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Daratumumab Immunopolymersome-Enabled Safe
and CD38-Targeted Chemotherapy and Depletion of

Multiple Myeloma

Na Yu, Yifan Zhang, Jiaying Li, Wenxing Gu, Shujing Yue, Bin Li, Fenghua Meng,
Huanli Sun,* Rainer Haag, Jiandong Yuan, and Zhiyuan Zhong*

Multiple myeloma (MM) is a second ranking hematological malignancy.
Despite the fast advancement of new treatments such as bortezormib and
daratumumab, MM patients remain incurable and tend to eventually become
relapsed and drug-resistant. Development of novel therapies capable of
depleting MM cells is strongly needed. Here, daratumumab immunopoly-
mersomes carrying vincristine sulfate (Dar-IPs-VCR) are reported for safe
and high-efficacy CD38-targeted chemotherapy and depletion of orthotopic
MM in vivo. Dar-IPs-VCR made by postmodification via strain-promoted click
reaction holds tailored antibody density (2.2, 4.4 to 8.7 Dar per IPs), superb
stability, small size (43—49 nm), efficacious VCR loading, and glutathione-
responsive VCR release. Dar, 4-IPs-VCR induces exceptional anti-MM activity
with an 1C5, of 76 X 107" M to CD38-positive LP-1 MM cells, 12- and 20-fold
enhancement over nontargeted Ps-VCR and free VCR controls, respectively.
Intriguingly, mice bearing orthotopic LP-1-Luc MM following four cycles of i.v.
administration of Dar, 4-IPs-VCR at 0.25 mg VCR equiv. kg™' reveal complete
depletion of LP-1-Luc cells, superior survival rate to all controls, and no body

liposomes and polymeric nanosystems
has been a major strategy and obtained
booming development.’). Amidst them,
antibody and antibody fragment deco-
rated  immuno-nanomedicines  have
gained particular attention due to their
high specificity and affinity, as evidenced
by marketed antibody—drug conjugates!?!
and undergoing clinical trials of sev-
eral immunoliposomes (e.g., MCC-465,
MM-302, C225-ILs-DOX, and MM-310).
The immuno-nanomedicines based on
liposomes and polymeric nanoparticles
(e.g., poly(lactic-co-glycolic acid)) though
have shown enhanced tumor cell uptake
and good safety brought about only mod-
erate therapeutic benefits,’! partly due
to their large size, insufficient stability,
suboptimal ligand density, and prema-
ture drug leakage. The lack of robust

weight loss. The bone and histological analyses indicate bare bone and
organ damage. Dar-1Ps-VCR appears as a safe and targeted treatment for

CD38-overexpressed hematological malignancies.

The development of actively targeted nanotherapeutics to
realize specific homing and augmented retention in the tumor
site as well as boosted internalization by tumor cells is a pri-
mary goal of nanomedicine for revolutionizing cancer treat-
ment Installing affinity ligands such as peptides, small
molecules, antibodies and their fragments onto the surface of

and small-sized nanosystem that allows
stable drug loading and facile and con-
trollable antibody conjugation is a major
hurdle for clinical translation of targeted
immuno-nanomedicines.

Multiple myeloma (MM), the second
most common hematological malignancy, remains incurable
and tends to eventually become relapsed and drug-resistant.l’!
Daratumumab (Dar), the first-in-class CD38-specific IgGlx
monoclonal antibody, has recently emerged as a new treat-
ment regime for relapsed/refractory and newly diagnosed MM
patients due to the relatively specific overexpression of CD38
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on the surface of MM cells.”! Either as a monotherapy!® or in
combination with other small molecular agents (e.g., lenalido-
mide, bortezomib, dexamethasone, etc.),”) Dar has exhibited
promising anti-MM activity with significant clinical responses
in both frontline and relapsed/refractory settings. In spite of
the durable responses, Dar-treated patients eventually suffer
relapse and severe systemic toxicity as a result of the develop-
ment of drug resistance and high dose administration.”

Herein, we report on a facile strategy to construct robust
daratumumab immunopolymersomes that mediate safe and
CD38-targeted delivery of vincristine sulfate (Dar-IPs-VCR)
leading to depletion of orthotopic MM (Figure la—c). Dar-
IPs-VCR is fabricated with efficacious VCR loading, superb
stability, small size, and tailored antibody density by postmodi-
fication via strain-promoted click reaction. VCR is a water-sol-
uble and powerful drug for MM and leukemia treatment in the
clinics.! Intriguingly, Dar,,-IPs-VCR induced 12- and 20-fold
better anti-MM activity to CD38-positive LP-1 MM cells than
nontargeted Ps-VCR and free VCR controls, respectively, and
mice bearing orthotopic LP-1-Luc MM following four cycles of
i.v. administration of Dar,4+IPs-VCR at a low dose of 0.25 mg
VCR equiv. kg™! revealed complete depletion of LP-1-Luc cells,
superior survival rate to all controls, and no body weight loss.
Dar-IPs-VCR appears as a safe and targeted treatment for
CD38-overexpressed hematological malignancies.

