP-mediated siRNA deliv-
ery in a CML model in vitro and in vivo, the present work
provides proof-of-concept of the efficacy of therapeutic RNAi
in human leukemia in vivo.

Materials and methods

More details on materials and methods can be found in the
supplemental information.

Cell culture

Human leukemia BCR-ABL positive K562 cells were main-
tained in RPMI medium (GE-Healthcare, Austria, Germany)
supplemented with 10% heat-inactivated fetal bovine serum
and 1% penicillin/streptomycin, in a humidified incubator at
37 °C, adjusted to 5% CO2. K562 cells were sorted after
transduction with a lentiviral construct expressing luciferase
and GFP proteins in the pGL3-Basic vector (K562L.GFP
cells).

LNP-siRNA formulation

The LNP-siRNAwas formulated using a proprietary mixture
of lipids containing an ionizable cationic lipid, supplied as
SUB9KITS™, and the siRNA was encapsulated using a
microfluidic system for controlled mixing conditions on the
NanoAssemblr™ instrument (Precision Nanosystems,
Vancouver, Canada) [11]. Concentrations in our manuscript
always refer to siRNA (1 μg/ml signifies 1 μg of siRNA in
1 ml of culture and 5 mg/kg signifies 5 mg of siRNA per kg of
body weight) (0.25, 0.5, 1 and 2 μg/ml siRNA, corresponding
to 17.85, 35.7, 71.43, and 143 nM siRNA, respectively).
Further details about composition and properties of formula-
tions are provided in supplementary methods.

Flow cytometry

Cells treated with the LNP-siRNA formulation were harvested
following 24 h of treatment and washed twice with PBS.
Delivery of LNP-siRNA formulations was monitored by flow
cytometry by detecting the DiI signal by the blue/green laser
of the BD-LSR II flow cytometer (Becton Dickinson). GFP
signal in K562L.GFP cells were used to detect transplanted
human leukemia cells. CD34 (8G12) -APC (345804)
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antibody was purchased from BD Biosciences (Heidelberg,
Germany).

Xenograft models

6 to 8-weeks old female NOD/SCID mice were purchased
from Charles River Laboratories (Sulzfeld, Germany).
NOD.Cg-Prkdcscid Il2rgtm1Wj1/SzJ/(NOD/SCID-IL-2Rg-
null/NSG) mice were bred by the central animal laboratory
of Hannover Medical School and kept in pathogen-free con-
ditions. All animal experiments were approved by the local
authority and the institutional ethics committee. 2 × 106

K562 cells transduced with CTRL or anti-BCR-ABL
shRNAwere sorted and then inoculated subcutaneously in
both flanks of NOD/SCID mice. Tumor volumes were mea-
sured at the indicated time points using a vernier caliper.
K562L.GFP cells were re-suspended in sterile PBS (30 μl)
and injected intrafemorally into the femur (1 × 105cells/in-
jection) of female NSG mice. LNP-siRNA formulations
were dosed at 5 mg/kg via intra-peritoneal injection. Mice
were injected either intravenously or intraperitoneally with
CTRL or LNP-AHA1 siRNA or LNP-BCR-ABL siRNA.
The loading dose consisted of 3 injections of 5 mg/kg
LNP-siRNA formulation (0, 8, and 24 h). Additional injec-
tions were given as indicated in the BResults^ section.

Apoptosis measurement

For apoptosis measurement, 1 × 105 cells were stained with
Annexin V-APC antibody according to the manufacturer’s
protocol (BD Pharmingen Cat no. 550474) and analyzed on
a BD-LSR II flow cytometer (Becton Dickinson, Heidelberg,
Germany).

Cell viability assay

Equal cell numbers were seeded in 100 μl of medium in each
well of a 96-well flat bottom transparent plate. 1/10th volume
of the alamarBlue® reagent (Abd Serotec, Raleigh, NC) was
directly added to the wells and incubated for 1 to 4 h at 37 °C
in a cell culture incubator, protected from direct light. Results
were recorded by measuring fluorescence using a fluores-
cence excitation wavelength of peak excitation 570 nm and
peak emission 585 nm on a microplate reader (Safire, Tecan,
Männedorf, Switzerland). All experiments were performed in
triplicates.

Immunoblotting

Cellular lysates were prepared and immunoblotting was per-
formed as described previously [29]. Antibodies and methods
are described in the supplemental methods.

Quantitative real-time PCR analysis

RNAwas extracted and reverse transcribed as previously de-
scribed [30]. Further details are provided in supplemental
methods.

Patients and primary cells

Primary leukemia cells from bone marrow and peripheral
blood of patients with CML were cultured as mentioned in
supplemental methods. Written informed consent was obtain-
ed according to the Declaration of Helsinki, and the study was
approved by the institutional review board of Hannover
Medical School (ethical vote 2504–2014).

