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Abstract

Simultaneous inhibition of multiple oncogenic signaling pathways is crucial for managing refractory
cancers. This study introduces two unique core-shell nanoparticle (CS-NP) systems crafted from natural
proteins, simultaneously targeting two crucial oncogenic pathways in refractory chronic myeloid leu-
kemia (CML). Molecular analysis of approximately 14 refractory CML patients identified resistance to
the standard treatment drug, imatinib, attributed to the overexpression of the STATS-transferrin path-
way alongside the classic BCR-ABL fusion gene. To address this, we developed two dual-drug-loaded
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core-shell nanoparticles: (a) CS-NP1: Protamine sulfate nanocores carrying BCR-ABL siRNA and an
albumin shell loaded with the STATS inhibitor sorafenib, denoted as (PS-siRNA)-(Tf-Soraf) CS-NP;
(b) CS-NP2: features a second-generation BCR-ABL inhibitor, dasatinib, in the albumin nanocore, and
sorafenib in the transferrin nanoshell, labeled as (nAlb-Dasa)-(Tf-Soraf). We hypothesized that these
dual-drug-loaded CS-NPs would effectively target both BCR-ABL and STATS pathways, with the
transferrin nanoshell aiding in precise delivery to refractory CML cells overexpressing TfR1 due to
STATS activity. Initial evaluations in drug-resistant CML cell lines and patient-derived cells demon-
strated significant cytotoxicity. Remarkably, even patients with BCR-ABL oncogene mutations dis-
played over 95% cytotoxicity with the CS-NPs. Furthermore, in vivo testing on a human xenograft
model with a BCR-ABL+/+/STAT5+/+/TfR+/+ phenotype showcased a strong anti-tumor response.
These results underscore the potential of a molecular-diagnosis-based rational design approach for pro-
tein-protein core-shell nanoparticles to simultaneously inhibit multiple oncogenic pathways, thereby
overcoming resistance to targeted molecular therapies.

Keyv\/ords: Core-shell nanoparticles, albumin, transferrin, si-RNA, Tyrosine kinase inhibitors,
Imatinib, Sorafenib, drug resistance, chronic myeloid leukemia

safety profiles than DNA-intercalating

Purpose, Rationa le, and Limitations agents.l’2 However, drug resistance to TKIs, of-

This study is motivated by the potential of ten caused by point mutations in the target gene,
core-shell nanomedicines to address the chal- remains a significant challenge. For example,
lenge of highly resistant cancers where more the T790M gatekeeper mutation prevents the
than one molecular driver mechanism is criti- target-binding of epidermal growth factor re-
cally aberrant. Imatinib-resistant/refractory ceptor (EGFR) inhibitors such as gefitinib and
chronic myeloid leukemia (CML) is one of the erlotinib’; the T3151 mutation in the BCR-ABL
most appropriate cancer models to demonstrate kinase confers resistance to imatinib,* and the
how to address multiple oncogenic pathways L1196M gatekeeper mutation in anaplastic
using nanoparticles. The molecular characteri- lymphoma kinase (ALK) induces resistance to
zation of CML patients showed a consistent Crizotinib.> Simultaneous targeting of multiple
overexpression of STATS and its transcrip- pathways can significantly reduce the likeli-
tional target-transferrin receptors (TfR1) in the hood of developing resistance in various can-
leukemic cells isolated from the blood/bone cers. This approach diminishes the risk of dis-
marrow samples. These molecular aberrations ease relapse by addressing heterogeneous cell
were irrespective of the mutation/overexpres- populations within a tumor at lower doses of
sion of the BCR-ABL kinase, exemplifying the each drug, thereby reducing toxicity and im-
need to target these proteins, thereby simultane- proving patient tolerance and adherence to ther-
ously eliciting a favorable therapeutic response. apy.*” More importantly, it allows for the cus-
The purpose of the current study was to estab- tomization of treatment strategies based on the
lish the in vitro and in vivo proof-of-concept of individual characteristics of each patient.

the dual targeting of BCR-ABL and STATS us-
ing core-shell nanoparticles prepared from en-
dogenous proteins with BCR-ABL-targeting
drug/siRNA loaded in the nanocore and
STATS5-targeting sorafenib loaded in the
nanoshell. This study is limited by patient sam-
ple availability and the detailed molecular char-
acterization of the cells following the core-shell
nanoparticle treatment. Furthermore, using a
subcutaneous model to study the efficacy of na-
nomedicine in a hematological malignancy is a
potential limitation of the study.

