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CD44-Specific A6 Short Peptide Boosts Targetability
and Anticancer Efficacy of Polymersomal Epirubicin
to Orthotopic Human Multiple Myeloma

Wenxing Gu, Jingnan An, Hao Meng, Na Yu, Yinan Zhong, Fenghua Meng,* Yang Xu,*

Jeroen J. L. M. Cornelissen, and Zhiyuan Zhong*

Chemotherapy is widely used in the clinic though its benefits are contro-
versial owing to low cancer specificity. Nanovehicles capable of selectively
transporting drugs to cancer cells have been energetically pursued to
remodel cancer treatment. However, no active targeting nanomedicines have
succeeded in clinical translation to date, partly due to either modest target-
ability or complex fabrication. CD44-specific A6 short peptide (KPSSPPEE)
functionalized polymersomal epirubicin (A6-PS-EPI), which boosts target-
ability and anticancer efficacy toward human multiple myeloma (MM) in
vivo, is described. A6-PS-EPI encapsulating 11 wt% EPI is small (=55 nm),
robust, reduction-responsive, and easy to fabricate. Of note, A6 decoration
markedly augments the uptake and anticancer activity of PS-EPI in CD44-
overexpressing LP-1 MM cells. A6-PS-EPI displays remarkable targeting
ability to orthotopic LP-1 MM, causing depleted bone damage and striking
survival benefits compared to nontargeted PS-EPI. Overall, A6-PS-EPI, as a
simple and intelligent nanotherapeutic, demonstrates high potential for

Chemotherapy based on toxic compounds
that primarily inhibit the fast prolifera-
tion of the cancer cells is widely used in
the clinics though its benefits are contro-
versial owing to a low cancer-specificity
and concomitant treatment-related toxic
effects.!!. Nanovehicles capable of selec-
tively transporting drugs to cancer cells
have been energetically pursued to pro-
vide effective solutions for this dilemma.?!
Specific (or active) targeting relies on
functionalizing the surface of nanovehi-
cles with ligands that are complementary
to the target sites.}! However, in spite of
promise and progress, no actively tar-
geted nanomedicines have succeeded in
clinical translation to date, partly due to
modest targetability or complex fabrica-
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tion.[ The balance of simplicity and func-
tionality is a key to the success of targeted
nanomedicines.

Multiple myeloma (MM) is the second
most frequent hematologic malignancy
that is characterized by clonal proliferation of malignant plasma
cells in the bone marrow microenvironment.”! Despite increas-
ingly new methods and agents have been validated,®! including
immunomodulatory drugs,”! proteasome inhibitors,’®! mono-
clonal antibodies,” and CAR-T cell therapy,'¥y MM remains
incurable for a majority of patients. Liposomal nanomedicines
such as Doxil and Oncocort IV are also used for the treatment
of MM patients,'!! though their therapeutic benefits are limited
as a result of poor MM selectivity. For effective management
of MM, targeted formulations are desired.’? Interestingly,
hematologic cancers including MM are found overexpressing
adhesion molecule CD44.1'%1 Various CD44 targeting ligands
including hyaluronic acid, aptamer, and anti-CD44 antibody!**
have shown to enhance anti-MM efficacy in vitro and in
vivo.’#13d However, these ligands are big, which complicates
fabrication of nanomedicines.

Here, we report for the first time that CD44-specific A6 short
peptide (KPSSPPEE) functionalized polymersomal epirubicin
(A6-PS-EPI) boosts targetability and anticancer efficacy toward
human MM in vivo (Scheme 1). A6 is a urokinase-derived pep-
tide that shows a strong binding to CD44 and thereby effec-
tive metastasis inhibition of CD44-overexpressing tumors.["”!
Notably, phase I and II human clinical trials displayed that
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Scheme 1. Schematic illustration of a) construction and c,d) targeted delivery of CD44-specific A6-PS-EP!I in orthotopic LP-1 MM tumor model in vivo.
a) A6-PS-EPI is obtained by co-self-assembly of A6-PEG-P(TMC-DTC) and mPEG-P(TMC-DTC) block copolymers followed by loading with epirubicin
hydrochloride via pH-gradient method. A6-PS-EPI can actively target to CD44-overexpressing b) MM cells in the circulation as well as ¢) MM cells
homing to bone marrow. d) A6-PS-EPI can be efficiently internalized into MM cells by CD44-mediated uptake and EPI release is accelerated by GSH in

the cytosol, leading to selective and potent anti-MM effect.

