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A B S T R A C T

Multiple myeloma (MM) is a malignant blood cancer homing in bone marrow that is particularly hard to treat.
The effective treatment for MM shall be not only MM-selective but also capable of homing to bone marrow.
Herein, we report on hyaluronic acid-directed reduction-responsive chimaeric polymersomes encapsulating a
key player in the NK cells, granzyme B (HA-RCP-GrB) as an artificial killer cell for targeted protein therapy of
MM. Interestingly, HA-RCP-GrB displayed high MM-targetability and anti-MM activity with a remarkably low
IC50 of 8.1 nM toward CD44 overexpressing LP1 human MM cells. The in vivo biodistribution studies using Cy5-
labeled cytochrome C as a model protein demonstrated significantly enhanced accumulation of HA-RCP in the
subcutaneous LP1 tumor as well as in the bone marrow of orthotopic LP1 MM model compared with the non-
targeted RCP counterparts, confirming that HA-RCP possesses MM-selectivity and is able to deliver proteins to
the bone marrow. In accordance, HA-RCP-GrB exerted significantly better suppression of subcutaneous LP1
tumor than the non-targeted RCP-GrB. More interestingly, in the orthotopic LP1 MM-bearing mice, HA-RCP-GrB
led to significant survival benefits and less body weight loss over PBS and RCP-GrB. μCT analyses, H&E and
TRAP staining revealed that mice treated with HA-RCP-GrB had greatly reduced osteolysis and proliferation of
atypical plasma cells in the bone marrow. HA-RCP-GrB has emerged as a novel and effective treatment for
multiple myeloma.

1. Introduction

Multiple myeloma (MM) is a malignant plasma cell cancer homing
in bone marrow [1,2]. MM causes high levels of monoclonal im-
munoglobulin (M-protein) in serum, and significant end-organ damage
mainly including osteolysis, and renal failure. Unlike solid tumors, MM
has limited treatment options due to the complex heterogeneous milieu
in the bone marrow niche. The frequently used clinical regimens in-
corporating bortezomib, thalidomide, and/or lenalidomide for newly
diagnosed MM patients, have been perplexed for a long time by off-
target adverse effects, high relapse and drug-resistance [3]. In the past
years, targeted drug delivery systems based on alendronate-PEG-poly
(D,L-lactic-co-glycolic acid) (PLGA) nanoparticles, transferrin and
alendronate-modified liposomes, anti-CD38 decorated ionic crosslinked
chitosan nanoparticles, as well as alendronate-platelet membrane-
coated acid-responsive polymeric nanocarriers have been reported to

effectively decrease non-specific drug distribution and improve anti-
MM activities to varying degrees [4–8].

Unlike cytotoxic chemotherapeutics, therapeutic proteins that act
extracellularly or intracellularly represent a more safe, specific and
efficient drug [9–12]. In late 2015, extracellular protein drugs including
elotuzumab (a humanized monoclonal antibody against CD319 on the
surface of both MM cells and NK cells) [13,14] and daratumumab (a
human IgG monoclonal antibody binding to CD38 on the surface of MM
cells) [15–17] got accelerated approval from US Food and Drug Ad-
ministration for treating recrudescent and refractory MM due to their
favorable safety and efficacy in MM patients, greatly advancing MM
therapy. These immunostimulatory monoclonal antibodies invoke im-
mune cells including NK cells, macrophages to induce MM cells'
apoptosis. The intracellular therapeutic proteins such as granzyme B
and cytochrome C, which directly induce the apoptosis of tumor cells,
however, have limited progress due to the lack of appropriate
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nanovehicles that can selectively deliver them into the target cells in
vivo [18–25]. We recently found that peptide-functionalized chimaeric
polymersomes made of poly(ethylene glycol)-b-poly(trimethylene car-
bonate-co-dithiolane trimethylene carbonate)-b- polyethylenimine
(PEG-P(TMC-DTC)-PEI) can efficiently load and deliver saporin, a
protein toxin, and granzyme B (GrB), a key player in NK cells, to solid
tumors like glioblastoma [26,27] and lung tumor [28]. Notably, there is
no report on targeted systems with intracellular therapeutic proteins for
treatment of MM.