Innovatively designed nanosystems offer ad-
vanced solutions to complex issues in diseases
such as cancer. Several research groups, includ-
ing ours®” have demonstrated the potential of
nanosystems to deliver multiple drugs simulta-
neously to cancer cells. In addition to enabling
cell-specific targeting, nano-encapsulation im-
proves drug solubility and stability, enhances
efficacy, and reduces side effects.'® It also al-
lows for controlled drug release, thus maintain-
ing a sustained therapeutic effect. Precisely en-
gineered nanoparticles can deliver multiple
Introduction drugs, exploiting synergistic effects where the
combined therapeutic impact exceeds the sum
of the individual effects.!'™'* For instance, cell
membrane-coated mesoporous silica core-shell
nanosystems loaded with daunorubicin and a
TGFB-RII neutralizing antibody have been

Molecularly targeted tyrosine kinase inhibi-
tors (TKIs) are a crucial class of cancer thera-
peutics due to their specificity for cancer-driver
mechanisms, which generally results in better
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shown to overcome chemo-resistance in leuke-
mia treatment effectively.'® Our group has also
reported successfully using protein-polymer
core-shell nanoparticles for delivering dual
drugs in drug-resistant cancers.'*'

Here, we demonstrate two distinct core-shell
nanoparticles designed for the simultaneous de-
livery of drugs targeting both BCR-ABL and
STATS in refractory CML. Imatinib resistance
in CML is primarily driven by mutations or am-
plification of the BCR-ABL oncogene.*'"*Alt-
hough imatinib (IM) effectively inhibits BCR-
ABL in the chronic and early accelerated
phases, a significant proportion of patients de-
velop resistance due to kinase domain muta-
tions and BCR-ABL gene amplification.'”?!
Efforts to address this limitation with second-
or third-generation inhibitors such as dasatinib
(DS), nilotinib (NL), bosutinib, or ponatinib
have encountered challenges due to high tox-
icity and single-target specificity, which are in-
adequate in the presence of heterogeneous cell
populations with alternative survival mecha-
nisms.”** These newer drugs primarily target
BCR-ABL, leaving unaddressed other molecu-
lar mechanisms in refractory CML.*

Recent insights into alternative pathways re-
veal that, besides BCR-ABL, patients may ex-
perience oncogene-independent disease pro-
gression through the STAT family of transcrip-
tion factors.*'** Although BCR-ABL can acti-
vate STATS under certain conditions, STATS
can also contribute to BCR-ABL-independent
disease progression and resistance, making it
essential for the survival and maintenance of
leukemic cells, particularly in refractory
cases.”>* Based on these findings and the mo-
lecular characterization of patients from our
hospital, the Department of Hematology and
Oncology at Amrita Institute of Medical Sci-
ences, Kochi, we developed the following
nanosystems to inhibit two different driver
mechanisms simultaneously: BCR-ABL and
STATS in refractory CML:

a) A core-shell nanosystem with a protamine
nanocore carrying BCR-ABL siRNA and an al-
bumin nanoshell loaded with a potent STATS5
inhibitor sorafenib. The albumin nanoshell was
conjugated to transferrin to enable targeted de-
livery of the payload to CML cells, which over-
expressed the transferrin receptor (TfR 1), espe-
cially at blast crisis.
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b) Another core-shell nanosystem with clini-
cally used second-generation BCR-ABL inhib-
itor dasatinib loaded in the albumin nanocore
and sorafenib in the transferrin nanoshell. As
siRNA was not a clinically approved therapeu-
tic option, we believe dasatinib will provide a
translational product.

In both cases, the core-shell nanosystem ex-
hibits inherent specificity for cancer cells, as the
transferrin shell preferentially binds to TfR1
overexpressed in refractory CML. The rationale
for using the transferrin ligand stems from the
molecular diagnosis of approximately 14
imatinib-resistant CML patients, who exhibited
consistent upregulation of STATS and its tran-
scriptional target TfR1. Both systems demon-
strated excellent cellular internalization and cy-
totoxicity in cell lines. When tested in patient
samples, the CS-NPs showed toxicity even in
highly refractory patient-derived cells, includ-
ing those with point mutations in the BCR-ABL
oncogene (T3151, G250E, F311I). The anti-tu-
mor response generated by these nanoparticles
in a mouse xenograft model with a BCR-
ABL""/STAT5"*/TfR"" phenotype supports
the hypothesis of dual-drug targeting in aber-
rant cancer types. This work highlights the sig-
nificance of a multi-targeted nanoparticle strat-
egy tailored to the molecular profile of individ-
ual patients, advancing treatment efficacy, re-
ducing side effects, and bringing us closer to
personalized medicine.

Materials and Methods
Materials

K562 cells (NCCS, Pune), RPMI medium,
Fetal Bovine Serum(Gibco, USA), Albumin,
Protamine, and transferrin (Sigma Aldrich
USA), Chloroauric acid (HAuCls) (Spectro-
chem, India), HCI (Qualigens, India), Stemspan
culture medium (Stem Cell Technologies,
USA), Matrigel (Corning, Sigma Aldrich,
USA), Annexin V/PI apoptosis detection kit
(BD Biosciences, USA), Primers (Sigma Al-
drich, USA), Antibodies (BD Biosciences,
USA), Bacterial lipopolysaccharide (Sigma Al-
drich USA) were used for the study.