A6 peptide administered subcutaneously at a high dose of
150-300 mg kg™! and twice daily has an exceptional safety
profile.l'®! Unlike other CD44 targeting ligands, A6 peptide is
short, greatly facilitating bio-conjugation and characterization.
We have recently developed a robust and reduction-sensitive
polymersomal system based on our proprietary dithiolane tri-
methylene carbonate (DTC) technology that has improved the
delivery of various drugs including doxorubicin, siRNA, and
protein in different solid tumor models in vivo.l”] Notably, to
maintain the biodegradability of poly(trimethylene carbonate)
(PTMC), we introduced only minor amount (about 10 mol%)
of DTC, which also shares essentially the same carbonate back-
bone as TMC, to the polycarbonate block. Epirubicin (EPI) is a
widely used drug that exhibits similar anticancer potency while
lower cardiotoxicity as compared to doxorubicin. Strikingly,
our results show that A6-PS-EPI actively targeted xenografted
LP-1 MM cells in vivo, leading to high anti-MM potency and low
systemic toxicity. LP-1 MM-bearing mice treated with A6-PS-
EPI at 4 mg EPI equiv. kg™! displayed markedly improved sur-
vival rate over the nontargeted PS-EPI and phosphate-buffered
saline (PBS) controls (median survival time: 240 days vs 72 and
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53 days). Escalating dose to 8 mg EPI equiv. kg™! further pro-
longed median survival time to 302 days.

A6-PS-EPI was obtained from co-assembly of mPEG-
P(TMC-DTC) and AG6-PEG-P(TMC-DTC), which were synthe-
sized with controlled molecular weights (Table S1, Supporting
Information) similar as previously reported,l8! followed by
loading of EPI into the watery core by a pH-gradient method
(Figure S1, Supporting Information). Free EPI was removed
using Sephadex G25 column. The surface density of A6 pep-
tide was tailored by adjusting AG6-PEG-P(TMC-DTC) and
mPEG-P(TMC-DTC) molar ratios from 10/90, 20/80 to 30/70.
As A6-PEG-P(TMC-DTC) has longer polyethylene glycol (PEG)
than mPEG-P(TMC-DTC), A6 peptide would likely stretch out
and allow effective binding to its receptor, thereby enabling
efficient uptake.l') A6-PS displayed a high loading of EPI, with
drug loading content achieving =11 wt%. A6-PS-EPI exhibited
a small size of =55 nm and was stable against 10% serum in
phosphate buffer (PB, pH 7.4, 10 x 107 m) at 37 °C in 24 h, as
shown by dynamic laser scattering (DLS; Figure 1a). Remark-
ably, stability tests corroborated that A6-PS-EPI was stable
over 12 months storage in PB at 4 °C (drug leakage less than
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Figure 1. a) Size distribution of A6-PS-EPI in PBS and serum measured by DLS. b) Cryogenic transmission electron micrographs of blank A6-PS.
c) Kinetics of drug release from A6-PS-EPI with or without GSH (10X 107 m). The data are presented as mean + standard deviation (SD) (n=3). d) CCK
8 assays of LP-1 cells treated with A6-PS-EPI with varying A6 molar densities (1 pug EPI equiv. mL™"). The cells following 4 h treatment with A6-PS-EPI
were cultured in drug-free medium for 44 h. The data are presented as mean £ SD (n=6). e) Flow cytometric analyses of LP-1 cells following 4 h incuba-
tion with A6-PS-EPI, PS-EPI, and Doxil (dose: 10 ug drug equiv. mL™"). f) Time-dependent EPI or DOX mean fluorescence intensity in LP-1 cells treated
with A6-PS-EPI, PS-EPI, or Doxil (dose: 10 ug drug equiv. mL™") monitored by live cell imaging system (EPI or DOX fluorescence images recorded at
90 min, scale bar: 25 um). Student t-test, ***p < 0.001. g) The in vitro antitumor activity of A6-PS-EPI, PS-EPI, and Doxil toward LP-1 cells determined
by CCK 8 assays. The cells were treated with drug for 4 h and cultured in drug-free medium for 44 h. The data are presented as mean £ SD (n = 6).