Here, we have designed CD44-targeted chimaeric polymersomes
encapsulating GrB as an artificial killer cell for potent protein therapy
of subcutaneous and orthotopic human MM in vivo (Scheme 1). We have
employed spermine (SP), a small natural polyamine involved in the
eukaryotic metabolism [29], to replace PEI that might be associated
with potential toxicity concerns. To target MM cells, polymersomes are
functionalized with hyaluronic acid (HA), a natural polysaccharide
with a high affinity to CD44 [30–37]. The myeloma samples from a
significant percentage of MM patients have shown a high expression of
CD44 [38,39]. Our results reveal that HA-functionalized reduction-re-
sponsive chimaeric polymersomes mediate efficient delivery of GrB to
LP1 human MM cells in vitro and in vivo, greatly improving MM in-
hibition and reducing atypical malignant plasma cells and osteoporosis
of LP1 xenografted mice.

2. Experimental methods

2.1. Protein loading and release study of polymersomes

Proteins were loaded into polymersomes by dropwise addition of

50 μL DMSO containing PEG-P(TMC-DTC)-SP and Mal-PEG-P(TMC-
DTC) (molar ratios = 100/0, 90/10, 80/20 or 70/30) at 10 mg/mL to
HEPES buffer (pH 7.4, 5 mM, 950 μL) comprising granzyme B (GrB,
5 μg) or FITC-labeled cytochrome C (FITC-CC, 5–56 μg) under stirring.
Then the polymersomes were dialyzed (MWCO 300 kDa) in PB (pH 7.4,
10 mM) for 8 h with 4 times exchange of medium. HA-SH post-ligation
was performed by treating protein-loaded polymersomes with HA-SH
(SH/MAL molar ratio: 4/1) under a nitrogen atmosphere for 24 h under
stirring at 200 rpm followed with ultrafiltration (100 kDa, 1000 rpm,
10 min). FITC-CC and GrB loaded polymersomes with HA density of
10% were denoted as HA10-RCP-FITC-CC and HA10-RCP-GrB, respec-
tively. FITC-CC loading was quantified using fluorescence spectro-
photometry after addition of 3-fold DMF containing 10 mM DTT.
Protein loading content (PLC) and loading efficiency (PLE) were de-
termined using following formula:

=

×

PLC (wt%)

weight of loaded protein/total weight of polymer and loaded 

protein 100.

= ×PLE (%) weight of loaded protein/weight of protein in feed 100.

The in vitro protein release was studied taking FITC-CC as a model
protein. 0.6 mL HA10-RCP-FITC-CC (0.1 mg/mL) was placed into dia-
lysis tube (Spectra/Pore, MWCO 350 kDa) which was immersed in
20 mL PB (pH 7.4, 10 mM) in the presence or absence of 10 mM DTT at
37 °C in a shaking bath. At predetermined time points, 6 mL release
medium was withdrawn and replenished with fresh medium. The pro-
teins released were quantified using fluorescence measurements

Scheme 1. Schematic description of the mechanism of HA-RCP-GrB as artificial killer cells in treating MM. (A) HA-RCP-GrB selectively binds to CD44 over-
expressing malignant plasma cells homing in the heterogeneous milieu (neutrophils, red cells, etc.) of bone marrow. (B) GrB is rapidly delivered into the tumor cells
with the aid of HA-RCP via CD44-mediated endocytosis and GSH-triggered release, and induces cell death via pathways of caspase activation and cytochrome C
release from mitochondria. (C) The inhibition of MM cells by the artificial killer cells (HA-RCP-GrB) breaks the vicious circle of the interdependence between MM
cells and osteoclasts, decreasing the osteoclasts and recovering the bone formation.
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(n = 3).

