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Acute myeloid leukemia (AML) remains a most lethal hematological malignancy, partly because of its slow
development of targeted therapies compared with other cancers. PLK1 inhibitor, volasertib (Vol), is among the
few molecular targeted drugs granted breakthrough therapy status for AML; however, its fast clearance and dose-
limiting toxicity greatly restrain its clinical benefits. Here, we report that transferrin-guided polymersomes (TPs)
markedly augment the targetability, potency and safety of Vol to AML. Vol-loaded TPs (TPVol) with 4% trans-
ferrin exhibited best cellular uptake, effective down-regulation of p-PLK1, p-PTEN and p-AKT and superior
apoptotic activity to free Vol in MV-4-11 leukemic cells. Intravenous injection of TPVol gave 6-fold higher AUC
than free Vol and notable accumulation in AML-residing bone marrow. The efficacy studies in orthotopic MV-4-
11 leukemic model demonstrated that TPVol significantly reduced leukemic cell proportions in periphery blood,
bone marrow, liver and spleen, effectively enhanced mouse survival rate, and impeded bone loss. This
transferrin-guided nano-delivery of molecular targeted drugs appears to be an interesting strategy towards the
development of novel treatments for AML.

1. Introduction better specificity and anti-cancer activity but also less off-target toxicity

than traditional chemical agents [6,7]. The analyses of clinical AML

Acute myeloid leukemia (AML) remains one of the most lethal he-
matological malignancies [1]. AML is characterized by lacking specific
antigens, which hinders the clinical development of targeted therapies
such as antibodies, antibody-drug conjugates, and CAR-T cell therapy
[2]. It is reported that ca. 40% remitted AML patients would eventually
relapse and become refractory to treatments [3]. The advancement of
molecular targeted drugs has revolutionized the therapeutic scheme for
various hematological and solid tumors [4,5], as they possess not only
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samples have shown that 60% AML patients overexpress polo-like kinase
1 (PLK1) [8], for which a variety of PLK1 inhibitors such as volasertib
(Vol) and onvansertib have been designed and clinically investigated for
treating AML patients [9,10]. Notably, Vol as a lead agent has demon-
strated significant clinical efficacy in AML patients [11,12] and has been
granted breakthrough therapy status by FDA. However, as most small
molecular drugs, Vol suffers from fast clearance, low bioavailability, and
frequent and high dosing that induce dose-limiting toxicities such as
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megakaryocyte dysmaturity and severe thrombopenia, thus greatly
restraining clinical benefits [13].

Targeted delivery with nanomedicines provides a potential strategy
for improving the efficacy of molecular drugs [14,15]. Many cancers
including AML are found expressing high levels of transferrin receptor,
which has stimulated the development of various transferrin-guided
nanosystems [16]. Chang et al. reported that anti-transferrin receptor
single-chain antibody fragment-mediated nanodelivery of tumor sup-
pressor gene p53 could target metastatic lesions and induce clinical
anticancer effects [17]. Unlike antibodies and antibody fragments,
transferrin as an endogenous protein is not immunogenic. Huang et al.
reported that transferrin conjugated lipopolyplex nanoparticles could
significantly increase the therapeutic effect of decitabine and showed
excellent potential in AML treatment [18]. It is extremely challenging,
nevertheless, to prepare transferrin-guided systems for molecular tar-
geted drugs like Vol because few vehicles can stably load Vol and allow
post-modification with transferrin.

Here, we report that transferrin-guided polymersomes (TPs) mark-
edly augment the targetability, potency and safety of Vol to AML
(Scheme 1). The chimaeric polymersomes with dithiolane-
functionalized polycarbonate as membrane, poly(ethylene glycol) as
outer shell and poly(aspartic acid) as inner shell were shown to effi-
ciently encapsulate and deliver Vol to ovarian cancers [19]. Transferrin
was conjugated to Vol-loaded polymersomes with controlled density via
click chemistry. Notably, PVol with 4% transferrin (TPVol) exhibited
best cellular uptake, effective down-regulation of p-PLK1 and p-PTEN,
and significant survival benefits in highly malignant MV-4-11 leukemic
model. Transferrin-targeted delivery of clinical PLK1 inhibitor appears
to be an attractive strategy for treating AML.