Statistical analysis

Pairwise comparisons were performed by the Student t test for
continuous variables. The two-sided level of significance was
set at P < .05. Comparison of survival curves were performed
using the log-rank test. Statistical analyses were performed
with Microsoft Excel (Microsoft, Munich, Germany), and
GraphPad Prism 5 (GraphPad Software, La Jolla, CA).

Results

Validation of a BCR-ABL-dependent monogenic
xenotransplantation CML model

We established and validated a BCR-ABL-dependent trace-
able K562 xenogenic leukemia model to study the properties
of LNP-siRNA formulations in vivo. First, we wanted to con-
firm the dependency of K562 cells for the BCR-ABL fusion
oncogene in vitro and in vivo by using short hairpin (sh)
RNA-based RNAi. K562 cells were transduced with a RFP
(red fluorescent protein) vector expressing either a control
shRNA (CTRL shRNA) or an anti-BCR-ABL shRNA at
day 0. Knockdown of BCR-ABL induced a competitive disad-
vantage for RFP positive cells as the proportion of RFP-
negative cells increased in cells transduced with anti-BCR-
ABL shRNA as compared with CTRL shRNA transduced
cells from day 1 to day 8 (Fig. 1a). Also, anti-BCR-ABL
shRNA transduced cells proliferated significantly slower than
CTRL shRNA-transduced cells from day 4 onwards (Fig. 1b).
Further, we transplanted these K562 cells transduced with
CTRL or anti-BCR-ABL shRNA subcutaneously in NOD/
SCID mice. Mice transplanted with cells expressing anti-
BCR-ABL shRNA showed significantly reduced tumor vol-
umes at all time points as compared with CTRL shRNA (Fig.
1c and 1d). At death, tumors were excised from mice and the
mixed tumor cell population was analyzed by flow cytometry.
The fraction of RFP-CTRL shRNA positive cells in control
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tumors were higher than in tumors transduced with anti-BCR-
ABL shRNA, suggesting that contaminating non-transduced
cells outgrew anti-BCR-ABL transduced cells (Fig. 1e).
Collectively, the reduction of BCR-ABL expression through
BCR-ABL shRNA resulted in substantial growth inhibition
in vitro and in vivo. These data demonstrate the feasibility
of this BCR-ABL-dependent xenotransplant model as a
single-hit leukemia that can be further used to evaluate
the targeted and functional efficacy of LNP-mediated
siRNA delivery.

Formulation and characterization of LNP-siRNA
as an advanced delivery tool

To investigate the uptake, distribution, and silencing activity
of CTRL and anti-BCR-ABL siRNA in vitro and in vivo,
siRNAs were formulated in ionizable cationic LNPs using
the NanoAssemblr™ (Fig. 2a). Ionizable cationic LNPs have
pKa values below 7 that allow siRNA encapsulation at lower
pH and a relatively neutral surface at physiological pH. LNPs

were analyzed for size and charge characteristics with the
zetasizer instrument. The estimated mean diameter of the
1.5% PEG-DMG LNP-siRNA formulations (with final lipid/
siRNA weight ratio 10:1) was 55 nm (Fig. 2b) [31]. All the
siRNAs used in this study had an encapsulation efficiency of
more than 90%, suggesting that more than 90% of the pack-
aged siRNA is actually present inside the LNPs (Fig. 2c). The
intracellular localization of DiI-labeled LNPs was visualized
as red dots due to the presence of DiI in the perinuclear and
cytoplasmic endosomal space through confocal imaging after
24 h of treatment (Fig. 2d). As previously reported, chemical
modifications can be used to reduce sequence-related off-tar-
get effects and increased stability in vivo, while maintaining
efficient target mRNA silencing [32]. We therefore tested
one unmodified and two modified siRNAs for their on-target
efficacy by nucleofection in K562 cells. siRNAs were either
modified by 2′-O-methyl or 2′-fluoro groups to enhance their
stability in vivo (Supplementary Table S1) [32]. We found
comparable on-target efficacies between unmodified and
modified anti-BCR-ABL siRNAs. We observed 90%

Fig. 1 Establishment of a BCR-ABL-dependent monogenic xenotrans-
plantation CML model. a. Percentage of RFP positive cells measured by
flow cytometry in K562 cells transduced with CTRL (RFP) or anti-BCR-
ABL shRNA (RFP) and sorted for RFP positive cells at day 0 (represen-
tative FACS plot). b Number of viable, sorted, RFP positive K562 cells
over time which were transduced with CTRL or anti-BCR-ABL shRNA
(initial cell count 100,000 cells per ml, mean ± SEM, n = 3). c Tumor
volume of K562 cells transduced with CTRL or anti-BCR-ABL shRNA
inoculated subcutaneously in both flanks of NOD/SCID mice, measured
at the indicated time points after inoculation (mean ± SEM, n = 4). d