2.2. Measurement of CD44 expression levels

Hematological cancer cells including NALM-6, K562, MM1S, and
LP1 (5.0 × 105 cells) seeded in 6-well plate for 24 h were added with
PI-labeled CD44-antibody solution. After 30 min incubation at 4 °C, the
cells were washed PBS (×3), centrifuged (800 ×g, 5 min), and re-
suspended in 0.5 mL PBS before flow cytometric analysis. The levels of
CD44 expression on the cells were expressed as the mean fluorescence
intensity as compared to that of PBS treated cells, calculated using the
CellQuest software.

2.3. Cellular uptake and apoptosis assays by flow cytometry

Cy5 labeled cytochrome C (Cy5-CC) was adopted as a model protein
for cellular uptake study. The cells were seeded in a 6-well plate
(5 × 105 cells/well), and treated with Cy5-CC-loaded polymersomes at
varying HA density (RCP-Cy5-CC, HA10-RCP-Cy5-CC, HA20- RCP-Cy5-
CC, HA30-RCP-Cy5-CC) at 10 μg Cy5-CC/mL for 4 h incubation. The
cells were then digested, centrifuged, washed, suspended in 500 μL PBS,
and immediately subject to fluorescence histogram recording using a
flow cytometer (BD FACS Calibur) and analysis using Cell Quest
(10,000 gated events were analyzed to generate each histogram).

GrB was employed for apoptosis assays. The cells grown in 6-well
plates (5 × 105 cells/well) were incubated with GrB-loaded polymer-
somes (protein concentrations = 0.1 and 0.4 μg/mL) for 4 h incubation,
followed by culture in fresh cell media for another 68 h. 0.4 μg/mL free
GrB was used as a control. Annexin V-FITC and propidium iodide (PI)
staining were used to detect and quantify apoptosis via flow cytometry
as previously described [40].

2.4. Animal models

The mice were handled under protocols approved by Soochow
University Laboratory Animal Center and the Animal Care and Use
Committee of Soochow University. A subcutaneous human multiple
myeloma LP1 tumor model was established by subcutaneously im-
planting LP1 tumor blocks (2–3 mm3) into the female nude mice (~
6 weeks old). The treatment started when the tumor volume was
100 mm3. The in vivo imaging and biodistribution studies were con-
ducted when the tumor volume reached 150 mm3.

The orthotopic MM model was developed by i.v. injection of 0.2 mL
of LP1 cells (8 × 106 cells) in serum-free IMDM media into NOD/SCID
mice (female, ~ 6 weeks old) through the tail veins. Anti-MM treatment
was initiated on day 10 post LP1 cell injection. The ex vivo imaging was
performed on day 14 post LP1 cell injection.

2.5. Ex vivo imaging and biodistribution studies

Ex vivo fluorescence imaging was carried out in both subcutaneous
and systemic MM mice models. The mice were i.v. administered with a
single dose of Cy5-CC-loaded polymersomes (0.1 mg Cy5 equiv./kg) in
0.2 mL PBS. After 9 h, the mice were sacrificed. The tumor block (or
femurs and tibias) and major organs were collected, and imaged using
an in vivo fluorescence imaging system (IVIS, Lumina II; Caliper, MA).
The quantitative analysis of Cy5-CC distributed in the major organs of
systemic MM mice was conducted using the fluorescence intensities of
region-of-interests (ROI) via Living Image Software.

2.6. Antitumor efficacy in systemic MM mice models

On day 10 post-injection of LP1 cells, the NOD/SCID mice were
randomly grouped (n = 11) and administrated with HA-RCP-GrB, RCP-
GrB, or PBS, at a dose of 50 μg GrB equiv./kg. The day of i.v. injection
was designated day 0. The injection was on day 0, 3, 6, 9, 11, and 15.

Mice were weighed with the relative body weights normalized to their
initial weights every three days. On day 20, one mouse of each group
was sacrificed for histological analysis, three mice were used for the
bone histomorphometry using μCT and blood analysis, and the re-
maining mice were observed for survival. Mice either died or weighed
less than 75% of their initial weights was identified as dead during the
treatment.