Methods

Cell culture and development of IM-resistant
K562R cells: K562R cells were developed as
described in the supplementary section. The
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cells were cultured in RPMI-1640 (Sigma Al-
drich, USA) with 10% fetal bovine serum
(FBS) (Gibco, USA), 1% L-glutamine (Sigma
Aldrich, USA), and 1% penicillin/streptomycin
(Gibco, USA). Cells were maintained at 37 0C
with 5% CO2 used for further studies.

Isolation and characterization of patient-de-
rived leukemic mononuclear cells: Blood/bone
marrow samples were collected from 14 CML
patients who reported at the Department of He-
matology and Oncology at Amrita Institute of
Medical Sciences Health Science Campus from
2011 to 2013. The samples were collected in
BD Vacutainer® EDTA Tubes (BD, USA) af-
ter obtaining informed consent from the pa-
tients and approval from the Institutional Hu-
man Ethics Committee of Amrita Institute of
Medical Sciences and Research Centre, Kochi,
India. All methods were performed following
institutional guidelines and regulations. The
mononuclear cells were isolated using density
gradient centrifugation. FISH analysis for
BCR-ABL, gene expression for BCR-ABL and
STATS, and IM resistance mutation analysis
(IRMA) were performed.27 (Details given in
Supplementary section).

Design, development, and characterization of
CS-NPs. CS-NPs were designed in-silico using
AutoDock and wet-chemically synthesized us-
ing sequential protein nano-precipitation chem-
istry as reported by our group earlier but with
minor modifications (preparation details given
in Supplementary section).38-40 Characteriza-
tion of the nanoparticles was performed using
dynamic light scattering (DLS) (DLS, Nano
7S, Zetasizer—Nano series, Malvern, UK),
SEM (SEM-JSM-6490LA (JEOL, Japan)),
confocal microscopy (Leica TCS SP5 II, Ger-
many), and high-performance liquid chroma-
tography (Shimadzu, Japan). The cytotoxicity
of CS-NPs was assessed in cell lines and patient
samples using MTT and apoptosis (Annexin
V/PI) assay. Gene expression studies using
gRT-PCR were conducted to determine the
downregulation of BCR-ABL and Mcl-1 (De-
tails given in the Supplementary section).

In vivo studies: The anti-tumor efficacy of
both the CS-NPs was tested in a subcutaneous
xenograft model developed in Swiss Albino
nu/nu. (Details are provided in the Supplemen-
tary section.)
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Statistical analysis: The reproducibility and
validity of the results were ensured by perform-
ing sufficient biological replicates wherever
possible. Data are expressed as means £+ SD,
and the images represent the experiments con-
ducted. The paired 1-tailed Student’s t-test was
used to examine differences between the means
of the two groups. Statistical analyses were per-
formed using PRISM software. ‘p’ values of <
0.05 were considered statistically significant.

Results and Discussion

Refractory CML Exhibits High Levels of
STATS and TfR1, Along with Amplified BCR-
ABL

The refractory cell line K562R, developed in
our lab by prolonged treatment of a low dose of
IM, demonstrated imatinib insensitivity up to
75 uM (Supplementary Figure S1). Our previ-
ous studies indicated that imatinib resistance in
K562R cells was not associated with the drug
efflux protein P-gp or point mutations in the ki-
nase domain (REF). Instead, resistance was
linked to the overexpression of BCR-ABL and
STATS. De Groot et al. previously showed that
BCR-ABL activates STATS independently of
JAK2 and that STATS transcriptional regula-
tion is critical for maintaining K562 leukemia
cells.** However, STAT5 becomes a crucial
regulator of cell survival in later resistance
stages and functions independently of BCR-
ABL.*

We observed that the expression of TfR1, a
transcriptional target of STATS, was approxi-
mately three times higher in the K562R cell line
compared to the imatinib-sensitive K5628S cell
line. TfR1 is the receptor responsible for the en-
docytosis of transferrin-bound iron, essential
for cell cycle progression, DNA replication,
and the mitochondrial electron transport
chain.*® Several studies have highlighted that
iron metabolism is significantly disrupted in
cancer, contributing to disease progression and
drug resistance.*” Zhu et al. previously identi-
fied TfR1 as a STATS target gene, noting that
STATS-null mice exhibited microcytic hypo-
chromic anemia associated with downregula-
tion of TfR1.*® Furthermore, Kerenyi et al. in-
vestigated the role of STATS in regulating iron
uptake through iron regulatory proteins IRP-2
and TfR1, a finding confirmed by our studies.*’
We observed a significant reduction in TfR1
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expression when cells were treated with the
STATS5 inhibitor sorafenib (Supplementary
Figure S2), providing evidence for the BCR-
ABL-STATS-TfR1 crosstalk.

