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Acute myeloid leukemia (AML) patients face poor prognosis with high mortality rate, mainly due to the lack
of suitable antigens and shortage of effective targeted therapeutics. Here, we utilize exogenous all-trans
retinoic acid (ATRA) to upregulate CD38 level on AML cells and therefore boost the AML-targeting of dar-
atumumab-directed polymersomal volasertib molecular targeted drugs (DPVol), for potent and safe AML
depletion via cascade targeting. DPVol with a small size of ~ 30 nm had tailored daratumumab density,
efficient and robust Vol loading, as well as reduction-triggered intracellular Vol release. ATRA stimulation
substantially increased CD38 level on AML cell lines and primary cells isolated from AML patients as much
as 20-fold, and accordingly enhanced the cellular uptake and anti-AML activity of DPVol, displaying a low
IC50 of 16.3 nM in MV-4-11 cells. Intriguingly, ATRA + DPVol combination treatment dramatically reduced
the leukemia burden in orthotopic CD38'°% MV-4-11 and Molm-13-Luc AML bearing mice without causing
toxicity, resulting in 4.3-5.8-fold prolonged survival with 20-40 % of mice cured, superior to DPVol and
ATRA + PVol. The exogenous stimulation mediated CD38 upregulation in combination with DPVol may

provide a safe and cascade targeting strategy for potent treatment of leukemia.

© 2023 Elsevier Ltd. All rights reserved.

Introduction

Ligand-targeted cancer nanotherapeutics that can selectively
bind to receptors or antigens overexpressed on tumor cells have
rapidly grown as a promising strategy to overcome limitations of
traditional chemotherapy and to revolutionize cancer treatment
[1-4]. However, unlike antibody-drug conjugates (ADCs) with high
specificity [5,6], ligands of most targeted systems are less specific,
which may compromise the safety and efficacy of chemotherapy. In
this case, delivery of a more specific drug, such as molecular targeted
drugs, is anticipated to augment tumor selectivity and avoid
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detrimental effects to normal tissues via cascade targeting [7]. In
addition, the development of targeted therapeutics for some tumor
types is largely restricted by the lack of suitable antigens, leading to
poor therapeutic outcomes.

Acute myeloid leukemia (AML), as one of the most common
malignancies lacking mature antigens, bears a 5-year survival rate as
low as 27 % [8,9]. Due to the limited development of targeted ther-
apeutics, for instance, antibodies and chimeric antigen receptor T
cell (CAR-T) therapy which are well established for other malig-
nancies, daunorubicin + cytarabine (7 + 3) chemotherapy has been
the standard care for AML patients in recent four decades [10-12].
The response rate though was high for newly diagnosed patients,
intolerance and drug resistance generally emerged for most patients,
resulting in high rate of relapse and mortality [13,14]. With the
discovery of small molecular targeted drugs that possessing higher
specificity and lower toxicity, the treatment landscape and outcome
have been improved for many malignancies including AML [15-18].
For example, polo-like kinase 1 (PLK1) inhibitor volasertib (Vol),
which targets to PLK1 oncogene overexpressed in AML and many
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other malignancies, has been recognized as a breakthrough therapy
for AML by FDA as a result of its good clinical effect [19-21]. Despite
this, Vol is typically perplexed with fast clearance in vivo, low tumor
enrichment, dose-limiting toxicity and susceptibility to drug re-
sistance, impeding its clinical utility and efficacy.

Targeted delivery of Vol may elegantly overcome its imperfec-
tions and increase its specificity, boosting the efficacy on one hand
and reducing dosage as well as toxic effects on the other hand. This
is, however, critically challenged in AML treatment by the lack of
mature and effective targetable antigens [22-24]. CD38, a clinically
validated target for multiple myeloma [25,26], has recently gained
increasing attention in developing targeted strategies for AML, as
evidenced by the undergoing clinical trials of CD38-targeting anti-
bodies, ADCs and CAR-T in treating AML [27-29]. It should be noted,
however, that CD38 though expressed on most AML blasts is in
general with low and heterogeneous levels and not conducive to
targeted treatment [30,31]. All-trans retinoic acid (ATRA) is recently
shown to upregulate CD38 levels on multiple myeloma and AML
cells, which can somehow augment the efficacy of CD38-targeting
daratumumab [32,33].