2.7. Analyses of bone marrow in systemic MM mice models

On day 30 post-injection of LP1 cells, the femurs and tibias of the
mice were collected, and the bone marrow smears were aspirated using
a syringe, frozen and sectioned. Then the bone marrow sections were
subjected to TUNEL, Wright-Giemsa, and H&E staining according to the
manufacturer's protocols. For Wright-Giemsa staining, plasma cells in
MM often present large immature-appearing morphologies with pro-
minent nucleoli and high nuclear to cytoplasmic ratios, sometimes ac-
companied with multi-nucleation.

2.8. Ex vivo μCT analysis and bone histomorphometry

On day 30 post-injection of LP1 cells, the leg bones (femurs and
tibias) were dissected, fixed with 70% ethanol and analyzed on an in
vivo micro-computed tomography (μCT) imaging system (SkyScan
1176, Belgium) with an isotropic voxel size of 9 μm. The scanner was
set at an X-ray tube potential of 70 kVP, and an X-ray intensity of
0.145 mA. The resulting two-dimensional (2D) bone images or three-
dimensional (3D) bone images, as well as 3D μCT parameters including
bone mineral density (BMD), trabecular bone volume per tissue volume
(BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), and
trabecular seperation (Tb.Sp) were analyzed using system software.

For histological analyses, the femurs and the tibias were dissected,
fixed in 4% paraformaldehyde solution for 48 h, decalcified in 10%
ethylenediamine tetraacetic acid (EDTA) (pH 7.0) for 20 days and
embedded in paraffin. The bone tissues were sliced and then stained by
H&E and tartrate-resistant acid phosphatase (TRAP) according to the
manufacturer's protocols.

2.9. Statistics

Data are plotted as means± standard deviation. Statistical sig-
nificance was determined using one-way analysis of variance (ANOVA).
*p < .1, **p < .01, ***p < .001. Survival statistics were calculated
via the log-rank test.

3. Results and discussion

3.1. Engineering and characterization of HA-RCP and HA-RCP-GrB

HA-coated reduction-sensitive chimaeric polymersomes (HA-RCP)
were prepared by self-assembly and self-crosslinking of PEG-P(TMC-
DTC)-SP triblock polymer (5.0–15.0-2.2-0.2 kg mol−1) and maleimido
(MAL) decorated PEG-P(TMC-DTC) diblock polymer (7.5–15.2-
2.3 kg mol−1), followed by post conjugation with thiol-terminated HA
(HA-SH) (Fig. 1A). PEG-P(TMC-DTC)-SP was obtained from PEG-P
(TMC-DTC) [41] via the activation of terminal hydroxyl group and
subsequent reaction with SP (Fig. S1A). HA-SH was synthesized via
reductive amination with cystamine·2HCl, followed by treatment with
D, L-dithiothreitol (DTT) (Fig. S1B). For biomacromolecular ligands like
antibody and polysaccharide, post-ligation is mostly adopted [42,43].
We prepared polymersomes with varying MAL-PEG-P(TMC-DTC) molar
contents from 0 to 40%. The dynamic light scattering (DLS) results
revealed that polymersomes with MAL functionality of 0–30 mol% had
similar size of ~94 nm and neutral surface charge (−1.2 ~ −0.1 mV).
The size leaped to 105 nm when MAL functionality reached 40% (Fig.
S3A). PEG-P(TMC-DTC)-SP would thermodynamically favor formation
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of chimaeric polymersomes with short SP in the core and long PEG on
the surface, as demonstrated experimentally and theoretically for
asymmetric block copolymers [44–46]. The high protein loading con-
tent and efficiency of HA-RCP (see below) confirms that SP locates in
the core, as polymersomes made of PEG-P(TMC-DTC) without SP pre-
sented minimal protein loading content and efficiency. The post mod-
ification of MAL-functionalized polymersomes with HA-SH produced
HA-RCP whose size increased from 93, 94 to 96 nm and surface charges
increased from −3.8, −5.6 to −8.1 mV with increasing HA contents
from 10, 20 to 30 mol% (Fig. 1B). The transmission electron microscopy
(TEM) images of polymersomes with 30 mol% HA (referred to as HA30-
RCP) demonstrated a hollow spherical nano-structure and uniform size
of ca. 90 nm, comparable to the DLS results (Fig. 1C). As revealed by
DLS, HA-RCP was stable in PBS for 24 h and against 100-fold dilution
(Fig. S3B). However, when treated with 10 mM glutathione (GSH), the
size increased to about 500 nm.