Although TfR1 has been reported as a poten-
tial biomarker for disease aggressiveness and is
widely used for cell-specific targeting of thera-
peutic payloads, its critical role in molecular
drug resistance in CML has been less explored,
except in a few studies related to adriamycin re-
sistance in K562 cells.”® We investigated this
key interaction between BCR-ABL, STATS,
and TfR1 in patient samples. Supplementary
Table 1 lists the selected patients, classified ac-
cording to European Leukemia Net recommen-
dations.

FISH analysis data in Figure 1A revealed the
characteristic t(9;22) translocation in all 14 pa-
tients, with multiple copies observed in patient
P12. qRT-PCR studies showed that, in addition
to BCR-ABL, STATS transcript levels were
also upregulated, particularly in refractory pa-
tients P5-P14, compared to the drug-sensitive
cases P1-P4 (Figure 1B). IRMA identified clin-
ically relevant BCR-ABL point mutations in
three patients: P7 (F3111, phenylalanine — iso-
leucine), P8 (T3151, threonine — isoleucine),
and P13 (G250E, glycine — glutamic acid),
suggesting the involvement of alternative sig-
naling mechanisms in kinase inhibitor re-
sistance.

Interestingly, while TfR1 expression in
chronic phase patients (P1-P4) ranged from 2—
8%, it was significantly higher in the cells iso-
lated from imatinib-resistant patients (P5-P14),
ranging from 12.9 to 60.0% (Figure 1C). This
increase in TfR1 expression correlated with el-
evated levels of BCR-ABL and STATS. How-
ever, there was no clear correlation between
TfR1 expression and specific BCR-ABL point
mutations; for instance, P7 (F311I) had a TfR1
expression of 16.7%, P8 (T3151) had 22.4%,
and P13 (G250E) had 60.1%. Thus, similar to
the results observed in K562R cells, refractory
patient samples also exhibited predominant up-
regulation of STATS along with BCR-ABL, in-
dependent of point mutations in the BCR-ABL
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domain. Compared to chronic phase patients
(P1-P3), BCR-ABL and STATS expression
levels were progressively higher in patients
who had lost response or developed resistance
to imatinib (P4-P7 and P8-P14).

Based on the molecular characterization of
cells from refractory patients, we hypothesize
that targeting STATS and TfR1 in conjunction
with BCR-ABL may provide better therapeutic
outcomes in refractory CML rather than focus-
ing solely on BCR-ABL. Additionally, leverag-
ing TfR1 overexpression in refractory cases
could enable more specific drug delivery using
transferrin as a nanoparticle-targeting ligand.

Preparation and Characterization of CS-
NP1: (PS-siRNA)-(Tf-Sorafenib)

Considering the significant overexpression of
STATS and BCR-ABL and the correlated in-
volvement of TfR1 in refractory patient sam-
ples, we prepared nanotherapeutics targeting
BCR-ABL and STATS using a single core-shell
nanoparticle (CS-NP1). The core carries an
anti-BCR-ABL siRNA, and the nanoshell con-
tains an anti-STATS5 molecule, sorafenib. The
transferrin-based nanoshell enhances the tar-
geted uptake of the CS-NP in CML.

Previous studies have shown that therapeutic
siRNAs targeting BCR-ABL effectively down-
regulate BCR-ABL expression and induce
apoptosis in highly resistant patient cells.*

We observed that sorafenib underwent spon-
taneous irreversible binding with transferrin,
embedding itself in the hydrophobic core of
transferrin. In-silico modeling (Figure 2A) in-
dicated that sorafenib interacts primarily with
cysteine and arginine residues of transferrin
through hydrophobic interactions, with a bind-
ing energy (BE) of —6.69 kcal/mol, enabling ap-
proximately three sorafenib molecules per
transferrin (Supplementary Figure S3A). We
also assessed whether sorafenib loading in
transferrin affected the Tf-TfR1 binding affin-
ity. In-silico results showed that the sorafenib
binding site in transferrin differs from that of
TfR1 (Figure 2B).
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Figure 1. Molecular characterization of chronic myeloid leukemia (CML) patients shows overexpression of
BCR-ABL and STATS in refractory cases with correlative overexpression of TfRI. (A) FISH analysis shows a
typical pattern of BCR-ABL fusion in all 14 patients. (B) BCR-ABL and STATS expression profile of CML patients
using RT-PCR. P1 was taken as the calibrator, and all other patient samples were plotted as fold expressions with
respect to P1. The endogenous control was GAPDH. (C) A representative flow-cytogram showing TfRI expression
in CML patients shows an interesting correlative overexpression of TfR1 with drug resistance/STATS expression.
TfR1 expression was measured using activated protein C conjugated monoclonal antibody against TfR1. This data
is consistent with other reports highlighting the role of STATS in refractory CML.”!
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The TfR1-(Tf-Soraf) interaction recorded a
BE —5.86 kcal/mol, comparable to Tf-TfR1;
—5.81 kcal/mol. The CS-NP formulations were
synthesized at 4°C to prevent the degradation of
siRNA. Once prepared, the samples were stored
at —20°C for up to one month. The nanoparticle
size, stability, and cytotoxicity remained un-
changed without any significant changes for up
to one month (data not included). Experimental
studies confirmed that the intracellular uptake
of Tf-Soraf was approximately twice that of
free sorafenib, indicating more specific deliv-
ery through TfR1 (Supplementary Figure
S3B). Notably, sorafenib’s release from the
nanoshell was minimal, even after 21 days
(Supplementary Figure S3C), suggesting that
the transferrin nanoshell effectively binds so-
rafenib and may prevent its premature release
during circulation.