Herein, we report on a potent anti-AML cascade targeting
strategy via exogenous ATRA stimulation and daratumumab-poly-
mersomes mediated CD38-targeted delivery of volasertib
(ATRA + DPVol) (Fig. 1a). DPVol with disulfide-crosslinking in the
hydrophobic polymersomal membrane and tunable Dar density on
the surface not only possessed high stability but also showed fast Vol
release in a reductive condition mimicking the cytosol. Interestingly,
exogenous ATRA stimulation upregulated the CD38 level on both
AML cell lines and primary AML cells isolated from patients by up to
20-fold, consequently boosted the cellular uptake and anti-AML ef-
fect of CD38-targeting DPVol. In orthotopic MV-4-11 and Molm-13-
Luc AML bearing mice, ATRA + DPVol combination treatment dis-
played good safety, potent inhibition of AML cells, and exceptional
survival benefit compared to DPVol and all the other control groups.

Results and discussion

DPVol was fabricated via co-assembly of poly(ethylene glycol)-b-
poly(trimethylene carbonate-co-dithiolane trimethylene carbonate)-
poly(aspartic acid) (PEG-P(TMC-DTC)-KD,,) and N3-PEG-P(TMC-DTC)
block copolymers at a weight ratio of 98:2 with synchronized Vol
encapsulation and disulfide-crosslinking to form N3PVol, and sub-
sequent click reaction with dibenzocyclooctyne-functionalized dar-
atumumab (Dar-DBCO) (Fig. S1). PEG-P(TMC-DTC)-KD,, (n =5, 10, 15,
5.0-(15.1-2.0)-0.7/1.3/1.9 kg/mol) and N3-PEG-P(TMC-DTC) (7.9-
(15.1-2.0) kg/mol, My,/M,: 1.1) copolymers were synthesized ac-
cording to our previous reports [34,35]. The longer PEG chain in N3-
PEG-P(TMC-DTC) polymer can be beneficial to the surface exposure
of N3 groups and post-modification with Dar. In light of the elec-
trostatic interaction mediated Vol encapsulation, the effect of as-
partic acid length of PEG-P(TMC-DTC)-KD,, on Vol loading was firstly
studied at a theoretical drug loading content (DLC) of 10 wt%. It was
found that with an increase of KD, length (n from 5 to 10 and 15),
N3PVol exhibited increasing Vol loading from 6.5 to 6.9 wt%, while
similar sizes (~26 nm) and PDI (~0.1) (Table S1). In addition, with
an increase of the theoretical DLC from 0 to 30 wt%, N;PVol based on
PEG-P(TMC-DTC)-KD15 polymer showed incremental sizes from 25.8
to 30.5nm and increased Vol loading with a maximum DLC of
25.7 wt% (Table S2 and Fig. S2a). The highest drug loading efficiency
(DLE, 84.2 %) was observed at the theoretical DLC of 20 wt%, which
showed a spherical vesicular structure (Fig. S2b). All N3PVol main-
tained narrow size distribution (PDI: 0.08-0.10) and slightly negative
zeta potential (- 2.5 to - 5.8 mV). N3PVol had much smaller size than
previously reported Vol nano-formulations but with higher Vol
loading [36-38]. Hereinafter, NsPVol prepared from PEG-P(TMC-
DTC)-KD15 and N3-PEG-P(TMC-DTC) copolymers at a theoretical DLC
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of 20wt% was concentrated to a polymersome concentration of
20 mg/mL for constructing DPVol. The concentrated NsPVol with a
size of ~28.0 nm and PDI of ~0.12 was stable during 120 days sto-
rage at 4 °C, showing negligible size change and less than 2.5 % Vol
leakage (Fig. 1b).