We could easily load proteins including cytochrome C (CC) and
granzyme B (GrB) to polymersomes using the same procedure but with
proteins in the aqueous media during the self-assembly. High effi-
ciencies of 85–100% were achieved for FITC-labeled cytochrome C
(FITC-CC) at theoretical loading contents (TLC) of 1–10 wt% (Table S1),
probably due to the electrostatic interaction and hydrogen bonding of

proteins with spermine in the vesicular interior. Due to its high potency,
GrB was loaded at a TLC of 1 wt%, which gave quantitative loading.
Notably, all protein-loaded HA-RCP displayed similar sizes and zeta
potentials (Fig. 1D), indicating loading of protein has little influence on
their biophysical properties. Considering its similar isoelectric point to
GrB, good availability and low potency, CC labeled with FITC or Cy5
were employed as model proteins for protein release study, cell ex-
periments and in vivo pharmacokinetics and biodistribution studies,
respectively. The in vitro protein release studies showed an inhibited
release of FITC-CC (~ 14% in 24 h) under physiological condition,
while> 80% protein was released in 24 h under 10 mM DTT condition
for both HA-RCP and RCP (Fig. 1E), suggesting fast reduction-re-
sponsivity.

3.2. In vitro biocompatibility, MM targeting, and anti-MM capacity of HA-
RCLP-GrB

The adhesion of MM cells to the bone marrow is mediated by several
adhesion molecules including CD44, very late antigen 4 (VLA4), VLA5,
and syndecan 1, which are considered potential targets in MM therapy
[47,48]. The expression of CD44 in various hematological tumor cells
was examined. Fig. 2A shows that LP1 MM cells had the highest CD44

Fig. 1. Schematic engineering and characterization of HA-RCP and protein-loaded HA-RCP. (A) Schematic illustration of HA-RCP-GrB formation. (B) Sizes and zeta
potentials of HA-RCP (n = 3). (C) Size distribution of HA-RCP determined by DLS and TEM. (D) Sizes and zeta potentials of protein-loaded HA30-RCP (n = 3). (E)
Cumulative FITC-CC release profiles of HA30-RCP-FITC-CC and RCP-FITC-CC with or without 10 mM DTT (n = 3). ***p < .001.
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expression [49]. As shown by MTT assays, the cells incubated with
drug-free polymersomes at HA densities ranging from 0% to 30% had
close to 100% viability (Fig. 2B), indicating that HA-RCP is non-toxic at
1 mg/mL polymersome. Of note, HA-RCP is made of HA, spermine, PEG
and polycarbonate, which are all biocompatible. We then explored the
targeting ability and cellular uptake of HA-RCP via flow cytometry
using Cy5-labeled CC (Cy5-CC) as a model protein. LP1 cells after 3 h
incubation with HA-RCP displayed 2.0–3.6-fold better cellular uptake
than those with RCP (Fig. 2C), substantiating targeting ability of HA-
RCP to LP1 cells. Notably, the most efficient cellular internalization was
observed for HA-RCP with an HA density of 30%, which was used for
further in vitro studies if not stated otherwise.

To investigate the antitumor activities of GrB-loaded HA-RCP (HA-
RCP-GrB), apoptosis assays using the annexin-V/propidium iodide
double staining and MTT assays were performed. LP1 cells were in-
cubated for 4 h with free GrB, RCP-GrB, and HA-RCP-GrB, respectively,
and further 68 h incubation in fresh media. GrB is a highly potent pro-
apoptotic enzyme originated from cytotoxic T lymphocytes (CTLs) and
NK cells. The apoptotic activity of GrB, however, highly depends on
perforin-mediated delivery into the target cells [50,51]. As predicted,