We used a cationic polypeptide, protamine
sulfate, which forms complexes with nucleic
acids through electrostatic interactions for the
siRNA nanocore.”® Protamine also facilitates
cellular uptake due to its positive charge and
promotes endolysosomal escape via the proton
sponge effect, protecting the therapeutic pay-
load from enzymatic degradation.”* As antici-
pated, protamine spontaneously complexed
with siRNA, forming a robust nanocore that
was subsequently conjugated with the Tf-Soraf-
nanoshell. Figure 2C shows the schematic rep-
resentation of (PS-siRNA) -(Tf-Soraf) CS-NP,
hereafter referred to as CS-NP1. Transmission
electron microscopic (TEM) imaging con-
firmed the core-shell architecture similar to the
in-silico model. DLS indicated a size range of
10—40 nm for the PS-siRNA nanocore (Figure
2D), while atomic force microscopy (AFM) re-
vealed a spherical shape with a size of approxi-
mately 20 nm (Figure 2E). The encapsulation
efficiency of siRNA in the nanocore was
around 60%. DLS further showed a size in-
crease to approximately 225 nm, confirming the
formation of CS-NP structure (Figure 2F).
TEM also displayed the Tf-nanoshell on the
surface of the PS-siRNA nanocore (Figure
2G).

The serum stability study (Figure 2H) indi-
cated that siRNA in the nanocore remained
complexed with the protamine and was stable
irrespective of its incubation with serum (50%
FBS at 37°C) (lanes 3, 4). However, the sample
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remained in the well despite reducing the per-
centage of the agarose gel (2%). A similar ob-
servation was also reported previously.”> We
presume this happened because of the tight
packaging of negatively charged siRNA by pos-
itively charged protamine, and the PS-siRNA
nanocore had a positive charge, which pre-
vented its mobility in the gel. In contrast to this
observation, free siRNA degraded within 48
hours (lane 2). With this experiment, we en-
sured the tight packaging of siRNA in the pro-
tamine nanocore, which remained stable under
physiological conditions.

To evaluate the efficacy of the core-shell
nanosystem, we prepared two systems with var-
ying siRNA concentrations: CS-NPla with 2
nM siRNA in the PS-siRNA nanocore and CS-
NP1b with 5 nM siRNA. In both formulations,
the Tf-Soraf nanoshell contained 10 pM soraf-
enib. For cellular uptake studies, the Tf-
nanoshell was doped with 25-atom clusters of
fluorescent gold (Au) using our previously pub-
lished protocol, enabling tracking via fluores-
cence imaging.”® TfR1-targeted uptake of CS-
NPs was observed in most cells (Figure 2I).
The cells were washed twice before the images
were captured to ensure the absence of uninter-
nalized particles adsorbed on the surface of the
cells. Flow cytometry confirmed this uptake,
with approximately 60% of cells showing Au
fluorescence (Supplementary Figure S4). The
targeted uptake was further confirmed by pre-
treating cells with excess Tf or inhibiting endo-
cytosis at 4°C, which drastically reduced uptake
to less than 2%, indicating that CS-NP1 was
specifically endocytosed in CML cells via
TfR1. Importantly, less than 10% of healthy pe-
ripheral blood mononuclear cells showed up-
take of CS-NP1, demonstrating that the prefer-
ential uptake in CML cells was due to TfR1
overexpression. However, we couldn’t perform
the internalization dynamics of Tf-Soraf in the
cells. Comparing the data in Supplementary
Figure S3B and the flow cytometry data in
Supplementary Figure S4, we presume that
the internalization can happen between 30 min
and 2 h.