Representative picture of subcutaneous tumors in NOD/SCID mice inoc-
ulated with K562 cells transduced with CTRL or anti-BCR-ABL shRNA.
e Percentage of RFP positive cells in isolated subcutaneous tumors from
NOD/SCID mice inoculated with K562 cells transduced with CTRL or
anti-BCR-ABL shRNA, measured at 38 days after inoculation in
sacrificed mice by flow cytometry (mean ± SEM, n = 3). As we analyzed
all cells in the tumor the proportion of human leukemia cells is approxi-
mately 55% in the CTRL group, while the remaining cells are infiltrating
stroma cells of mouse origin. ** indicates P < .01; ns, not significant
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Fig. 2 Formulation and characterization of lipid nanoparticle (LNP)-
siRNA as an advanced delivery tool. a LNP-siRNA formulation scheme
(outline). LNP components dissolved in ethanol were mixed with siRNA
dissolved in low pH buffer in a microfluidic chip in the NanoAssemblr
instrument. b Size distribution analysis of LNP-siRNA formulations pro-
duced with 1.5% PEG 2000 DMG (peaks in the plot shows average
diameter distribution, n = 3). c Encapsulation efficiency of siRNA in
LNPs, measured by the Ribogreen assay (n = 5). d Subcellular distribu-
tion of LNP-siRNA (1 μg/ml) in K562L.GFP cells after 24 h of incuba-
tion as shown by confocal imaging. e RT-PCR validation and comparison
of BCR-ABL knockdown in K562L.GFP cells at 72 h after nucleofection

of 300 nM unmodified and modified anti-BCR-ABL siRNA (mean ±
SEM, n = 3). f Representative FACS plot showing counts of Annexin V
positive K562L.GFP cells at 96 h after nucleofection of 300 nM LNP-
CTRL siRNA and anti-BCR-ABL siRNA (unmodified and modified/
modification2). g Comparison of LNP versus nucleofection-mediated
siRNA delivery based on RT-PCR validation of BCR-ABL knockdown
in K562L.GFP cells at 72 h after siRNA delivery by LNPs (left side, gray
bars) and by nucleofection (right side, white bars) (mean ± SEM, n = 3). h
Comparison of LNP versus nucleofection-mediated siRNA delivery
based on viability of K562L.GFP cells at day 2, 5, 10, and 15 after
siRNA delivery (mean ± SEM, n = 3). ** indicates P < .01

Ann Hematol (2019) 98:1905–1918 1909



knockdown of the BCR-ABL oncogene at mRNA level (Fig.
2e) resulting in 80–82% of Annexin V positive cells (Fig. 2f)
after treatment with unmodified or modified anti-BCR-ABL
siRNA as compared with CTRL siRNA. Due to better stabil-
ity of modified siRNAs in vivo, similar knockdown efficiency
and apoptosis, we used the modified form (modification2) of
anti-BCR-ABL siRNA for our in vivo experiments.

In order to investigate and compare the advances of our
LNP-siRNA formulat ions over the convent ional
nucleofection method for siRNA delivery, equal quantities
of siRNA were delivered in K562 cells via nucleofection or
LNPs. We observed increased Annexin V positive cells (44%)
when cells underwent nucleofection as compared with LNP-
mediated delivery of CTRL siRNA (Supplementary Figs.
S2A and S2B). In addition, we observed significantly better
knockdown efficiency at mRNA level through LNP-mediated
siRNA delivery in a dose-dependent manner (81%, 79%, and
69% for LNP versus 60%, 64%, and 63% for nucleofected
siRNA at 2, 1, and 0.5 μg of siRNA, respectively, Fig. 2g).
Gene silencing of BCR-ABL by nucelofection only temporar-
ily induced cell death in K562 cells, while LNP-mediated
inhibition of BCR-ABL induced long-lasting growth suppres-
sion in K562 cells (Fig. 2h). These results suggest that LNP-
mediated delivery of siRNAs is an efficient and potent method
of delivery over conventional methods.