0.4%) (Table S2, Supporting Information). The high stability of
A6-PS-EPI stems from the autonomous disulfide crosslinking
of the polymersomal membrane, as reported previously for
DTC-containing polymersomes.’®l In contrast, nanomedi-
cines including clinical liposomal doxorubicin formulation
(Doxil) are often harassed by inadequate stability.?®! Cryogenic
transmission electron microscopy confirmed that A6-PS had
spherical and vesicular morphology and uniform size distri-
bution (Figure 1b). A6-PS-EPI had a slightly negative surface
charge of 7.5 mV (Table S3, Supporting Information). Inter-
estingly, under the same fabrication conditions, A6-PS-DOX
was obtained with similar drug loading to A6-PS-EPI. The size
of A6-PS-DOX was, however, about 12 nm larger than A6-PS-
EPI (Table S3, Supporting Information), possibly due to better
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packing of EPI than DOX in the polymersomal core. A6-PS-EPI
while possessing a high stability under a nonreductive environ-
ment released 78% drug in the presence of 10 x 1073 m glu-
tathione (GSH) in 24 h (Figure 1c), indicating that drug release
from A6-PS-EPI would be triggered inside tumor cells.'®!

It is reported that many MM cells overexpress CD44 that has
been employed as a valuable target for MM therapy.2% Here,
we examined the expression of CD44 of five different MM cells
using PE-labeled anti-CD44 antibody by a flow cytometry. The
results showed that three cell lines, i.e., LP-1, NCI-H929, and
MM.1S, highly expressed CD44 (Figure S2, Supporting Infor-
mation). Hereafter, we used LP-1 cells as a model to study the
targetability and efficacy of A6-PS-EPI. It has been reported
that the ligand density on the nanomedicines plays a critical
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Figure 2. In vivo treatment of A6-PS-EPI, PS-EPI, and Doxil in orthotopic MM model in mice. a) Workflow for building and treating orthotopic MM
model. The drugs were injected on day 10, 14, 18, 22, and 26 (dose: 4 or 8 mg drug equiv. kg™, in 0.2 mL PBS) after implanting MM cells (8 million
cells per mouse). b) Images and c) quantitative analysis of in vivo bioluminescence of tumor-bearing mice treated with PBS, PS-EPI, or A6-PS-EPI at
different time points (day 20, 30, and 40) after implanting LP-1-luc cells. One-way analysis of variance (ANOVA) with Tukey multiple comparisons tests:
*p<0.05, **p <0.01. d) Ex vivo fluorescence images of the major organs and hind limbs excised at 8 h post-injection of A6-PS-EPI, PS-EPI, or Doxil (dose:
4 mg drug equiv. kg™') from MM-bearing mice (without treatment) on day 40 after implanting LP-1 cells. 1: heart, 2: liver, 3: spleen, 4: lung, 5: kidney,
6: hind limbs. e) Body weight changes of mice during treatment period. The data are presented as mean £ SD (n = 5). The inset is a mouse showing
paralyzed hind limbs. f) Kaplan—Meier survival curves of mice in different treatment groups. MST: median survival time. Log-rank (Mantel-Cox) test was
used to quantify differences (***p < 0.001). The mice were announced death, in case of paralysis of the hind limbs or when the mice became moribund.