CS-NPs Exhibited Combinatorial Toxicity
in Refractory CML Cells by Simultaneous In-
hibition of BCR-ABL and STAT5
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In vitro, the nanocore, nanoshell, and CS-NPs
were characterized separately. Initially, we as-
sessed the efficacy of the PS-siRNA nanocore
in silencing the BCR-ABL oncogene and in-
ducing cytotoxicity in K562R cells (Figure
3A). The siRNA nanocore demonstrated a
dose-dependent cell death, and the IC50 was 2
nM after 48 h of treatment. Nearly 80% cell
death was observed at a concentration of 5SnM.
Apoptosis assay further validated this, which
showed approximately 46.3% of cells undergo-
ing apoptosis upon treatment with 2 nM PS-
siRNA (Figure 3B). PS-siRNA treatment also
induced a concomitant reduction in mRNA ex-
pression in K562R cells. The mRNA expres-
sion levels were 18.51%, 10.4%, 5.8%, and
0.08% with 1, 2, 5, or 10 nM siRNA, respec-
tively (Figure 3C).

Next, we evaluated the effect of the Tf-Soraf
nanoshell alone. Figure 3D demonstrates that
Tf-Soraf induced dose-dependent and enhanced
toxicity in K562R cells at 10-20 uM compared
to free sorafenib. The apoptosis assay revealed
that approximately 56.1% of cells underwent
apoptosis when treated with 10 pM of Tf-Soraf
(Figure 3E). Since STATS is a transcriptional
regulator of the anti-apoptotic protein Mcl-1,
we studied the expression of Mcl-1, which
showed a concomitant downregulation upon
Tf-Soraf treatment.

To compare in vitro efficacy, we tested CS-
NPla (2 nM siRNA) and CS-NP1b (5 nM
siRNA) on K562R cells, with sorafenib in the
nanoshell kept constant at 10 uM for both for-
mulations. Cell viability results (Figure 3G) in-
dicated that CS-NP1a reduced cell viability to
approximately 30.53%, compared to 60.12%
with the nanocore alone and 50.34% with the
nanoshell alone. Flow cytometry data (Figure
3H) showed about 79.8% cell death with CS-
NP1a and approximately 84.1% cell death with
CS-NP1b. These results suggest that the simul-
taneous inhibition of BCR-ABL and STATS
using CS-NP1 resulted in enhanced toxicity in
imatinib-resistant K562R cells, compared to
that induced by either PS-siRNA or Tf-Soraf
shell alone.

CS-NPs Induce Enhanced Cytotoxicity in
Leukemic Bone Marrow Progenitors While
Sparing Healthy Blood Cells
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We assessed the hemolytic potential of CS-
NPs using whole blood from healthy donors.
Both CS-NPs were found to be non-hemolytic
(Supplementary Figure SSA). Additionally,
the proinflammatory cytokine response to CS-
NPs was evaluated in healthy human peripheral
blood mononuclear cells (PBMCs), showing no
significant effects compared to the untreated
control (Supplementary Figure S5B). The na-
noparticles did not affect the viability of healthy
mononuclear cells (Supplementary Figure
S5C) at the concentrations used in CML patient
samples, indicating the hemocompatibility of
the CS-NP system and the retention of molecu-
lar specificity of the small molecules.

Next, we tested CS-NPs in patient-derived
CML cells (n=14). Figure 4 illustrates the cy-
totoxicity of NP-treated primary leukemic cells
from CML patients with varying imatinib (IM)
resistance levels. Clinical data (Supplemen-
tary Table 1) showed that patients P1-P3, in
the chronic phase, responded well to an IM dose
of 400 mg/day. Patients P4-P7 initially re-
sponded to IM but later exhibited a loss of re-
sponse. Patients P8-P14 were refractory, with
P11-P14 experiencing blast crisis. Point muta-
tions in the BCR-ABL kinase domain were ob-
served in P7 (F3111 mutation), P8 (T315I mu-
tation), and P13 (G250E mutation).

As depicted in Figure 4, while both the nano-
core (anti-BCR-ABL PS-siRNA) and nanoshell
(Tf-Soraf) showed improved cytotoxicity com-
pared to free drug controls, approximately 40-
60% of cells remained viable in nearly all pa-
tient samples. Notably, the effect of the Tf-So-
raf nanoshell was more pronounced in the cells
isolated from the resistant patients (P8-P14)
compared to those in the chronic phase (P1-P7),
likely due to the increased expression of
STATS and TfR1 in the resistant cases.