Dar-IPs-VCR was engineered by strain promoted click reac-
tion of dibenzocyclooctyne-functionalized Dar (Dar-DBCO)
with azide-functionalized polymersomal VCR (N3-Ps-VCR),
which was constructed from coassembly of azide-functional-
ized poly(ethylene glycol)-b-poly(trimethylene carbonate-co-
dithiolane trimethylene carbonate) (N;-PEG-P(TMC-DTC))
and PEG-P(TMC-DTC)-KDs (weight ratio: 2/98) with simulta-
neous VCR loading through electrostatic interactions. N3-PEG-
P(TMC-DTC) with a molecular weight of 79-(14.9-2.1) kg mol!
and M,/M, of 1.1 was synthesized by ring-opening copoly-
merization of TMC and DTC using N3-PEG-OH as a macroini-
tiator (Figures Sla and S2a, Supporting Information). Through
activating the terminal hydroxyl group of PEG-P(TMC-DTC)
(5.0~(15.0-2.0) kg mol™!, M,,/M,, = 1.1) and subsequent reaction
with KDs peptide as in our previous report,!? PEG-P(TMC-
DTC)-KDs was obtained with a KDs conjugation degree of
~100%, as determined by 'H NMR and high-performance liquid
chromatography (Figures S1b and S2b,c, Supporting Informa-
tion). By simply injecting the polymer solution in dimethyl
sulfoxide to N-(2-hydroxyethyl) piperazine-N’-(2-ethanesulfonic
acid) buffer, N;-Ps was prepared with an aggregation number of
=521 and 9.2 N3 groups each on average (Figure S3, Supporting
Information). N3-Ps-VCR displayed a size of 36 nm, a low poly-
dispersity (PDI: 0.11) and high VCR loading efficiency of 972%
at a theoretical drug loading content (DLC) of 4.8 wt%. The
size of N3-Ps-VCR was much smaller than the reported VCR
nanoformulations including clinically used liposomal VCR
(Marqibo).®! In addition, unlike other VCR nanosystems with
insufficient stability, its concentrated formulation (42 nm, PDI:
0.07) at a Ps concentration of 18.6 mg mL™ possessed superb
stability during 6 months storage in the fridge, wherein, size
was maintained around 40 nm with PDI < 0.17 and VCR reten-
tion rate was over 99.4% (Figure 1d). To acquire Dar-IPs-VCR,
Dar-DBCO,5 with an average of 1.5 DBCO per Dar was
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prepared firstly via reaction of Dar with threefold molar excess
of DBCO-PEG,-N-hydroxysuccinimidyl ester (Figure S4a, Sup-
porting Information) and then reacted with N;-Ps-VCR. By
adjusting the molar ratios of Dar-DBCO to N; from 0.25:1, 0.5:1
to 1:1, Dar-IPs-VCR with 2.2, 44, and 8.7 of Dar per polymer-
some (denoted as Dar,-IPs-VCR, x is Dar density), respectively,
were obtained at conjugation efficiencies of more than 94%
(Table S1, Supporting Information). The size of Dar-IPs-VCR
increased slightly from 43 to 49 nm with increasing Dar den-
sity while the size distribution was all narrow (PDI: 0.14-0.21)
(Figure le and Table S1, Supporting Information). Impor-
tantly, little VCR leaked out during the postmodification and
work-up procedure. Moreover, Dar conjugated on the surface
of polymersomes maintained a comparable secondary struc-
ture to that of native Dar, as shown by circular dichroism (CD)
spectra (Figure S4b, Supporting Information). Similar to other
disulfide-crosslinked nanosystems,™ Dar-IPs-VCR was stable
against either 50-fold dilution or incubation in 10% fetal bovine
serum for 24 h (Figure S5, Supporting Information) showing
diminished VCR leakage under physiological condition, while
released 85% of VCR in 12 h upon treatment with 10 X 1073 m
GSH (Figure 1f). This good balance between stability and intra-
cellular drug release of Dar-IPs-VCR is superior to that of the
reported immuno-nanosystems, which showed drug leakage
during storage while slow and fractional drug release inside
cells.[]