Uptake and on-target efficacy of LNP-siRNA
formulations in human leukemia cells in vitro

To determine the delivery efficiency of our LNP-siRNA formu-
lations, we incubated human leukemia K562 cells with siRNA-
containing LNPs at various concentrations. The delivery effi-
ciency was determined by FACS, which measured the number
of DiI fluorescence positive cells. K562 cells expressing GFP
and luciferase (denoted as K562L.GFP) were incubated with
CTRL siRNA-containing LNPs at concentrations from
0.0625 μg/ml to 4 μg/ml under normal culture conditions
(RPMI with 10% FBS and penicillin/streptomycin). We found
that almost 100% of the cells had taken up siRNA-containing
LNPs even at the lowest concentration, following 24 h of incu-
bation (Fig. 3a). Until day 4, almost all cells remained positive
for DiI fluorescence even at the 0.125μg/ml concentration. The
percentage of LNP-siRNA positive cells incubated at lower
concentrations started decreasing following days 4 to 7, where-
as all cells with higher concentrations of LNP-siRNA remained
positive for DiI fluorescence up to day 7 (Fig. 3b). A dose- and
time-dependent decrease in intracellular DiI mean fluorescence
intensity was observed as measured by mean fluorescence in-
tensity (Fig. 3c and Supplemental Fig. S2). To determine which
endocytic pathway is responsible for LNP-siRNA uptake into
the cells, we treated cells with LNP-siRNA in the presence of
different endocytic inhibitors. Fillipin-mediated downregula-
tion of Caveolin 1, responsible for Caveolin-mediated

endocytosis, did not modify LNP uptake, whereas treatment
with chlorpromazine and dynasore, inhibitors of receptor/
clathrin-mediated endocytosis, reduced the uptake of LNPs sig-
nificantly (Fig. 3d). We next investigated whether LNP-
mediated siRNA delivery efficiently inhibited the BCR-ABL
oncogene in human leukemic cells. To quantify the cells under-
going apoptosis due to inhibition of BCR-ABL, we performed
an Annexin Vassay with cells incubated with different doses of
LNP-CTRL siRNA and LNP- anti-BCR-ABL siRNA. We ob-
served a time- (24 h to 96 h) and dose (0.0625 to 4 μg/ml)-
dependent increase in apoptosis in cells with anti-BCR-ABL
siRNA compared with CTRL siRNA starting at 48 h and being
most pronounced at 96 h (supplemental Fig. S3 and Fig. 3e).
Cell viability was measured using the alamar blue assay. CTRL
siRNA merely inhibited cell viability, while anti-BCR-ABL
siRNA treated cells underwent apoptosis in a dose-dependent
manner (Fig. 3f). All the cells treated with anti-BCR-ABL
siRNAwere dead by day 7 at or above siRNA concentrations
of 0.5 μg/ml (data not shown). To confirm that cell death was
an on-target effect, we measured mRNA and protein levels of
BCR-ABL in LNP/siRNA treated cells. Real-time PCR analy-
sis showed that BCR-ABL expression levels were reduced up to
90% at higher and 65–70% at lower concentrations of anti-
BCR-ABL siRNA compared with CTRL siRNA at 72 h (Fig.
3g). A robust knockdown in BCR-ABL protein was shown by
Western blot at 96 h (Fig. 3h and S5). These results confirm that
the ionizable cationic LNPs are more efficient, convenient, and
less toxic than conventional methods used to deliver siRNA
into human cells and are taken up by receptor/clathrin-
mediated endocytosis.

Efficient and safe functional delivery
of LNP-anti-BCR-ABL siRNA in CD34+ primary human
CML cells

To evaluate the LNP-siRNA uptake in difficult to transfect
CD34+ primary human CML cells, we incubated an LNP-
CTRL siRNA formulation with freshly isolated primary cells
from a CML patient in cytokine-supplemented primary hu-
man cell culture media. We observed an efficient dose-
dependent uptake of LNP-CTRL siRNA in the CD34 positive
population and with variable efficacy in CD34 negative pri-
mary cells from the CML patient at 72 h after a single treat-
ment (Fig. 4a). Treatment of bone marrow of healthy stem cell
donors revealed no toxicity to normal progenitors as assessed
by the CFC assay (Fig. 4b). These data show that our LNPs
are efficiently and safely taken up under normal growth con-
ditions even in difficult to transfect primary leukemic cells,
with no significant effect on normal hematopoietic progenitor
cells. We next investigated whether LNP-mediated siRNA
delivery efficiently inhibited the BCR-ABL oncogene in pri-
mary human CML cells. We incubated CD34+ primary bone
marrow cells from either healthy donors or BCR-ABL
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positive CML patients with LNP-CTRL (or AHA1) siRNA or
LNP-anti-BCR-ABL siRNA (1 μg/ml) overnight and seeded

equal number of treated cells for CFC assay. We observed a
significant reduction in the number of residual colonies in