role in their targeting ability.?!] The influence of A6 densities  with the best killing of LP-1 cells at 30 mol% A6 peptide. If
on performance of A6-PS-EPI was first studied. Interestingly, — not otherwise specified, A6-PS-EPI referred to the one with
Figure 1d shows that with increasing A6 densities, the anti- 30 mol% A6 peptide. Flow cytometric analyses showed that
tumor efficacy of A6-PS-EPI first increased and then decreased,  A6-PS-EPI was 2.4- and 8.6-fold more efficiently internalized
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Figure 3. Micro-CT and histological analyses of hind limbs of tumor-bearing mice after treatment with A6-PS-EPI, PS-EPI, or PBS on day 40 (n = 3). a) Micro-
CT images of cross and longitudinal sections of femurs and tibias. b-d) Quantitative analyses of bone volume fraction (BV/TV), trabecular spacing (Tb.sp),
and trabecular bone numbers (Tb.N), respectively. One-way ANOVA with Tukey multiple comparisons tests: *p < 0.05. e) Histological analysis of hind limbs
using H&E staining. The white dashed circles denote the trabecula tissues. f) TRAP staining of osteoclasts (red arrows) in hind limbs. Scale bar: 400 um.

by LP-1 cells than nontargeted PS-EPI and Doxil, respectively ~ fluorescence for A6-PS-EPI as compared to PS-EPI and Doxil
(Figure 1e). Live cell imaging analyses further displayed sig-  (Figure 1f). Cell Counting Kit-8 (CCK 8) assays revealed that
nificantly faster cell uptake and higher cytoplasmic drug  A6-PS-EPI had a halfmaximal inhibitory concentration (ICsg)
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of 3.9 ug mL™!, which was =2.3- and 5.7-fold lower than PS-EPI
and Doxil, respectively (Figure 1g). It is evident that A6-PS-EPI
can actively target MM cells and outperforms clinically used
Doxil.

To study the performance of A6-PS-EPI in vivo, orthotopic
MM model was established using NOD/SCID (nonobese dia-
betic/severe combined immunodeficiency) mice by intravenous
(i.v.) injection of LP-1 or LP-1-luc cells. The mice were treated
on day 10 post-implantation by i.v. administrating A6-PS-EPI,
PS-EPI, or PBS per 4 days for a total of five doses (Figure 2a).
The progression of LP-1-Luc was visualized by bioluminescence
imaging over time. It is typical that MM tumor cells are dis-
seminated to various sites within the mice.[??l MM originates in
the lymph nodes and accumulates in the bone marrow during
disease evolution.”’! Figure 2b shows that the biolumines-
cence augmented rapidly from day 10 to 40 in PBS and PS-EPI
groups, indicating fast tumor progression. In contrast, low bio-
luminescence was observed for A6-PS-EPI group in the same
period, suggesting effective suppression of LP-1-Luc cell out-
growth. The quantitative bioluminescence analysis (Figure 2c)
verified that A6-PS-EPI significantly inhibited MM progression.
Interestingly, the ex vivo fluorescence images of the organs
excised from mice at 8 h post iv. injection revealed much
stronger drug fluorescence in the hind limbs for A6-PS-EPI
group compared with PS-EPI or Doxil groups (Figure 2d and
Figure S3, Supporting Information), demonstrating improved
targetability and accumulation of A6-PS-EPI in the bone that is
the main homing site of MM cells. The in vivo pharmacokinetic
studies showed that A6-PS-EPI had a long circulation time
with an elimination half-life of 5.1 h (Figure S4, Supporting
Information).