2. Experimental section

2.1. Preparation of volasertib-loaded transferrin-guided polymersomes
(TPVol)

TPVol was prepared by post-modification of azide-functionalized
polymersomal Vol (N3-PVol) with DBCO modified transferrin (Tf-
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DBCO) via click chemistry. To prepare N3-PVol, 100 pL. DMSO solution
of PEG-P(TMC-DTC)-PAsp (as reported in Ref. [20]) (40 mg/mL),
N3-PEG-P(TMC-DTC) (as reported in Ref. [21]) (2-8 mol% with respect
to PEG-P(TMC-DTC)-PAsp), and volasertib (Vol, 4 mg) was added under
stirring into HEPES buffer (pH 6.8, 5 mM, 0.9 mL). The resulting
dispersion was incubated at 37 °C for 2 h in a shaking bath (200 rpm)
and then dialyzed against HEPES (pH 7.4, 5 mM) for 6 h (MWCO 14000
Da).

To prepare Tf-DBCO, 41 pL of DBCO-OEG4-NHS solution (10 mg/mL)
in DMSO was added into 2 mL of Tf solution (20 mg/mL) in MiliQ water
(Tf/DBCO molar ratio of 1/1.2) followed by reaction at 37 °C in shaking
bath (200 rpm). After 12 h, the mixture was subject to ultrafiltration
(MWCO 10 kDa) for 3 times. The final Tf concentration was determined
by BCA kit, and the DBCO functionality of Tf-DBCO was determined by
MALDI-TOF mass spectrometry.

TPVol was prepared by adding freshly prepared Tf-DBCO into N3-
PVol solution at a Tf-DBCO/N3 molar ratio of 1.8/1 under stirring,
reacting for 12 h under shaking (100 rpm, 37 °C), and purified via ul-
trafiltration (Millipore, MWCO 1000 kDa). The non-targeted formula-
tion, PVol, was prepared similarly as for N3-PVol from PEG-P(TMC-
DTC)-PAsp and Vol. The size distribution and Vol loading content of
TPVol and PVol were determined. The morphology of PVol was deter-
mined by cryo-TEM. The stability of TPVol and PVol at 4 °C, against 10%
FBS, or under 10 mM GSH was monitored using DLS. Besides determi-
nation using BCA protein assay kit, the Tf content on TPVol was also
quantified using fluorometry. Briefly, TPVol with unknown Tf content
was incubated with excess rabbit anti-human Tf antibody for 15 min
followed by twice centrifugal ultrafiltration (MWCO: 1 MDa). Then
Alexa Fluor™ 647-labeled goat anti-rabbit IgG secondary antibody was
added to incubate for 15 min following the same purification procedure.
Then polymersome solution was 20-fold diluted to measure the fluo-
rescence intensity. The Tf content on TPVol could be determined based
on a standard curve of Alexa Fluor™ 647-labeled secondary antibody.

2.2. Hemolytic analysis

Mouse blood (2 mL) was washed three times with 8 mL sterile PBS.

TPVol: Transferrin-guided reduction-
sensitive polymersomal volasertib
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Scheme 1. Illustration of preparation of transferrin-decorated polymersomal volasertib (TPVol) and its targeted delivery and cytoplasmic release of volasertib to

AML cells.
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The red cell suspensions after 9-fold dilution with sterile PBS were
incubated for 3 h with TPVol, PVol or Vol solutions (Triton solution and
pure water as positive controls) and centrifuged at 150xg for 5 min. The
supernatants were taken for UV-vis measurements (at 545 nm).

2.3. Transferrin receptor (TfR) expression on AML cell lines and patient
primary cells

Bone marrow (BM) samples were collected from four AML patients
for determining TfR expression and the effect of TPVol on cell growth
inhibition and apoptosis of primary cells, which were approved by the
ethics committee of the First Affiliated Hospital of Soochow University
(Suzhou, P.R. China) in accordance with the Declaration of Helsinki
protocol.

To determine the TfR expression, patient primary cells and AML cell
lines (MV-4-11, U937) and ALL-697 in EP tubes (5 x 10* cells) were
washed (PBS, x 2), resuspended in 100 pL PBS, and stained with APC
anti-TfR antibody for 15 min under dark at room temperature. 300 pL
PBS was added before flow cytometry analysis (10,000 cells were gated)
and MV-4-11 cells without staining were set as negative control.

2.4. Cell apoptosis and cell cycle arrest of TPVol

To evaluate the apoptotic activity, MV-4-11 cells, U937 cells and
AML primary cells with high TfR expression (#20210618) and low TfR
expression (#20200903 and #20210816) seeded in 6-well plates (3 x
10° cells/well) were incubated with TPVol, PVol or free Vol (Vol conc.:
0.07 pg/mL) for 48 h. The cells were centrifuged, washed, and resus-
pended in binding buffer before staining with annexin V-Alexa Fluor
647/propidium iodide (PI) under dark for 15 min. Finally, 400 pL
binding buffer was added and the cells were measured using flow
cytometry.