free GrB induced very low apoptosis rate (9.6%) of LP1 cells at 0.4 μg/
mL (Fig. 2D). In contrast, apoptotic rates of 26.1% and 33.4% were
found in the cells treated with RCP-GrB and HA30-RCP-GrB, respec-
tively, at a concentration of 0.1 μg/mL (Fig. 2D & S4). At a GrB con-
centration of 0.4 μg/mL, HA-RCP-GrB boosted total apoptotic rates to
71.6%, significantly higher than RCP-GrB (40.1%) and free GrB.
Moreover, HA-RCP-GrB induced a high late apoptosis of 36.9%. MTT
assays revealed that HA-RCP-GrB was highly potent against LP1 cells
with a low IC50 value of 8.1 nM (Fig. 2E), which is 2–3 magnitudes
lower than free doxorubicin in LP1 cells [49]. In addition, HA-RCP-GrB
was significantly more potent than RCP-GrB (IC50 value: 27.4 nM),
verifying the specificity of HA-RCP-GrB to LP1 cells.

3.3. In vivo studies of HA-RCP-GrB in subcutaneous LP1 tumor model

We firstly used subcutaneous LP1 tumor models to investigate the in
vivo behavior of HA-RCP. The in vivo imaging studies displayed that
HA30-RCP-Cy5-CC had the strongest Cy5 fluorescence at tumor site
(Fig. 3A), verifying the in vitro results that HA30-RCP has the best MM-
targetability. Hereafter, HA-RCP with 30% HA was chosen for further in

Fig. 2. In vitro biocompatibility, MM targeting, and anti-MM capacity of HA-RCP. (A) CD44 expression in hematological tumor cells as measured by flow cytometry
(n = 3). (B) Viabilities of LP1 cells incubated for 48 h with drug-free polymersomes at a concentration of 1 mg/mL (n = 4). (C) Cellular uptake of Cy5-CC-loaded HA-
RCP with different HA densities in LP1 cells following 3 h incubation via flow cytometry (10 μg Cy5-CC/mL). (D) HA-RCP-GrB and RCP-GrB induced apoptosis in LP1
cells at GrB concentrations of 0.1 (b, c) and 0.4 μg/mL (d, e) as measured by Annexin-V/PI flow cytometry. Free GrB (a) and PBS treated cells were used as controls.
(E) In vitro cytotoxicity of HA-RCP-GrB and RCP-GrB in LP1 cells (n = 4, **p < .01). For D and E, the cells were incubated with HA-RCP-GrB or RCP-GrB for 4 h and
then cultured with fresh media for another 68 h.
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vivo studies. The ex vivo fluorescence imaging of the major organs and
tumors excised at 9 h post administration confirmed a markedly en-
hanced Cy5 fluorescence in the tumor of mice treated with HA-RCP-
Cy5-CC compared to that with RCP-Cy5-CC (Fig. 3B). Moreover, HA-

RCP-Cy5-CC presented the strongest fluorescence in the tumor than in
all major organs like heart, liver, and spleen. The quantitative analyses
demonstrated that HA-RCP-Cy5-CC while significantly reduced hepatic
and splenic Cy5-CC uptake led to 2.5-fold higher tumor uptake of Cy5-

Fig. 3. In vivo studies of protein-loaded HA-RCP and RCP in subcutaneous LP1 tumor mice models. (A) In vivo fluorescence imaging of LP1 tumor-bearing mice
treated with HA-RCP-Cy5-CC with different HA densities and time points (6, 9, 12, 24 h) post-injection. (B) Ex vivo fluorescence imaging of organs and tumor excised
from LP1 tumor-bearing mice at 9 h post i.v. injection of HA-RCP-Cy5-CC and RCP-Cy5-CC. (C) Cy5-CC biodistribution quantified by fluorometry, and Cy5-CC uptake
was expressed as injected dose per gram of tissues (% ID g−1). n = 3. ***p < .001. (D) In vivo pharmacokinetics of Cy5-labeled HA-RCP and RCP measured by
fluorometry. n = 3. Tumor volume change (E), body weight change (F), and survival rates (G) of LP1 tumor-bearing mice receiving different treatments. Statistical
analysis in G: HA-RCP-GrB or RCP-GrB vs. PBS, **p < .01. The mice were intravenously injected at a 1.9 nmol GrB equiv./kg on day 0, 3, 6, and 9 (n = 5).
*p < .05, **p < .01. (H) TUNEL assays of LP1 tumors on day 24. Scale bar: 50 μm.
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CC than RCP-Cy5-CC (Fig. 3C). We further studied the pharmacoki-
netics of Cy5-labeled HA-RCP and RCP. Notably, both HA-RCP-Cy5 and
RCP-Cy5 showed a long circulation time with t1/2, β of about 5.0 h
(Fig. 3D).