To click Dar onto the surface of N3PVol, Dar-DBCO with an
average of 2.8 DBCO groups on each Dar was prepared via reaction of
Dar with NHS-OEG4-DBCO at a molar ratio of 1:3 (Fig. S2c). Via
tuning the Dar-DBCO/N3 molar ratio from 0.25:1, 0.5:1, 1:1, to 2:1,
D4PVol with an average of 0.6, 1.3, 2.5 to 3.0 Dar on each polymer-
some was obtained, respectively, as calculated based on the mole-
cular weight of N5P (4.11 x 10° g/mol) determined by static light
scattering (SLS, Table 1 and Fig. S2d). Regardless of Dar densities,
D4PVol all displayed a small size (28.0-30.5 nm) and narrow size
distribution (PDI: 0.11-0.12) (Fig. 1c). Moreover, after incubation
with APC anti-human IgG Fc antibody, DPVol emitted strong fluor-
escence at 660 nm while N5PVol not, supporting the successful Dar
conjugation for DPVol (Fig. S2e). DPVol possessed high stability
against extensive dilution or incubation with 10% FBS (Fig. S2f),
showed only 8.8% of Vol release within 24h in a non-reductive
condition while released over 72.5% in 12 h under the trigger of
10 mM GSH (Fig. 1d).

One major hurdle for effective AML therapy lies in the lack of
specific and mature targets [39,40]. CD38 is overexpressed in a
majority of AML patients, but with highly heterogeneous expression
levels [30], hindering the development and application of CD38-
targeted anti-AML therapy. ATRA was previously reported to be a
potential inducer to enhance CD38 expression on AML cells,
boosting the cytotoxic effect of anti-CD38 CAR-T in vitro [41]. Herein,
CD38 expression levels of MV-4-11 and Molm-13-Luc AML cell lines
as well as that after ATRA stimulation were measured via flow cy-
tometry. As shown in Fig. 2a, MV-4-11 and Molm-13-Luc AML cells
both showed relatively low CD38 expression, which was however
sharply upregulated by 20 and 17-fold after ATRA stimulation, re-
spectively. Of note, ATRA stimulation only slightly increased the
CD38 expression of T cells isolated from normal human donors (Fig.
S3). Consequently, the cellular uptake of DPCy5 with different Dar
densities in ATRA-stimulated MV-4-11 and Molm-13-Luc cells was
enhanced compared to either PCy5 or DPCy5 in original cells.
D, sPCy5 with the best targetability showed 4.5 and 3.9-fold higher
cellular uptake than PCy5 in ATRA stimulated MV-4-11 and Molm-
13-Luc cells, respectively (Fig. 2b). In addition, 4-fold higher cellular
uptake of D, sPCy5 was also observed in ATRA stimulated MV-4-11
cells in comparison to that without ATRA treatment. However, in
original MV-4-11 and Molm-13-Luc cells, negligible cellular uptake
increase was observed for D, sPCy5 compared to PCy5. Confocal laser
scanning microscopy (CLSM) images further revealed that ATRA
stimulation boosted the cellular uptake of D, sPCy5 in MV-4-11 and
Molm-13-Luc cells, showing stronger intracellular Cy5 fluorescence,
while without influence for PCy5 (Fig. 2¢,d and Fig. S4). Further-
more, ATRA-stimulated CD38 upregulation was also detected in
primary AML cells (P1 and P2) that isolated from fresh bone marrow
aspirates of two patients diagnosed with AML (Fig. 2e). P1 with
endogenous lower CD38 expression exhibited 6.2-fold enhancement
in CD38 level upon ATRA treatment, and P2 with 3.6-fold higher
CD38 expression than P1 also displayed 2.5-fold CD38 upregulation.
Accordingly, ATRA stimulation enhanced the cellular uptake of
D, sPCy5 in P1 and P2 as well, resulting in 5.0-5.7-fold higher cel-
lular interaction than non-targeted PCy5 (Fig. 2f).