Fig. 3 Uptake and on-target efficacy of LNP-siRNA formulations in
human leukemic cells in vitro. a Representative FACS plot showing the
percentage of Dil (LNP) positive cells as measured by flow cytometry in
K562L.GFP cells treated with LNP-CTRL siRNA (4 μg/ml and
0.0625 μg/ml) after 24 h. b LNP uptake in all human leukemia cells
in vitro over a large concentration range over time. Percentage of Dil
(LNP) positive cells as measured by flow cytometry in K562L.GFP cells
treated with LNP-CTRL siRNA at indicated time points in the figure
(mean ± SEM, n = 3). cMean fluorescence intensity of DiI (LNP) uptake
in human leukemia cells over a large concentration range over time (mean
± SEM, n = 3). d Mean fluorescence intensity of DiI (LNP uptake) as
measured by flow cytometry in K562L.GFP cells at 1 h, after treatment

with LNP-siRNA in the presence or absence of inhibitors of endocytosis
(mean ± SEM, n = 3). e Percentage of annexin V positive K562L.GFP
cells after 96 h of LNP-CTRL or anti-BCR-ABL siRNA treatment at
indicated concentrations (mean ± SEM, n = 3). f Viability of
K562L.GFP cells after 96 h of LNP-CTRL or anti-BCR-ABL siRNA
treatment with indicated concentrations as shown in the figure (mean ±
SEM, n = 3). g RT-PCR validation of BCR-ABL knockdown using LNP
encapsulated anti-BCR-ABL siRNA as compared with CTRL siRNA in
K562L.GFP cells after 72 h (mean ± SEM, n = 3). h Western blot show-
ing knockdown of BCR-ABL protein expression in K562L.GFP cells
treated with LNP-CTRL or anti-BCR-ABL siRNA for 96 h (representa-
tive of n = 3). * indicates P < .05, ** indicates P < .01, ns, not significant
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CD34+ primary CML cells treated with LNP-BCR-ABL
siRNA compared with healthy control cells (Fig. 4c). The
knockdown in BCR-ABL expression in these cells was con-
firmed via real-time PCR analysis. Though we observed a
significant reduction in BCR-ABL expression, the percentage
of reduction was different in different CD34+ primary CML
samples (35–90% reduction) (Fig. 4d). These results indicate
that our LNP-siRNA formulations can effectively target
CD34+ primary human CML cells without having any ad-
verse effects on normal healthy CD34+ bone marrow cells.

Pharmacokinetics of LNP-siRNA formulations
suggests overall good stability and tolerability inmice

Next, we investigated the bio-distribution and half-life of siRNA-
containing LNPs and their safety profile in vivo. Healthy NSG
mice were injected with a therapeutic dose of 5 mg/kg LNP-
CTRL siRNA at regular time intervals (see Fig. 5a for injection
schedule). CTRL or AHA1 is a targeting functional siRNA used
as control, as knockdown of AHA1 has no reported phenotype.
To first evaluate the uptake efficiency, injected mice were bled at
regular time intervals and analyzed for the percentage and fluo-
rescence intensity of DiI positive cells in the peripheral blood
(PB). We found that a total dose of 10 mg/kg LNP-CTRL

siRNA (2 injections) resulted in a 100% uptake in peripheral
blood cells, but a total dose of 15 mg/kg (3 injections over
24 h) resulted in higher fluorescence intensity (Fig. 5b and 5c,
respectively). Interestingly, LNP-siRNA uptake was very stable
in vivo as almost 100% peripheral blood cells were positive until
day 10 after administration of the first 3 doses (Fig. 5b). Peak
fluorescence intensity was maintained through day 4, while DiI
fluorescence intensity decreased over time (Fig. 5c).

Upon multiple injections of LNP-CTRL siRNA (see Fig. 5a
for injection schedule), no reduction in body weight was ob-
served compared with PBS-treated mice, showing that LNP-
siRNA is generally well tolerated (Fig. 5d). Examination of com-
plete blood counts of the mice revealed that LNP-siRNA treated
mice had a comparable number of white blood cells, platelets,
and hemoglobin (Fig. 5e–g), with similar numbers of lympho-
cytes, granulocytes, and monocytes (data not shown) compared
with PBS-treated mice. Serum analysis showed no significant
toxicity in mice following administration of LNP-siRNA (Fig.
5h). Importantly, no liver toxicity was found as there were no
significant differences in the levels of liver enzymes alanine ami-
notransferase (ALT) and aspartate aminotransferase (AST).
Comparable levels of urea and creatinine between LNP-siRNA
and PBS-treatedmice suggested that the kidney function was not
affected. Normal levels of amylase and lipase enzymes (AMY,