To investigate cell cycle arrest, MV-4-11 cells in 24-well plates (2 x
10° cells/well) were added with TPVol, PVol or free Vol (Vol conc.: 0.07
pg/mL). After incubation for 48 h, cell cycle kit (Fcmacs) was applied
and subject to flow cytometry measurement and analysis using FlowJo
software.

2.5. Cell growth inhibition of AML patient primary cells by TPVol

The growth inhibition of patient primary cells was evaluated using
trypan blue rejection method. The primary cells with high TfR expres-
sion (#20210618) and low TfR expression (#20200903 and
#20210816) were cultured in 96-well plates (1 x 10° cells/well). Then
20 pL TPVol, PVol or Vol was added (Vol conc.: 0.1 pg/mL) and cultured
for 48 h. Trypan blue solution (0.4%) was added to stain the dead cells,
and the cells were observed and counted under an inverted microscope.

2.6. Pharmacokinetics

All animal experiments were approved by the Animal Care and Use
Committee of Soochow University (P.R. China), and all protocols con-
formed to the Guide for the Care and Use of Laboratory Animals. FITC-
labeled Vol (Vol-FITC) was prepared by amidation reaction [22], and
loaded into polymersomes for studying the pharmacokinetics.
PVol-FITC or TPVol-FITC (Vol: 6 mg/kg (mpk), FITC: 0.8 mpk) in 200 pL
PB was intravenously injected into healthy Balb/c mice via tail veins (n
= 3). At preset time points, ca. ~70 pL blood was withdrawn, treated
and analyzed as reported [23] and detailed in supporting information.

2.7. In vivo targeting and fluorescence imaging

To build orthotopic MV-4-11-Luc-GFP AML mouse model, six-week-
old female NSG mice (22-24 g) were irradiated with 175 cGy X-ray and
6 h later intravenously injected with 0.02 mL of MV-4-11-Luc-GFP cells
(1 x 10°). The AML progression was monitored using in vivo imaging
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system on day 6 and 12 post tumor inoculation and the AML infiltration
into the major organs and bone marrow were evaluated using flow
cytometry.

To assess the targetability and biodistribution of TPVol in orthotopic
AML model, on day 13 after tumor inoculation, a single injection of Cy5-
labeled TPVol or PVol in 200 pL PB was i.v. administrated (Vol: 6 mpk,
Cy5: 0.05 mpk). After 8 h, major organs and limb bones of the mice were
collected and ex vivo imaged using IVIS system (Living Image 2.6
software).

2.8. In vivo anti-AML efficacy in orthotopic MV-4-11 model

The orthotopic AML model was established as above and 5 days after
tumor inoculation the bioluminescence was ca. 5 x 10° p/sec/cm?/sr,
the mice were divided into six groups (n = 7) and the day was denoted
day 0. On day 0, 2, 4 and 6, free Vol, PVol, 2%TPVol, 4%TPVol (dose: 6
mpk) and PBS were iv. injected. For 4%TPVol, we also adopted a
different dosing regimen, in which 4%TPVol was i.v. administrated on
day 0, 3, 6 and 9 at a dose of 9 mpk. The body weight was monitored
every two days and normalized to the initial weight on day —1. On day
0, 3, 6 and 9, the mice were in vivo imaged to track the tumor progression
using IVIS imaging system. The survival curves of mice were recorded,
and those with body weight loss over 15% were also consider dead.

2.9. Flow cytometry, histological and uCT analyses of mice treated with
Vol formulations

The AML mice were treated with PBS, free Vol, PVol, or 4%TPVol (6
or 9 mpk) as described above (n = 3). On day 9 the mice were sacrificed
and peripheral blood (PB), liver, spleen, hind femur and tibia were
collected for AML cell infiltration and histological analysis. To deter-
mine the AML cell infiltration, PB, part of liver, spleen, and hind limbs
were grinded and filtrated to get cell suspension. The cells were
centrifuged (600xg, 5 min) and treated with 5 mL ACK lysis buffer at
4 °C for 5 min and terminated with 10 mL PBS. The cells were then
labeled using anti-CD45-APC for flow cytometric analyses. Moreover,
aliquots of cells collected from bone marrow were subject to lysis by ice-
cold RIPA buffer for western blot measurements for the expression of
PLK1, p-AKT, AKT using GAPDH as reference protein (supporting in-
formation), and the gels were further semi-quantified using ImageJ
software.

The puCT (SkyScan 1176, Belgium) was used to measure and quan-
titatively analyze hind femurs and tibias using NRecon software. The
slices of main organs and leg bones were stained with tartrate resistant
acid phosphatase (TRAP, Servicebio, China) and observed using
Olympus BX41 microscope for determining tissue damage, leukemic
infiltration and osteoclast formation.