In line with cellular uptake studies, ATRA stimulation also
boosted the in vitro anti-AML activity of DPVol with different Dar
surface densities in MV-4-11 and Molm-13-Luc cells. Thereinto,
D, sPVol was most potent in ATRA stimulated MV-4-11 cells with a
half-maximal inhibitory concentration (ICsq) of 16.3 nM, which was
3.9 and 4.9-fold lower than PVol (ICso: 64.3 nM) and free Vol (ICsq:
80.5 nM), respectively (Fig. 2g). Similarly, in ATRA-stimulated Molm-
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Fig. 1. The combination strategy for cascade targeted molecular therapy of leukemia and characterizations of DPVol. (a) Schematic showing the combination of exogenous ATRA
stimulation with daratumumab directed polymersomal volasertib (DPVol) nanodrug for CD38 and PLK1 cascade targeted therapy of AML. (b) Long-term stability of azide-
functionalized polymersomal volasertib (N3PVol) during 120 days storage at 4 °C. (d) Size distribution of DPVol with different daratumumab densities. (e) In vitro Vol release of

D, sPVol either with or without GSH at pH 7.4.

Table 1
Characterization of DPVol with different Dar surface densities.
Polymersomes  Feed molar ratio Size PDI*  Number of Dar per
Dar-DBCO:N3 (nm)? PVol®
DosPVol 0.25:1 28.0 0.12 0.6 + 0.1
Dy5PVol 0.5:1 292 011 1301
D..sPVol 1:1 303 011 25+03
Ds.oPVol 2:1 30.5 012 3.0%02

2 determined by DLS
b determined by HPLC.

13-Luc cells, D, sPVol was also 2.3 and 3.0-fold more potent com-
pared to PVol and free Vol (ICsq: 47.0 versus 109.4 and 141.4 nM),
respectively (Fig. 2h). In contrast, for original MV-4-11 and Molm-
13-Luc cells without ATRA stimulation, D, sPVol exhibited compar-
able anti-AML effect to non-targeted PVol and showed a 3.9 and 2.1-
fold higher ICso than D,sPVol in corresponding ATRA stimulated
cells (Fig. 2i,j). Notably, D, sPVol, hereinafter referred to as DPVol
and PVol caused negligible toxicity against normal L929 fibroblast

cells even at a Vol concentration up to 485 nM (Fig. S5a), likely due
to the inefficient cellular uptake and low PLK1 level in L929 cells.
More importantly, ATRA and blank polymersomes were non-toxic
toward MV-4-11 and/or Molm-13-Luc cells at 5 pM ATRA (Fig. S5b)
and a polymersome concentration of 100 pg/mL (Fig. S5c,d).

Vol is known to specifically inhibit PLK1, inducing cell cycle
arrest at G2/M phase and cell apoptosis [36,42,43]|. MV-4-11 cells
were herein utilized to study the effect of DPVol in combination
with ATRA (ATRA +DPVol) on PLK1 protein regulation, cell cycle
arrest and apoptosis. Western blot results (Fig. 3a,b) showed that
ATRA + DPVol combination treatment significantly down-regulated
PLK1 protein by 75 %, which was in sharp contrast to DPVol, PVol,
free Vol and ATRA + PVol groups that showing slight effect on PLK1
protein. Consistently, ATRA+DPVol combination treatment in-
creased arrest of cell cycle at G2/M phase from 10.2 % of PBS group
to 63.4%, which was ca. 2-fold higher than ATRA +PVol (32.4%)
(Fig. 3¢,d). However, DPVol itself similar as PVol and free Vol, only
induced 35.1 % of G2/M phase cell arrest. In addition, ATRA + DPVol
effectively promoted the apoptosis of MV-4-11 cells at 32.3 nM Vol,
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Fig. 2. ATRA-mediated CD38 upregulation enhanced AML-targeting and potency of DPVol. (a) CD38 expression levels of MV-4-11 and Molm-13-Luc cells before and after ATRA
stimulation. (b) Flow cytometry analysis showing the cellular uptake of DPCy5 and PCy5 in MV-4-11 and Molm-13-Luc cells either with or without ATRA stimulation. CLSM images
of (c) MV-4-11 and (d) Molm-13-Luc cells with or without ATRA stimulation following 4 h incubation with D, 5PCy5 (scale bars: 25 um). (e) CD38 levels of primary AML cells
isolated from patient samples either with or without ATRA stimulation. (f) Cellular uptake of D, sPCy5 and PCy5 in primary AML cells and that pretreated with ATRA. The potency
of DPVol against ATRA-stimulated (g) MV-4-11 and (h) Molm-13-Luc cells, as well as original (i) MV-4-11 and (j) Molm-13-Luc cells. Free Vol and PVol were used as controls.