Fig. 4 Efficient uptake and on-target efficacy of LNP-siRNA in primary
human CD34+ CML cells. a Representative FACS plot for uptake of
LNP-CTRL siRNA in CD34 negative and CD34 positive CML bone
marrow cells at day 3 after a single treatment of different concentrations
of LNP-CTRL siRNA in vitro (representative of n = 3 CML samples). b
Colony number fromCFC assays with healthy human CD34+ cells either
untreated or treated with LNP-CTRL siRNA (1 μg/ml). One hundred
thousand cells were plated in 3 mL semi-solid medium and 1 μg/ml
LNP-CTRL siRNA was added to this medium. Colony numbers were
counted after 14 days of incubation (mean ± SEM, n = 3). c Residual
colony number from CFC assays with healthy human CD34+ cells or

CD34+ CML patient cells treated with LNP-siRNA (CTRL or BCR-
ABL). 100,000 cells were treated overnight with LNP-CTRL siRNA or
LNP-anti-BCR-ABL siRNA (1μg/ml each) and plated in 3 ml semi-solid
medium. Colony numbers were counted after 14 days of incubation
(mean ± SEM, n = 4 CD34+ healthy controls and n = 6 CD34+ primary
CML patient cells). d RT-PCR validation of BCR-ABL knockdown in
CD34+ primary CML cells treated with LNP-siRNA (CTRL or BCR-
ABL). 100,000 cells were treated with LNP-CTRL siRNA or LNP-anti-
BCR-ABL siRNA (1 μg/ml each) for 72 h (mean ± SEM, n = 6 CD34+
primary CML patient cells)
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LIP) suggested no signs of pancreatitis associated with systemic
toxicity. Amino groups present in cationic amino lipids or dehy-
dration caused due to excess uptake of LNPs can be a reason for
significantly higher levels of serum albumin and protein in

treated versus control mice. Levels of lactate dehydrogenase
(LDH), glucose, sodium, and potassium in serum were similar
in treated mice and control mice, suggesting overall good toler-
ability of the LNP-siRNA formulation in mice.

Fig. 5 Pharmacokinetics of LNP-siRNA formulations suggests overall
good stability and tolerability in mice. a Injection schedule for i.v injec-
tions of LNP-CTRL siRNA in normal NSG mice (red arrow indicates
injection). b Percentage of Dil (LNP) positive cells as measured by flow
cytometry in peripheral blood (PB) of NSG mice following treatment
with PBS or LNP-CTRL siRNA at indicated time points (mean ± SEM,
n = 3) (red arrow indicates 5 mg/kg LNP-CTRL siRNA injection). c
Mean fluorescent intensity of Dil (LNP) positive cells as measured by
flow cytometry in peripheral blood (PB) of NSG mice following treat-
ment with PBS or LNP-CTRL siRNA at indicated time points (mean ±
SEM, n = 3) (red arrow indicates 5 mg/kg LNP-CTRL siRNA injection).
dMouse body weight following treatment (as indicated in a) with PBS or
LNP-CTRL siRNA at indicated time points (mean ± SEM, n = 3). e

White blood cell count, (f) platelet count, and (g) hemoglobin in periph-
eral blood of NSG mice treated with PBS or LNP-CTRL siRNA at indi-
cated time points (mean ± SEM, n = 3). h Serum biochemical profile in
LNP-CTRL siRNA- and PBS-treated control mice after 5 injections (se-
rum was collected at 24 h following the last injection) (K, potassium
(mmol/l); Na, sodium (mmol/l); Cl, chloride (mmol/l); CREA, creatinine
(μmol/l); UR, urea (mmol/l); CK, creatine kinase (U/l); LDH, lactate
dehydrogenase (U/l); (GLU, glucose (mmol/l); ALT, alanine aminotrans-
ferase (U/l); AST, aspartate aminotransferase (U/l); AMY, amylase (U/l);
LIP, lipase (U/l); PRO, protein (g/l); ALB, albumin (g/l) (mean ± SEM,
n = 3 for PBS-treated mice and n = 6 for LNP-CTRL siRNA-treated
mice) * indicates P < .05; ns, not significant
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Efficient delivery of LNP-siRNA formulations
in hematopoietic tissues in vivo decreases leukemia
burden in a CML xenograft leukemia model