In Vivo Anti-Tumor Activity of CS-NPs in a
CML Xenograft Model

The in vivo anti-tumor efficacy of CS-NPs
was evaluated using a mouse model of refrac-
tory CML after assessing acute toxicity in
healthy Swiss albino mice (Supplementary
Figure S5). Despite STATS’s crucial role in
blood cell formation, CS-NPs displayed mini-
mal cytotoxicity to CD34+ bone marrow pro-
genitors and healthy blood cells at the tested
concentrations
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Figure 2. In-silico design, characterization, and optimization of (PS-siRNA) -(Tf-Soraf) core-shell nanoparticles
(CS-NP1). (A) In-silico modeling of transferrin-sorafenib nanoshell conducted using AutoDock 4.2. (B) In-silico
modeling of Tf-Soraf shows that the sorafenib binding domain in Tf and receptor binding site for TfRI are differ-
ent; sorafenib loading in Tf does not interfere with the interactions of Tf with TfR1. (C) Schematic representation
of core-shell nanomedicine comprising of PS-siRNA nanocore and Tf-Soraf nanoshell. Transmission electron mi-
croscopic (TEM) imaging shows the distinct phase of the core and the shell (D) Dynamic light scattering (DLS)
shows the size distribution of the PS-siRNA nanocore. (E) atomic force microscopic (AFM) imaging of PS-siRNA
nanocore, inset shows representative magnified image indicating ~ 20 nm sized PS-siRNA nanocomplex. (F) DLS
shows a shift in the size distribution after nanoshell formation in CS-NPI. (G) TEM image of CS-NP1 showing
particles of average size ~ 225 nm, (H) Serum stability of PS-siRNA nanocore compared with that of free siRNA.
(1) Cellular uptake of fluorescent Au-nanocluster doped CS-NP1 showing bright red fluorescence emerging from

the nanoparticles in the cytosol.
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Figure 3. CS-NPs caused enhanced BCR-ABL silencing/inhibition and STATS inhibition. (4) MTT assay demon-
strating the cell viability of K562R cells treated with PS-siRNA nanocore containing 1, 2, 5, or 10 nM siRNA for
48 hours under culture conditions. Untreated cells served as the control. (B) A representative flow cytometry plot
shows apoptosis induced by PS-siRNA nanocore. (C) Graph depicting the percentage downregulation of BCR-
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the cell viability of K562R cells treated with Tf-Soraf nanoshell containing 2.5-20 uM sorafenib, compared to free
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duced by Tf-Soraf nanoshell with 10 uM sorafenib. (F) The graph shows the percentage of downregulation of
Mecl-1 gene expression, which is an immediate target of STATS. (G) MTT assay displaying the reduced viability of
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Figure 4. Chitosan nanoparticles (CS-NP) induced enhanced toxicity in leukemic cells isolated from chronic
myeloid leukemia (CML) patients. MTT assay of leukemic cells isolated from peripheral blood/bone marrow of
CML patients (n=14) treated with PS-siRNA (2 nM and 5 nM siRNA), Bare sorafenib, Tf-Soraf nanoshell (10 uM
sorafenib), CS-NPs for 48 h under culture conditions. Chitosan CS-NPs treated were of two concentrations with
PS-si-RNA nanocore, 2 nM& 5 nM, while retaining 10 uM sorafenib in a nanoshell. P1-P3 were chronic phase
drug-sensitive patients, P4-P7 were patients who had started to show loss of response to imatinib, and P8-P14
were not responding to second-line dasatinib. Untreated cells were used as control.

Histopathological analysis of subcutaneously cells (Figure 5B). qRT-PCR demonstrated sig-
grown CML tumors in Swiss albino nu/nu mice nificant fold changes in BCR-ABL, STATSA,
revealed a uniform tumor mass, as shown in and STAT5B expression, indicating overex-
Figure 5A. FISH analysis confirmed the pres- pression of these driver mechanisms in the xen-
ence of BCR-ABL translocation in the tumor ograft (Figure 5C).
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Figure 5. Anti-leukemic studies of chitosan nanoparticles (CS-NPs) in subcutaneous xenograft mice model. (A)
H&E image showing the tissue homology (B) FISH analysis for the conformation of BCR-ABL fusion from single
cell suspension of tumor mass. (C) mRNA level studies indicating fold changes in the expression of BCR-ABL,
STAT5A & B. (D) Graph showing the reduction in tumor volume after intratumoral treatment with nanocore (PS-
SiRNA, 1 mg/kg), nanoshell (Tf-Soraf, 20 mg/kg sorafenib), CS-NP1 (PS-siRNA/Sorafenib) and CS-NP2 (da-
satinib/sorafenib). Statistical analysis using one-way ANOVA was done. (E) Representative animal images on the
20th day after 5-day intratumoral treatment are shown above.