showing a total apoptosis rate of 45.4 %, over 3-fold higher than
DPVol, ATRA +PVol and PVol (11.6-14.9 %) (Fig. 3d). Importantly,
ATRA itself did not cause cell apoptosis. Similarly, increased
apoptosis of primary AML cells was also observed for ATRA + DPVol
treated cells in comparison to that treated with DPVol or ATRA +
PVol (Fig. 3e). Taken together, these results confirmed that ATRA
stimulation upregulated CD38 levels on AML cells, hence boosted
the cellular uptake of DPVol, inhibited PLK1 protein, increased G2/

M phase cell cycle arrest and cell apoptosis, resulting in sig-
nificantly enhanced anti-AML activity in vitro.

In vivo acute toxicity tests revealed that DPVol was well tolerated
in Kunming mice at a Vol dosage of 9, 27 and 45 mg/kg, wherein,
mice constantly gained weight and all survived during the 14-day
observation period (Fig. S6a,b). At an even higher Vol dosage of
54 mg/kg, mice though suffered weight loss on day 3 post admin-
istration, recovered gradually from day 8, showing a survival rate of
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Fig. 3. In vitro PLK1 inhibition, cell cycle arrest and proapoptotic ability of ATRA + DPVol. (a) Western blot and (b) semi-quantification analysis of PLK1 protein in MV-4-11 cells
treated with different formulations (n=3, *p < 0.05, ***p < 0.001). (c) Cell cycle analysis of MV-4-11 cells following different treatments and (d) quantitative data of c. Cell
apoptosis analysis of (e) MV-4-11 cells and (f) primary AML cells isolated from bone marrow samples of patient with different treatments.

83.3 % and similar blood routine parameters to the healthy mice (Fig.
S6¢). To investigate the anti-AML activity of DPVol in combination
with ATRA in vivo, orthotopic MV-4-11 AML model was firstly es-
tablished by direct injection of MV-4-11 cells into B-NDG mice
through tail vein [44,45]. Three days later, treatment was initiated
with intravenous injection of different Vol formulations at 9 mg Vol
equiv./kg every three days for four times (Fig. 4a). For the combi-
nation groups, ATRA (10 mg/kg) was intraperitoneally injected daily
for two days prior to each administration. On day 25 post inocula-
tion, MV-4-11 cells disseminated and infiltrated to the liver, spleen,
bone marrow and peripheral blood of PBS treated mice, showing a
leukemia burden of 45.0%, 19.0%, 16.7% and 12.4%, respectively
(Fig. 4b,c), and symptoms of weight loss, slow-motion, and hind
limb paralysis etc., which is consistent with previous report [46].
Notably, ATRA +DPVol combination strategy dramatically depleted
the leukemia cells and completely inhibited leukemia infiltration in
different organs. However, ATRA +free Vol and ATRA +PVol treat-
ments only slightly retarded the leukemia progression and remained
with obvious leukemia infiltration in liver, spleen, bone marrow and
peripheral blood, which was significantly higher than that in
ATRA+DPVol group. Accordingly, ATRA+DPVol combination

regimen exceptionally extended the survival of mice with orthotopic
MV-4-11 AML model, showing a median survival time (MST: 140
days) of 5.2, 4.4 and 3.3-fold longer than PBS (27 days), ATRA + free
Vol (32 days) and ATRA+PVol (43 days) groups, respectively
(Fig. 4d). Moreover, 40 % of mice receiving ATRA + DPVol treatment
were cured and still alive at 170 days. In comparison, DPVol alone
only slightly prolonged the MST of mice to 46 days, which was
comparable to that of ATRA + PVol, evidencing that ATRA stimulation
can substantially improve the CD38-targeted anti-AML effect of
DPVol. Of note, all regimens were well tolerated with no significant
side effects (Fig. 4e).