We then carried out therapeutic studies in subcutaneous LP1 tumor
models using HA-RCP-GrB and RCP-GrB at a low dose of 1.9 nmol GrB
equiv./kg. Fig. 3E shows that HA-RCP-GrB effectively retarded tumor
growth. Importantly, no body weight loss or obvious pathological
change of the main organs were observed for both HA-RCP-GrB and
RCP-GrB-treated mice (Fig. 3F & S5), indicating excellent safety and
tolerance of HA-RCP-GrB and RCP-GrB. Accordingly, HA-RCP-GrB ex-
tended considerably the median survival time of mice compared with
RCP-GrB and PBS (40 days versus 32 and 18 days) (Fig. 3G). TUNEL
assays revealed that HA-RCP-GrB induced significantly more apoptosis
in tumor tissues than RCP-GrB (Fig. 3H).

3.4. In vivo studies of HA-RCP-GrB in orthotopic LP1 tumor model

We further studied the efficacy of HA-RCP-GrB using orthotopic LP1
tumor model in NOD/SCID mice. At day 30 after i.v. injection of LP1
cells (8 × 106), the mice displayed rear limb weakness or paralysis (Fig.
S6), which is similar to the clinical symptoms of MM patients, implying
the successful establishment of the orthotopic MM model. The ex vivo
fluorescence imaging of main organs excised from mice at 9 h post-
injection of HA-RCP-Cy5-CC displayed clearly the highest Cy5 fluores-
cence in the femur and tibia among all the organs (Fig. 4A). Moreover,
Cy5 fluorescence in the femur and tibia of mice treated with HA-RCP-
Cy5-CC was considerably higher than that with RCP-Cy5-CC. Fig. 4B
further shows that HA-RCP-Cy5-CC not only significantly enhanced
Cy5-CC accumulation in the femur and tibia but also greatly reduced
Cy5-CC concentration in the liver and kidney, suggesting that HA-RCP

Fig. 4. In vivo studies of HA-RCP in orthotopic LP1 tumor model. (A) Ex vivo fluorescence imaging of major organs of mice at 9 h post i.v. injection of HA-RCP-Cy5-CC
or RCP-Cy5-CC. (B) Quantitative fluorescence analysis of ex vivo imaging results. n = 3. ***p < .001. Survival rates (C) and body weight change (D) of systemic LP1
MM mice following the administration of HA-RCP-GrB, RCP-GrB or PBS. The mice were intravenously injected at a 1.9 nmol GrB equiv./kg on day 0, 3, 6, 9, 11, and
15. n = 7. Statistical analysis in C: HA-RCP-GrB vs. PBS, ***p < .001; RCP-GrB vs. PBS, **p < .01; HA-RCP-GrB vs. RCP-GrB, *p < .05. (E) TUNEL staining of bone
marrow aspirate for apoptotic detection in the bone marrow. Wright-Giemsa (F) and H&E (G) staining of bone marrow aspirate smear for myelogram analysis. Scale
bar: 20 μm.
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tends to accumulate in MM-residing bone cavity.
The treatment of orthotopic LP1 tumor-bearing mice was assessed

with HA-RCP-GrB at 1.9 nmol GrB equiv./kg. Fig. 4C shows that the
control group had a median survival time of 21 days while RCP-GrB and
HA-RCP-GrB groups achieved extended median survival times of 28 and
36 days, respectively. On day 20 post treatments, the symptom of

osteolysis was alleviated for mice treated with HA-RCP-GrB (Fig. S6).
TUNEL staining of bone marrow exhibited the highest apoptosis degree
of MM cells in HA-RCP-GrB group (Fig. 4E). Moreover, Wright-Giemsa
and H&E staining of the bone marrow aspirate smear showed sig-
nificantly decreased atypical plasma cells in HA-RCP-GrB group com-
pared with untreated mice and RCP-GrB group (Fig. 4F&G). These