2.10. Statistical analysis

Data were expressed as mean =+ s.d. Differences among groups were
evaluated using one-way Anova and Tukey multiple comparison test or
student t-test. Survival curves were evaluated using Kaplan-Meier and
log-rank comparison test using Graphpad Prism 8. *p < 0.05 was sig-
nificant, and **p < 0.01, ***p < 0.001, ****p < 0.0001 highly
significant.

3. Results and discussion
3.1. Preparation of TPVol

Lack of potent and safe molecular targeted drugs is one of the main
reasons for little survival improvement of AML patients over the past
decades. Here, targeted delivery of clinical PLK1 inhibitor, Vol, was
proposed as a novel strategy to enhance the efficacy as well as safety of
targeted molecular therapy for AML. The disulfide-crosslinked
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chimaeric polymersomes are one of the few systems that could stably
load Vol [19]. To target AML, we further modified Vol-loaded poly-
mersomes (PVol) with transferrin by click chemistry. Firstly, Vol-loaded
azide-functionalized polymersomes (N3-PVol) were prepared via
co-self-assembly of N3-PEG-P(TMC-DTC) (7.5-(15.0-2.0) kg/mol) and
PEG-P(TMC-DTC)-PAsp (5.0-(15.0-2.0)-1.29 kg/mol) at a molar ratio of
2/98, 4/96, 6/94 or 8/92 with Vol (9.1 wt%) in HEPES buffer. All
N3-PVol showed a good Vol loading content (ca. 5.2 wt%), small size
(46.3-48.2 nm), and narrow size distribution (PDI 0.11-0.13)
(Table S1). The cryo-TEM image of PVol showed uniform vesicular
morphology (Fig. S1). Then, TPVol was prepared through
post-modification of N3-PVol with DBCO-functionalized transferrin
(Tf-DBCO) via click chemistry. Tf-DBCO was synthesized by treating Tf
with DBCO-OEG4-NHS at a fixed Tf/DBCO molar ratio of 1/1.2, which
yielded quantitative functionalization, as revealed by MALDI-TOF mass
spectrometry measurements (Fig. 1A). BCA assays showed that TPVol
was obtained with controlled Tf molar contents of 2%, 4%, 6% and 8% at
a fixed Tf-DBCO/N3 molar ratio of 1.8/1. In addition, Tf content on
TPVol was also measured using specific binding with Tf antibody fol-
lowed by Alexa Fluor™ 647-labeled secondary antibody. From the
bound fluorescence intensity of the polymersomes, Tf content could be
determined based on a calibration curve (Fig. S2). The results were very
close to the theoretical values (2%, 4%, and 6%), confirming successful
Tf post-modification via click chemistry. Notably, Tf modification had
little influences on size, size distribution and Vol loading content
(Table 1, Fig. 1B). Non-targeted control, PVol, which assembled from
only PEG-P(TMC-DTC)-PAsp and Vol, had comparable characteristics to
TPVol.

The stability and cytotoxicity studies with 4%TPVol displayed that
TPVol was stable with little size change in PBS under 10% FBS at 37 °C
or over 7 days storage at 4 °C (Fig. 1C), and maintained the same
cytotoxicity toward MV-4-11 leukemic cells after 7-day storage
(Fig. 1D). However, under 10 mM GSH, TPVol was quickly destabilized
(Fig. 1E), in line with a fast reduction-responsivity of DTC-based nano-
systems [24]. Fig. 1F shows that TPVol and PVol caused significantly less
hemolysis than free Vol and pure water, indicating excellent biocom-
patibility. MTT assays in L929 fibroblasts revealed that both TPVol and
PVol were essentially non-toxic at a concentration of 40 pg Vol
equiv./mL, whereas free Vol caused significant cytotoxicity (Fig. 1G).
These results support that TPVol has favorable properties and is less
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Table 1
Characterization of TPVol obtained by post-modification at a Tf-DBCO/N3 molar
ratio of 1.8/1.

Entry  Nj Surface Density Size® PDI” DLC" (wt. DLE”
(mol.%) (nm) %) (%)

1 2 48.1 + 0.14 + 5.0 52.1
0.8 0.03

2 4 48.9 + 0.15 + 4.9 51.2
0.9 0.02

3 6 49.4 + 0.16 + 5.1 53.5
1.1 0.03

4 8 50.9 + 0.16 + 4.9 52.0
1.3 0.02

@ Measured by DLS using a Zetasizer Nano-ZS at 25 °C in PB (10 mM, pH 7.4).
b Determined by UV-vis measurements.

cytotoxic to normal cells than free Vol.