We next assessed the delivery potential of our LNPs in vivo, with
a focus on hematopoietic tissues following systemic administra-
tion.We used our K562L.GFP xenograft leukemia mouse model,
where leukemic cells are injected directly into the femurs of mice.
These mice received 3 intravenous injections of LNP-siRNA at
5 mg/kg body weight at 0, 8, and 24 h and were analyzed at 48 h.
The systemic administration of LNPs resulted in ubiquitous up-
take in different tissues, spleen, liver, lung, kidney, heart and also
brain, which is hard to reach due to the blood-brain barrier (Fig.
6a). Almost all human leukemic cells in bone marrow had taken
up LNPs independent of the dose and route of administration
(Fig. 6b, 6c Supplemental Fig. S4). However, the higher dose of
5 mg/kg induced higher fluorescence intensity in bone marrow
cells of treated mice compared with the dose of 1 mg/kg, suggest-
ing a dose-dependent uptake into these cells in vivo (Fig. 6c). The
leukemia burden in mice was quantified using IVIS imaging to
detect the luciferase signal in human leukemic cells present in the
bonemarrow of transplantedmice before and after treatment with
LNPs encapsulating CTRL siRNA or anti-BCR-ABL siRNA.
After 10 LNP-siRNA injections over a period of 35 days, we
observed a reduction in the luciferase signal by 0.75-fold from 4
injections to 10 injections, while the signal increased in control-
treated mice by 1.6-fold (Fig. 6d and 6e). We observed a 60%
knockdown efficiency of BCR-ABL by LNP-anti-BCR-ABL
siRNA in sorted leukemia cells from the myelosarcoma tissue
of sacrificed mice (Fig. 6f). Thus, LNPs efficiently delivered
siRNA to human leukemia cells in vivo and reduced leukemic
burden in a xenograft leukemia model (Fig. 6).

Discussion

As a therapeutic approach, RNAi can overcome major draw-
backs of traditional chemotherapy like low tumor specificity,
severe side effects, and the inability to inhibit undruggable targets
like transcription factors. In this study, we took advantage of the
leukemia specificity of fusion oncogenes to selectively target
leukemia cells despite an untargeted drug delivery system. We
utilized siRNA against the fusion breakpoint of BCR-ABL fusion
gene that specifically knocks down the fusion gene [22]. Our
ionized LNPs were optimized to bypass the liver and distribute
to all tissues. This enabled us to target leukemic cells independent
of the expression of a potential leukemia-specific ligand.

So far, no cellular ligand has been identified that is selective-
ly expressed on leukemic but not on normal stem cells. Ligands
like CD123, CD33, or CLL1/CLEC12A are found on leukemic
stem cells but are also present to some extent in normal stem
cells [33–35]. Peer et al. developed hyaluronan-coated LNPs,
which are specifically taken up by adenocarcinoma A549 cells

that express higher levels of the hyaluronan receptor CD44
compared with normal cells [36]. Also, effective inhibition of
cyclin D1 in a mantle cell lymphoma mouse model using
αCD38 antibody-LNPs encapsulating CycD1 siRNA was re-
cently reported [12]. However, such a targeted approach likely
decreases the wide delivery of siRNAs to all leukemic cells.
Our untargeted approach was highly efficient to deliver LNPs
to all human leukemic cells in vivo both in peripheral blood and
bone marrow. Thus, the use of a leukemia-specific siRNA en-
abled us to abstain from a targeted delivery approach.

Our LNPs represent an excellent transfection reagent
in vitro that allowed near complete transfection of difficult
to transfect primary normal hematopoietic and leukemic cells.
It has been shown that the intracellular uptake of our nanopar-
ticles is dependent on the association with ApoE and binding
to the low-density lipoprotein receptor (LDL) [37, 38]. The
LDL receptor is widely expressed on leukemic cells [39] and
was also expressed in our leukemia cells. As expected, the
receptor/clathrin-mediated endocytosis of the nanoparticles
was confirmed in our study.

Chromosomal translocations are early events, possibly the
ones initiating leukemia, usually present in all leukemia cells,
and are retained during relapse [40–42]. Our approach of
targeting fusion oncogenes can be extended to a large proportion
of ALL and AML patients. In all, 75% of pediatric patients
harbor gross chromosomal aberrations, with ETV6-RUNX1,
TCF3-PBX1, MLL rearrangements and BCR-ABL1 being the
most frequent translocations [43]. In adult ALL patients, MLL-
AF4, TCF3-PBX1, and TEL-AML1 are found in 5, 3, and 2% of
patients, respectively, besides BCR-ABL, which is found in ap-
proximately 25% of patients and is associated with poor
prognosis.[[44] In AML patients, recurrent and unique fusion on-
cogenes are found in 45% of patients [45]. Thus, LNP-siRNA
targeting fusion oncogenes can be developed for a significant
proportion of patients. This approach can be highly individual-
ized, and if a different fusion gene appears at relapse, it can be
treated with a different siRNA. Treatment response can be easily
monitored by a fusion oncogene-specific real-time RT-PCR.