Fig. 5. In vivo effects of HA-RCP-GrB and RCP-GrB on bones in systemic LP1 tumor mice models on day 30 post LP1 cell implantation. (A) Representative μCT images
of distal femurs and proximal tibias. (B) The second trabecular spongiosa for μCT analysis. Scale bar: 0.2 mm. (C) H&E staining of femurs and tibias of MM mice. Scale
bar: 0.5 mm. (D) Bone histomorphometric analyses of MMmice: bone mineral density (BMD), trabecular bone volume per tissue volume (BV/TV), trabecular number,
and trabecular separation as measured by μCT. (E) TRAP staining images of the leg bone tissues of the mice and semi-quantitative determination of osteoclast
numbers. TRAP+ osteoclasts: purple cells. Scar bar: 50 μm. n = 4. *p < .05, **p < .01, ***p < .001.
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results support that HA-RCP-GrB possesses excellent anti-MM perfor-
mance in vivo.

Malignant osteolysis and impaired bone formation are the most
important clinical hallmarks of MM development. To assess the extent
of lytic bone lesions in the orthotopic MM-bearing mice, we examined
the femurs and tibias of the mice on day 20 post treatments using mi-
crocomputer tomography (μCT). μCT images revealed that HA-RCP-GrB
induced clearly less bone loss and improved distribution of the mineral
contents in both femurs and tibias (Fig. 5A&B). Histological analyses
revealed substantially more regular trabecular bones in HA-RCP-GrB-
treated mice (Fig. 5C). The quantitative analyses showed that HA-RCP-
GrB group had the highest bone mineral density (BMD), greatest tra-
becular bone volume and number, and lowest trabecular separation of
both femurs and tibias (Fig. 5D), supporting that HA-RCP-GrB induces
the best anticancer efficacy and bone protection.

Osteolysis is resulted from the imbalance between the activities of
osteoblasts and osteoclasts in the bone marrow milieu. While in MM
model, the release of osteoclasts, cytokines and growth factors stimu-
lated by myeloma bone destruction would promote the proliferation,
survival, and migration of MM cells, thus resulting in a vicious circle of
the interdependence between MM cells and osteoclasts [52]. We per-
formed a tartrate-resistant acid phophatase (TRAP) assay to detect the
osteoclasts from different groups. Fig. 5E displays that HA-RCP-GrB
group presented less osteoclasts than RCP-GrB group (18.8 vs. 25.5 per
mm2) and far less than that PBS group (60.8 per mm2), confirming that
HA-RCP-GrB effectively inhibits osteoclast activation. Blood biochem-
istry examination and histological analyses revealed no difference in
blood routine parameters and no obvious abnormality in the main or-
gans among all three groups (Fig. S7A&C). However, HA-RCP-GrB and
RCP-GrB groups showed decreased AST/ALT ratios compared with PBS
group (Fig. S7B), verifying that HA-RCP-GrB and RCP-GrB effectively
relieved the hepatic impairment caused by MM.

4. Conclusion

We have demonstrated that hyaluronic acid-directed reduction-re-
sponsive chimaeric polymersomes encapsulating granzyme B (HA-RCP-
GrB) mediate targeted protein therapy for MM. This represents the first
report on development of targeted nano-vesicles for delivery of ther-
apeutic protein to orthotopic MM in vivo. HA-RCP-GrB has several
features such as easy fabrication, small size, high stability, CD44 tar-
getability, and reduction-triggered protein release, resulting in high
specificity and potent inhibition of both subcutaneous and orthotopic
LP1 MM tumor models in vivo at a remarkably low dosage of 1.9 nmol
GrB equiv./kg. HA-RCP-GrB has appeared to be an efficient artificial
killer cell for safe and highly specific treatment of CD44-positive MM.
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