3.2. Invitro cellular uptake, cytotoxicity and blockage of PLK1 signaling

Transferrin receptors (TfR) are overexpressed on several malignant
tumors in patients, and TfR-targeting nano-formulations have advanced
to clinical trials for treating lung, breast and ovarian cancers [25,26].
TfR was also found highly upregulated in AML cells [18], and 57% AML
patients overexpress TfR [27]. FACS analyses confirmed that MV-4-11
and U937 cell lines have high TfR expression while low TfR expres-
sion was observed on 697 cells (Fig. 2A). Cellular uptake studies using
Cy5-labeled TPVol and PVol showed clearly enhanced internalization of
TPVol by MV-4-11 cells and TPVol with 4% Tf appeared to be the best
(Fig. 2B). CLSM images and semi-quantitative analyses of fluorescent
intensity revealed that the internalization of 4%TPVol was ca. 3-fold
that of PVol (Fig. S3). TPVol presenting an optimal Tf density at 4%,
which is in agreement with previous report [29]. This is possibly
because further increase of Tf density would increase non-specific in-
teractions with serum proteins thereby reducing targeting ability, or
bind too strongly to leukemic cells hindering cell internalization.
Accordingly, cytotoxicity studies showed that all TPVol caused better
inhibitory activity to MV-4-11 cells than PVol and free Vol, and 4%
TPVol possessed the highest potency (Fig. 2C). The ICsg of 4%TPVol was
0.07 pg/mL, which was ca. 2 and 3-fold lower than that of PVol and Vol,
respectively. The targeting ability of 4%TPVol was also verified in TfR

A Mass (m/z) B C Fresh D Fig. 1. (A) MAL]?I—TQF rflass.spectrometry of Tf and
Tf 79384 NePVol 7-d storage Fresh Tf-DBCO. (B) Size distribution of TPVol and Ns-
TEDBCO 80161 20 TlgVol 20 FBS, 18 h 120 7-d storage PVol. (C) Stability of TPVol over 7-day storage at
. 9 4 °Cor 10% FBS at 37 °C. (D) The viability of MV-4-
315 S5 Y 11 cells after 72 h incubation with freshly made or
g 2 % stored TPVol. (E) Size change of TPVol in response
iz 10 % 10 ‘>~“ 60 to 10 mM GSH at 37 °C. (F) Hemolysis assay of
E 5 = 5 FBS = 30 mouse hemocytes after 3 h incubation with free Vol,
© PVol and TPVol. Pure water and Triton solution
0+ . . 0+ T T 1 0 T T J were as positive controls. (G) Cell viability of L929
6 X10* 8 X10*  1X10°  o! 10 103 10° 10% 10% 10° 001 0.1 1 10 fibroblasts following 4 h incubation with free Vol,
Mass (m/z) Size (d. nm) Size (d. nm) Vol Cone. (pg/mL) PVol and TPVol and subsequent 68 h culture with
H,0 = 1% Triton drug-free medium. Statistical analysis: one-way
E F PBS -~ Vol = PVol -+ TPVol G ANOVA with Tukey multiple comparisons tests:
0h 4h 18h Vol PVol TPVol *p < 0.05, ***p < 0.001, ****p < 0.0001.
25 9 120
g 20 1.5 E 90
> = *
g 10 g o
< ) = 30
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Fig. 2. TfR expression of cells, and cellular uptake
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overexpressing U937 cells (Fig. 2D). For the inhibition experiments, in
free Tf-pretreated MV-4-11 cells as well as in TfR low-expressing 697
cells, TPVol exhibited similar inhibitory activity to PVol (Fig. 2E and F).
These results confirm the active targeting effect of TPVol toward
MV-4-11 cells via TfR-mediated endocytosis, and Tf density plays an
important role [28,29].

The apoptosis studies further revealed that TPVol and PVol treat-
ment provoked 77.8% and 54.7% apoptosis of MV-4-11 cells, respec-
tively, which were significantly higher than that for free Vol (14.9%)
(Fig. 3A). Similar results were also observed in U937 cells (Fig. S4). The
cell cycle assay displayed that TPVol induced obviously more cell arrest
in G2/M phase than PVol and Vol (83% vs 61% and 45%) (Fig. 3B),
illustrating the strong effect of PLK1 inhibition on cell cycle. PLK1 as a
serine/threonine protein kinase is a master regulator of cell cycle pro-
gression, controls G2/M checkpoint [30,31], and is essential for tumor
growth, such as DNA damage response. Using PLK1 as the target,
onvansertib received FDA approval for treating KRAS mutant mCRC
[32]. PLK1 expression was found high in several malignant cancers
including AML [33-36]. The inhibition of PLK1 by volasertib would
result in blocking of cell division and ultimately cell apoptosis [37]. We
then evaluated the effect of Vol formulations on PLK1 signaling pathway
in MV-4-11 cells (Fig. 3C&D). Western blot results disclosed that PLK1
expression had no big difference among groups, while p-PLK1 was
significantly downregulated by TPVol indicating its strong deactivation
effect against PLK1. The greatly increased CDC25 expression of TPVol
treated cells was in line with the results of cell cycle arrest. Vol was
reported to be a ATP-competing PLK inhibitor by binding the
ATP-binding pocket of human PLK1 protein, leading to blockage of PLK1