Prnano.com, https://doi.org/10.33218/001¢c.125335 1 3 59 Andover House, N. Andover, MA USA
The official Journal of CLINAM — ISSN:2639-9431 (online) License: CC BY-NC 4.0



To test the anti-tumor efficacy, CS-NPs were indicating that the combinatorial therapy of

administered to separate groups of mice (n = 3) BCR-ABL gene silencing and STATS inhibi-
for 5 days, with a dosage equivalent to 1 mg/kg tion is more effective than either free drugs or
siRNA in the nanocore and 20 mg/kg sorafenib individual nano-drugs alone. The enhanced ef-
in the nanoshell for CS-NP1. To align with cur- ficacy of CS-NP1 was obvious compared to
rent clinical practices, we also prepared another both the PS-siRNA nanocore and the Tf-Soraf-
core-shell nanoparticle, replacing siRNA with enib nanoshell. Finally, the efficacy of CS-NP2,
the clinically used drug dasatinib in the core which includes a dasatinib-sorafenib combina-
while retaining the Tf-Soraf nanoshell (Supple- tion, is shown in Figure SE through representa-
mentary Figure 6). The in-silico model of the tive images of animals treated with controls,
Albumin-dasatinib-Tf-sorafenib core-shell na- CS-NP1, and CS-NP2.

noparticle (CS-NP2), formed by the sequential Notably, tumor reduction effects were signif-
precipitation of albumin-dasatinib nanocore icantly more pronounced with CS-NP2 than the
followed by the controlled precipitation of siRNA-based CS-NP1. CS-NP2 consisted of
transferrin-sorafenib nanoshell, revealed spher- dasatinib, a highly potent inhibitor for BCR-
ical nanocore particles with an average size of ABL with IC50 ~ 5 nm than imatinib (IC50 =
approximately 60 nm (Supplementary Figure 600 nm), and STATS inhibitor sorafenib in the
S7A & B). DLS analysis confirmed the sequen- shell, giving a combinatorial anti-tumor effect.
tial formation of core and core-shell particles, Further, dasatinib has better chemical stability
with sizes of ~ 4517 nm for the core and in the physiological medium than the relatively
158+30 nm for the core-shell (Supplementary unstable siRNA molecules. CS-NP2 demon-
Figure S7D, E & F). TfR1-targeted uptake of strated statistically significant tumor reduction
CS-NP2 in the Tf overexpressing CML cell line (p < 0.008) compared to untreated controls.

K562R is illustrated in Supplementary Figure
S7G & Supplementary Figure S4 (last
panel). CS-NP2 was tested in the xenograft
model with dosages of 10 mg/kg dasatinib and

The in vivo anti-tumor effects of CS-NPs in
xenograft models of refractory CML, character-
ized by BCR-ABL-STATS-TfR1 overexpres-
sion, were consistent with the in vitro data from

10 mg/kg sorafenib. patient samples. CS-NP1 and CS-NP2 exhib-
Figure 5D shows the tumor regression pat- ited excellent anti-tumor activity; however, CS-
terns in the CS-NP1 (PS-siRNA-Tf-Sorafenib) NP2, including the clinically relevant dasatinib-
treated group compared to controls. Tumor re- sorafenib combination, showed superior effi-
gression was notably more significant with the cacy. This underscores the potential of using
Tf-Soraf nanoshell than with the PS-siRNA novel nanomedicine architectures loaded with
nanocore. Nonetheless, CS-NP1 demonstrated clinically approved drugs to target multiple on-
superior tumor reduction compared to controls, cogenic pathways simultaneously.
Conclusion

It has been nearly two decades since the discovery of imatinib mesylate for treating BCR-ABL" CML.
Although CML is managed with later-generation kinase inhibitors, many patients still resist or relapse
when leukemic cells rely on alternative proteins for survival. While nanoparticles have been extensively
utilized for various clinical applications, overcoming the limitations of free therapeutics and success-
fully navigating cellular, systemic, and micro-environmental barriers, a critical need remains to advance
their use in personalized, multi-targeted nanotherapeutics.

Instead of a “one-size-fits-all” approach, the design and development of nanotherapeutics should be
guided by molecular diagnosis and patient heterogeneity. With this approach in mind, we designed a
protein-protein core-shell nanomedicine capable of targeting two mechanistic pathways simultaneously
in refractory CML. Refractory CML is associated with several complementary mechanisms, possibly
BCR-ABL dependent or independent. Dose escalation of standard drugs such as imatinib or newer
BCR-ABL kinase inhibitors such as dasatinib, nilotinib, and ponatinib can partially address BCR-ABL
dependent mechanisms.** However, independent activation of survival pathways like STATS and their
interactions with anti-apoptotic proteins exacerbate the situation and remain largely unaddressed. Our
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goal was to simultaneously target both BCR-ABL and STATS together using rationally designed core-
shell nanoparticles.

We used unique protein-protein core-shell nanoparticles based on protamine-transferrin or albumin-
transferrin combinations to simultaneously deliver the SMI payload intracellularly and in a targeted
fashion. Importantly, the choice of transferrin for cellular targeting via TfR1 was based on the molecular
phenotype of imatinib-resistant patients. Our results on the refractory cell line, patient-derived primary
CML cells, and xenograft models demonstrated the advantage of combinatorial targeting of BCR-ABL
and STATS to overcome drug resistance. Our results indicate that the rational design of core-shell na-
nomedicines can successfully target multiple oncogenic pathways in cancer.
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