Despite the marked success in CML and ALL treatment by
tyrosine kinase inhibitors, some patients develop resistant dis-
ease and loose the response to kinase inhibitors [21, 46].
Although we intended the BCR-ABL model as proof-of-prin-
ciple, LNP-siRNA treatment may become useful in patients
with mutations causing resistance against the available kinase
inhibitors. Thus, we provide proof-of-concept that primary
human leukemia can be targeted with siRNA in vivo and
can improve survival.

The interest in antisense oligonucleotide (ASO) or
siRNA based therapeutics initially declined due to the
failure of phase III trials. LY2275796, an eIF-4E ASO
and oblimersen, a BCL2 ASO did not meet the primary
endpoint in AML and small cell lung cancer [47, 48].
However, antisense oligonucleotides (ASO) and small
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molecule inhibitors are currently the main therapeutic
strategies against aberrant splicing in cancer [49].
Imetelstat, a 13-mer lipid-conjugated oligonucleotide tar-
gets the RNA template of human telomerase reverse tran-
scriptase and has recently shown promising activity in
myelofibrosis patients [50].

Currently, most efforts around siRNA therapy focus on
liver diseases, because most formulations are quickly and
largely trapped in the liver. Proof-of-concept of siRNA-
mediated knockdown of a disease gene in humans was pub-
lished in 2013 showing efficient knockdown of transthyretin
in thransthyretin amyloidosis patients after a single

Fig. 6 Efficient uptake of LNP-siRNA formulations in hematopoietic
tissue decreases leukemic burden in xenotransplant leukemia mice. a
In vivo delivery of LNPs in different tissues (liver, heart, spleen, kidney,
brain) of normal NSGmice at 48 h after the start of treatment with 3 LNP-
CTRL siRNA i.v injections (5 mg/kg dose) by fluorescence microscopy
(image representative of n = 3). b Percentage of Dil (LNP) positive hu-
man leukemic cells in the bone marrow of xenotransplant NSG mice at
48 h after the start of treatment with 3 LNP-CTRL siRNA i.v injections of
indicated dose and route of delivery (mean ± SEM, n = 3). c Subcellular
distribution of LNP-siRNA in Dil (LNP) positive human leukemic cells
in the bonemarrow of NSGmice 48 h after start of treatment with 3 LNP-
CTRL siRNA i.v injections as shown by confocal imaging. d Anti-
leukemic effect of LNP-anti-BCR-ABL siRNA in vivo, as shown by
IVIS imaging of bioluminescence in NSG mice which received a

transplant of K562L.GFP cells and were treated with LNP-CTRL
siRNA or anti-BCR-ABL siRNA (before and after treatment with 4 and
10 i.p injections over a period of 35 days) (n = 3). e Anti-leukemic effect
of LNP-anti-BCR-ABL siRNA in vivo. Graphical representation of quan-
titation of IVIS imaging of bioluminescence in NSGmice which received
a transplant of K562L.GFP cells and were treated with LNP-CTRL
siRNA or anti-BCR-ABL siRNA (before and after treatment with 4 and
10 i.p. injections over a period of 35 days) (n = 3). f RT-PCR validation of
in vivo BCR-ABL knockdown in sorted K562L.GFP xenotransplant cells
from myelosarcoma tissue of NSG mice which received a transplant of
K562L.GFP cells and were treated with 10 i.p injections of 5 mg/kg LNP-
CTRL siRNA or anti-BCR-ABL siRNA (mean ± SEM, n = 3). * indi-
cates P < .05, ** indicates P < .01; ns, not significant
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subcutaneous injection of anti-transthyretin siRNA packaged
in LNPs (ALN-TTR02) (average knockdown of transthyretin
86.8%) [2]. Also, phase II clinical trials testing the RNAi
dynamic conjugate (DPC) ARC-520 in combination with ap-
proved nuc leos ide ana logs (NCT02065336 and
NCT02349126) against HBVare ongoing [51].

MicroRNAs have been also delivered in vivo in a number
of studies. Transferrin-targeted lipopolyplex nanoparticle-
mediated expression of miR-181a, a negative regulator of
the RAS pathway, antagomiR-126, a leukemia stem cell reg-
ulator, and miR-29b have been shown to effectively target
AML cells [52–54]. Furthermore, targeted and non-targeted
dendrimeric nanoparticles carrying miR-22 or miR-150 have
been reported to significantly delay AML progression in
engineered murine models.[55, 56]

In summary, we have developed LNPs that target primary
human leukemia cells in vitro and in vivo with high efficacy,
deliver a leukemia-specific siRNA to leukemic cells, and thus
reduce the disease burden in mice. Fusion oncogenes thus repre-
sent disease specific targets for RNAi and should be exploited to
realize a newmode of personalized treatment in leukemia patients.
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