503

signaling pathway and cell apoptosis [38]. PLK1 inhibitor could signif-
icantly inhibit the PTEN phosphorylation that was triggered by PLK1
[39], whereas PTEN as a negative regulator of oncogenic PI3K-AKT
signaling could block the activation and the phosphorylation of AKT
[40], thus resulting in upregulation of AKT and downregulation of
p-AKT. PI3K-AKT pathway is crucial for cell proliferation and associated
with the activation of PLK1 in mitotic cells [41]. WB results displayed
that among all groups, TPVol treatment exhibited the most increased
PTEN expression and decreased p-PTEN expression, as well as signifi-
cantly down-regulated p-AKT, confirming our hypothesis (Scheme 1).
Collectively, enhanced cellular uptake of TPVol in TfR overexpressing
cancer cells results in further downregulation of p-AKT and thereby
augmented cytotoxicity and apoptosis compared to PVol and free Vol.

The anti-leukemic activity of TPVol was also studied in AML patient
primary cells (Table S2) with various levels of TfR expression (Fig. 2A).
The results showed that TPVol induced significantly more apoptosis of
TfR overexpressing primary cells (#20210618) than PVol and free Vol,
while in TfR low-expressing cells (#20210816 and #20200903) TPVol
exhibited comparable apoptotic activity to free Vol (Fig. 2G, H&I,
Fig. S5). The enhanced anti-leukemic activity of TPVol in TfR over-
expressing primary cells was further confirmed by trypan blue rejection
assays, indicating clinical relevance of TPVol.

3.3. Pharmacokinetics and biodistribution of PVol and TPVol in mice

Encouraged by the excellent performance of TPVol in vitro, we then
investigated the in vivo pharmacokinetics of TPVol in healthy Kunming
mice using FITC-labeled Vol (Vol-FITC) as a model drug. Fig. 4A shows
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Fig. 3. The apoptosis assay (A), cell cycle assay (B) and western blot measurement (C, D) of MV-4-11 cells following 48-h incubation with free Vol, PVol or TPVol
(Vol Conc: 0.07 pg/mL). Statistical analysis: one-way ANOVA with Tukey multiple comparisons tests: *p < 0.05, **p < 0.01, ***p < 0.001.

that free drug was cleared rapidly showing an elimination half-life (t;,
2,p) of 2.5 h. While PVol and TPVol circulated prominently longer with
t1/2,5 0f 12.9 and 10.7 h, respectively. The significantly increased AUC of
PVol and TPVol compared with free Vol (Fig. 4B) illustrates the effective
protection of Vol by polymersomes and little negative influence of Tf on
the blood circulation of polymersomes. The longer circulation time
compared with CD44-targeting polymersomes [42] may be attributed to
the lower surface density of targeting ligands.

To investigate the tumor accumulation and anti-AML performance of
TPVol in vivo, we built orthotopic AML model in NSG mice by irradiation
with 175 cGy X-ray and 6 h later intravenous (i.v.) injection of MV-4-11-
Luc-GFP cells (1 x 10%). The in vivo imaging showed that MV-4-11-Luc-
GFP cells significantly infiltrated into bone marrow as from day 6
(Fig. 4C). The proportion of MV-4-11-Luc-GFP cells became very
prominent on day 12, reaching 57.8%, 12.4% and 7.3% in BM, liver and
spleen, respectively (Fig. 4D). This engraftment of MV-4-11 cells in the
BM corroborates successful building of AML mouse model [43], as
homing of leukemic cells in the BM is characteristic of AML patients
[44]. Using such model, the accumulation of TPVol and PVol in the BM
was visualized at 8 h post injection of Cy5-labeled TPVol or PVol. The ex
vivo images of hind femurs and tibias and quantitative analyses (Fig. 4E
and F) revealed significantly more TPVol than PVol in the BM (**p).
Similar findings were reported in CD44-targeting polymersomes, indi-
cating the potential of such polymersomes in AML treatment [45].
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Moreover, TPVol group showed higher Cy5 fluorescence in BM than in
other major organs (Fig. 4G), while liposomes with dual targeting li-
gands showed more accumulation in kidney and lung compared with
bone marrow [46]. There was no much difference between TPVol and
PVol in main organs, possibly due to the relatively low infiltration of
AML cells other than BM. This enhanced accumulation of TPVol in the
limb bones is likely a result of bone-homing feature of MV-4-11 cells
(Fig. 4D) combined with targeting effect of TPVol to MV-4-11 cells.