Hematoxylin and eosin (H&E) stained images further presented
solid evidence, wherein, ATRA + DPVol treated mice showed no ob-
vious leukemia infiltration in different organs and hind limbs with
normal histomorphology (Fig. 5a and Fig. S7). However, visible leu-
kemia cells were observed in the spleen and bone marrow of mice
following treatment with PBS, ATRA +free Vol or ATRA +PVol. The
infiltration and proliferation of leukemia cells inside bone marrow is
known to impair hematopoiesis and cause bone marrow failure, a
common sign for AML patients [47-49]. As shown in the H&E stained
images of hind limbs (Fig. 5a), PBS, ATRA +free Vol and ATRA +PVol
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Fig. 4. In vivo therapeutic efficacy of DPVol in combination with ATRA (ATRA +DPVol) in orthotopic MV-4-11 AML model. PBS, ATRA + free Vol, ATRA +PVol and DPVol were
utilized as controls. (a) Schematic illustration of the treatment schedule for orthotopic MV-4-11 model. (b) Representative scattered flow cytometry pattern and (c) quantitative
analysis of infiltration of MV-4-11 cells in liver, spleen, bone marrow (BM) and peripheral blood (PB) on day 25 after tumor inoculation. (n=3, **p < 0.01, ***p < 0.001). (d)
Survival and (e) body weight changes of mice in different treatment groups (n=5, ATRA + DPVol versus all control groups, ***p < 0.001).

treated mice suffered significant loss of hematopoietic cells in the
bone marrow cavity, which was completely relieved after treatment
with ATRA + DPVol. In addition to impaired hematopoiesis, osteolysis
represents another common consequence of tumor invasion into the
bone [50-52|. We therefore further analyzed the structure of femur
and tibia collected from mice in different groups using micro-com-
puter tomography (micro-CT). The images revealed severe osteolytic
bone destruction and loss of trabecular bone for PBS treated mice,
while ATRA + DPVol treatment alleviated such symptoms to the lar-
gest extent and showed normal bone structure (Fig. 5b).

In order to further verify the anti-AML effect of ATRA +DPVol
combination regimen, orthotopic Molm-13-Luc AML model was
constructed similarly via tail vein injection of Molm-13-Luc cells into
B-NDG mice (Fig. 5¢). Treatment was also initiated on day 3 post

model establishment, wherein, PBS, ATRA + PVol and ATRA + DPVol
were administrated in the same way as MV-4-11 AML model. PBS
treated mice developed symptoms on day 17 as a result of the rapid
proliferation of Molm-13-Luc cells in vivo, displaying weight loss,
hind leg paralysis and a MST of only 21 days (Fig. 5d). The survival
benefit of ATRA +PVol was limited with all mice died in 27 days. In
sharp contrast, ATRA + DPVol essentially suppressed the leukemia
progression and significantly prolonged the mice survival with 20 %
remained alive after 100 days (Fig. 5e). Moreover, ATRA + DPVol re-
gimen caused negligible weight loss of mice (Fig. 5f). To sum up,
ATRA stimulation largely upregulated the CD38 level of AML cells,
thus boosted CD38-targeted delivery of PLK1 targeted drugs by
DPVol, leading to potent cascade targeted anti-AML therapy and
exceptional survival benefit.
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Fig. 5. Anti-AML effect of ATRA + DPVol in vivo. Representative H&E stained images of (a) spleen and (b) hind limbs, as well as (c) micro-CT images of femur and tibia isolated from
orthotopic MV-4-11 AML bearing mice following different treatments. (d) Schematic illustration of the treatment and monitoring schedule for orthotopic Molm-13-Luc AML
model. (e) Survival curves and (f) body weight changes of orthotopic Molm-13-Luc AML bearing mice following treatment with ATRA +DPVol, ATRA +PVol and PBS (n=5,

**p < 0.001).
Conclusion
In summary, we have demonstrated that exogenous ATRA sti-

mulation created a valuable target for AML cells and enabled CD38-
targeted delivery of molecular targeted drug, volasertib, via

daratumumab polymersomes (DPVol), leading to potent leukemia
depletion in orthotopic AML models with endogenous low CD38
expression. The combination of ATRA with DPVol not only provided
exceptional survival benefit but also improved systemic safety via
cascade targeting. This represents the first report on exogenous
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stimulation boosting targeted delivery of molecular targeted drugs
for leukemia treatment, which may offer an effective and unique
targeted regimen for AML patients.
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