Figure 2e displays that Doxil at 4 mg DOX equiv. kg™
induced obvious body weight loss and death of mice after the
second dose, as a result of low specificity and toxic effects. In
sharp contrast, little body weight was lost for A6-PS-EPI and
PS-EPI groups, at either 4 or 8 mg EPI equiv. kg™, supporting
the superior safety of A6-PS-EPI and PS-EPI. Notably, PBS
group, though kept constant body weight, consecutively exhib-
ited hind-leg paralysis (Figure 2e, the inset), which is a typical
symptom of MM progression. Strikingly, LP-1 MM-bearing
mice treated with A6-PS-EPI at 4 mg EPI equiv. kg™! displayed
significantly improved survival rate over the nontargeted
PS-EPI at the same dosage and PBS controls (median survival
time: 240 days vs 72 and 53 days) (Figure 2f). Escalating dose of
AG-PS-EPI to 8 mg EPI equiv. kg™! further prolonged median
survival time to 302 days, which was 3.4- and 5.7-fold longer
than the nontargeted PS-EPI at 8 mg EPI equiv. kg™ (89 days)
and PBS groups, respectively. It is evident that A6-PS-EPI has
excellent MM-targeting ability and leads to remarkable survival
benefits, which are superior to previously reported nanothera-
peutics.'#24 For example, anti-CD38 monoclonal antibodies!?’!
and very late antigen-4 peptides(?®! guided nanoparticles were
reported to improve the therapeutic index of bortezomib and
carfilzomib, respectively, but induced only moderate survival
benefits. The extraordinary anti-MM potency of A6-PS-EPI is
most likely related to its excellent stability, superior selectivity,
and accelerated intracellular drug release.

We further examined MM-associated bone damages in
mice using micro-CT, hematoxylin & eosin (H&E), and
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tartrate-resistant acid phosphatase (TRAP) staining techniques.
Figure 3a and Figure S5 in the Supporting Information show
that A6-PS-EPI group had obviously less osteolytic lesions in
the hind limb bones than PS-EPI and PBS groups. Quantitative
analyses (Figure 3b—d and Figure S6, Supporting Information)
revealed that A6-PS-EPI group had significantly higher bone
volume fraction and trabecular number while significantly lower
bone surface fraction and trabecular spacing than PS-EPI and
PBS groups, indicating effective prevention of MM-associated
osteolytic lesions by A6-PS-EPI treatment. Moreover, histolog-
ical analyses (Figure 3e) confirmed that A6-PS-EPI group bared
clear bone trabecula structure and less osteolytic lesions which
are usually caused by tumor infiltration. MM-associated bone
damage is generally considered owing to the imbalance between
osteoblasts and osteoclasts, in which osteoclast activity increases
due to an enhanced production of receptor activator of nuclear
factor kappa ligand by MM cells and reduced production of
osteoprotegerin by osteoblasts or bone marrow stromal cells.l?”]
TRAP staining was performed to gauge the activity of osteo-
clasts in femurs and tibias. Notably, TRAP staining exhibited
that A6-PS-EPI group had obviously less activity of osteoclasts
than control groups (Figure 3f), supporting that bone damage
in MM xenografts is associated with the activation of osteoclasts
and AG6-PS-EPI can effectively suppress osteoclast activation.
Furthermore, H&E staining revealed that A6-PS-EPI induced
little damage of major organs (Figure S7, Supporting Informa-
tion), supporting that A6-PS-EPI has low systemic toxicity.

In summary, we have demonstrated that CD44-specific
A6 short peptide-functionalized polymersomal epirubicin
(A6-PS-EPI) holds extraordinary targetability and anticancer
performance toward orthotopic human MM xenografts in
vivo, causing depleted bone damage and striking survival
benefits compared to nontargeted PS-EPI as well as clini-
cally used Doxil. Interestingly, A6-PS-EPI, while possessing
desired merits including small size, high drug loading, excel-
lent stability, good safety, CD44 specificity, and bio-respon-
sivity, has remarkable simplicity in formulation, lending it a
high potential for clinical translation. Unlike liposomes that
need to be PEGylated to obtain stealthy formulation, A6-PS-
EPI with an intrinsic and dense layer of PEG shell is better
stealthed and more stable over storage and in circulation.
Inadequate stability is a big problem for liposomal formu-
lations including Doxil. Given their low stability, it is prac-
tically challenging to develop actively targeted formulations
based on liposomes. This is a first report on CD44-specific
short peptide for highly efficient and actively targeted chemo-
therapy of MM, which may further extend to targeted treat-
ment of different CD44 positive hematologic malignancies
and solid tumors.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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