3.4. In vivo therapeutic effect of TPVol in orthotopic AML model

To study the anti-AML performance of TPVol in orthotopic MV-4-11-
Luc-GFP leukemic mice, on day 5 post-implantation of AML cells, free
Vol, PVol, TPVol at 6 mpk or PBS was i.v. administrated every 2 days
(Fig. 5A). The progression of MV-4-11-Luc-GFP tumor was monitored by
using in vivo imaging. Fig. 5B shows that as compared to PBS group that
had a quick augmentation of tumor bioluminescence and accumulation
of leukemic cells in leg bones, all Vol formulations could repress tumor
progression though to varying extents. Interestingly, PVol induced
significantly better retardation of tumor progression than free Vol at 6
mpk (*p) and Tf targeting further enhanced the inhibitory effect (*p)
(Fig. 5B&C). TPVol with 2% and 4% Tf exhibited similar anti-AML ac-
tivity, in line with previous reports that 3.9% Tf density achieved
optimal targeting effect [29]. Fig. 5D displays that PBS group gradually
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lation (A) and AUC (B) of FITC-labeled Vol, PVol and
TPVol in healthy Balb/c mice. (C) In vivo biolumi-
nescence images of NSG mice after i.v. injecting of
MV-4-11-Luc-GFP cells on day 6 and 12, and (D)
leukemia infiltration in bone marrow (BM), liver, and
spleen on day 12. Ex vivo images of hind femurs and
tibias (E) and main organs (F) at 8 h after injection of
Cy5 labeled TPVol or PVol (day 12). (G) The semi-
quantitative analyses of TPVol and PVol bio-
distribution. Statistical analysis: one-way ANOVA
with Tukey multiple comparisons tests: **p < 0.01.
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lost body weight as a result of aggressive expansion of leukemic cells. In
comparison, all Vol groups exhibited barely any body weight loss over
the period of treatments, supporting effective suppression of tumor
growth as well as little toxic effects of Vol formulations. It should be
noted that human Tf was used in this study and how human Tf binds to
mouse TfR expressed on the healthy organs and cells remained unclear.
Whether the above toxicity results could reflect the situation in human
requires further investigation. MV-4-11 leukemia is an extremely ma-
lignant model, displayed short median survival time (MST) of 9 days
(Fig. 5E). Free Vol and PVol at 6 mpk increased the MST to 12 and 15
days, respectively. Strikingly, both TPVol prolonged the MST to 22 days,
which was significant improvement compared with PVol (**p) and
highly significant over free Vol (***p) and PBS (***p). The above results
confirm that TPVol possesses prominent targetability, enhanced
anti-cancer potency, and good safety in MV-4-11-Luc-GFP leukemic
model.

The anti-AML effect of 4%TPVol was further investigated at an
increased dose of 9 mpk given every 3 days for total four injections. The
results revealed markedly enhanced repression of tumor growth
compared to TPVol at 6 mpk (*p) without causing apparent toxicity
(Fig. 5B, C, D). Accordingly, the MST of MV-4-11-Luc-GFP leukemic
mice was extended from 22 days at 6 mpk to 32 days (*p), which was 2.5
longer than PBS (MST = 9 days) (Fig. 5E). This improvement of survival
benefits was also significant compared with recent reports with repeated
administration of DD8/9 inhibitor and peptidomimetic MYB:CBP in-
hibitor for malignant leukemic models [47,48]. It should further be
noted that unlike free Vol which induced bleeding at the injection site
and required several minutes of pressing to stop bleeding, as a result of
its platelet depleting effect and dose-limiting toxicity [49], TPVol and
PVol stopped bleeding after 2-5 s of pressing. Hence, TPVol provides a
novel dually targeted molecular therapy for AML, which not only
remarkably improves the therapeutic effect and survival benefits but
also reduces systemic toxicities.
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3.5. Ex vivo evaluation of leukemia blast infiltration, PLK1 regulation
and bone damage

To further investigate their anti-AML performance, we evaluated the
effect of different Vol formulations on leukemia blast infiltration in BM
and main organs, PLK1 regulation and bone damage of MV-4-11-Luc-
GFP leukemic mice. The engraftment of MV-4-11-Luc-GFP leukemia
blasts in the liver, spleen, BM and peripheral blood (PB) on day 9 was
determined using FACS. Fig. 6 shows that PBS group had substantial
proportions of leukemia blasts in BM (76.4%), liver (36.7%) and PB
(9.1%), which were all dramatically reduced by treatments with Vol
formulations. At the same dose of 6 mpk, TPVol resulted in considerably
lowered proportions of AML cells in liver, spleen, BM and PB than PVol
and free Vol. At an increased dose of 9 mpk, TPVol gave rise to barely
detectable leukemia cells in liver, spleen, BM and PB. This effective
mitigation of leukemia cells in the BM niche by TPVol is of particular
importance, as most anti-AML therapies failed due to their inferior ac-
cess to BM [43,50,51].

H&E staining images were taken to visualize the infiltration of AML
cells into main organs. Fig. 7A shows enormous engraftment of leukemia
cells in the liver of PBS group, which was progressively reduced by free
Vol, PVol and TPVol treatments. In the spleen, varying degrees of het-
erogenic cells were observed in PBS, free Vol, PVol and TPVol groups,
which could be attributed to extramedullary hematopoiesis caused by
the damages in bone marrow. Besides, bleeding was detectable in the
spleen of free Vol group (yellow triangles), as a result of platelet
depleting effect and dose-limiting toxicity of Vol [49]. Notably, mice
treated with TPVol at 9 mpk showed no visible infiltration of leukemia
blasts, no tissue damage in liver, and few anomalies in spleen. It should
further be noted that all Vol formulations did not cause discernible
damage of heart, lung and kidney (Fig. S6).

We further determined the PLK1 and p-AKT contents in the BM of
leukemic mice using western blot. Fig. 7B and C showed increasing
reduction of PLK1 level from PBS, free Vol, PVol to TPVol groups, which
is mostly attributable to substantially reduced infiltration of leukemic
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blasts in BM. The p-AKT was more downregulated by different Vol for-
mulations. As a matter of fact, p-AKT in PVol and TPVol groups was
hardly detected (Fig. 7C). This marked reduction of p-AKT is due to
combination of lessened leukemic blasts proportion in BM and effective
suppression of p-AKT expression in leukemic cells by PLK1 inhibition.
To evaluate the effect of TPVol treatment to bone microenvironment,
we analyzed the infiltration of osteoclasts using tartrate resistant acid
phosphatase (TRAP) staining and bone damage to tibias and femurs
using micro-compute tomography (LCT). TRAP images showed abun-
dant osteoclasts (stained dark-red) in the femurs and tibias of PBS group,
while little in those of TPVol groups (Fig. 8A). pCT images of tibias and
femurs displayed obvious loss of trabecular structures for PBS and free
Vol groups, clear improvement for PVol group, and significant recovery
for two TPVol groups to similar level of healthy mice (Fig. 8B). The
quantitative analyses of trabecular number (Tb.N), bone volume frac-
tion (BV/TV), bone surface fraction (BS/BV), and trabecular spacing
(Tb.sp) followed the same trend (Fig. 8C). It is worth noting that the
mice treated with TPVol (9 mpk) had similar bone density as healthy
mice and nearly intact trabecular tissue, in agreement with insignificant
leukemia engraftment in BM and negligible osteoclast formation. These

Time Post Administration (d)
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results corroborate that transferrin-guided polymersomes (TPs) can
markedly augment the targetability, potency and safety of Vol to AML.
The targeted nano-delivery of clinical molecular targeted drug appears
to be a novel and attractive strategy to manage malignant AML.

4. Conclusion

We have demonstrated that Tf-functionalized polymersomes (TPs)
enable robust loading and targeted delivery of a clinical molecular tar-
geted drug, volasertib (Vol), to TfR-overexpressed AML cells in vivo,
which can not only boost the specificity and anti-AML potency of Vol but
also mitigate its systemic toxic effects. The therapeutic studies show that
Vol-loaded TPs (TPVol) effectively deplete the leukemic cells in liver,
spleen, bone marrow and peripheral blood in MV-4-11-Luc-GFP
leukemic mice, leading to 2.5-fold longer median survival time than
PBS with minimal bone damage. However, the AML mice were not
completely cured, mainly due to remaining leukemic stem cells in the
niche, which is the most important reason for AML relapse [47]. Further
study may focus on co-delivery of drugs against cancer stem cells. Here,
TPs are based on biodegradable polymers and with endogenous
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transferrin as a targeting ligand, rendering it a high potential for clinical
translation. This targeted nano-delivery of molecular targeted drug
provides a novel and unique strategy to combat AML.
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