It is reported that CD38 is uniformly overexpressed on MM
cells and represents a promising target for MM treatment, as
demonstrated by the successful clinical translation of several
anti-CD38 antibodies.!®! Herein, CD38 expression levels of LP-1
and MM.1S MM cells as well as MV4-11 acute myeloid leukemia
(AML) cells were examined via flow cytometry using phyco-
erythrin (PE)-labeled antihuman-CD38 antibody. The results
revealed that CD38 was highly expressed on LP-1 cells and
moderately expressed on MM.1S cells with a level of around
488- and 17-fold higher than that on MV4-11 cells, respectively
(Figure 2a and Figure S6a, Supporting Information). LP-1 cells
were hereafter utilized to investigate the CD38-targeted cel-
lular uptake, anti-MM efficacy and apoptotic ability of Dar-IPs-
VCR, and MV4-11 cells were used as a CD38-negative control.
In order to visualize the cellular uptake, Cy5 labeled Dar-IPs
(Dar-IPs-Cy5) with different Dar densities and Ps-Cy5 were
engineered and employed for flow cytometry and confocal
laser scanning microscopy (CLSM) studies. Compared to non-
targeted Ps-Cy5 control, Dar-IPs-Cy5 with 2.2, 4.4, and 8.7 Dar
on each Ps all displayed markedly higher cellular internaliza-
tion in LP-1 cells after 4 h incubation, wherein, Dar, ,-IPs-Cy5
possessed the best targetability showing 6.4-fold higher cellular
uptake (Figure 2b), outperforming A6 peptide and hyaluronic
acid decorated polymersomes.[”] The internalization of Dar, 4
[Ps-Cy5 was markedly repressed by clathrin/dynamin endocytic
inhibitors chlorpromazine and dynasore (Figure S7, Supporting
Information), in line with a receptor-mediated endocytosis
mechanism. The endocytosis was also partially inhibited by
amiloride hydrochloride, signifying that macropinocytosis plays
a role as well. CLSM images displayed strong Cy5 fluorescence
in the intracellular perinuclear region of LP-1 cells after 4 h
incubation with Dar, ,IPs-Cy5, while much weaker Cy5 signal
was observed in Ps-Cy5 treated cells (Figure S8, Supporting

© 2021 Wiley-VCH GmbH
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Figure 1. lllustration of daratumumab immunopolymersomes carrying vincristine sulfate (Dar-1Ps-VCR) for CD38-specific targeting and potent deple-
tion of orthotopic LP-1-Luc MM in vivo. a) Dar-IPs-VCR is constructed via coassembly of N3-PEG-P(TMC-DTC) and PEG-P(TMC-DTC)-KDs block
copolymers with simultaneous VCR loading through electrostatic interactions, followed by strain-promoted click reaction with Dar-DBCO. b) Dar-IPs-
VCR significantly suppresses MM growth and relieves osteolysis as a result of CD38-specific binding to MM cells in the bone marrow with sequentially
CD38-mediated cellular uptake and glutathione (GSH)-triggered VCR release for inhibiting microtubule formation and causing cell apoptosis (c).
d) Long-term storage stability of N3-Ps-VCR at 4 °C. e) Size distribution of Dar-IPs-VCR determined via dynamic light scattering. f) In vitro VCR release
profiles of Dar-IPs-VCR in the presence or absence of 10 X 107 M GSH (n = 3).

Information), further indicating the CD38-targeting capability ~ densities were all potent to CD38-positive LP-1 cells and Dar, 4-
and significantly enhanced cellular uptake of Dar-IPs-Cy5 in  IPs-VCR had the lowest half-maximal inhibitory concentration
LP-1 cells. Consistently, Dar-IPs-VCR bearing different Dar  (ICsq) of 76 x 10712 m (Figure 2¢), which was two to five orders

Adv. Mater. 2021, 2007787 2007787 (3 of 10) © 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED

www.advancedsciencenews.com

B PBS 71 PE-anti-human-CD38
LP-1 cells MV4-11 cells
S \
A A
/ \
0 102 103 108 0102 10% 104 105

PE ﬂuorescence mtensnty

PE fluorescence intensity

-#- Dar,,-IPs-VCR ¢ Darg ;-IPs-VCR

= Dar+Ps+VCR

-+ Free VCR

- Ps-VCR -+-Dar, 4-IPs-VCR
C
<100 =100
< go! < go!
£ 50! £ 60!
Q0 I
T 40 T 404
> >
- 204 = 201
o O o

VCR conc. (nM)

- Dar - Dar,4IPs

f

40

20
\QA\Q:.‘:\Q.'I\Q,\ '\00 \0\
Dar conc. (ug/mL)

s

0.01
Dar conc. (ngmL)

Lysis (%)

(o]
o

Lysis (%)
N B O

‘?‘?9‘?

Adv. Mater. 2021, 2007787

1| R ——
103 102 10-' 10° 10!

10-310210-1109101102

VCR conc. (nM)

MATERIALS

www.advmat.de

b
Darg ,-IPs-Cy5 /\
Dar, 4,-IPs-Cy5 y .
Dar,-IPs-Cys  / \
Ps-Cy5 Y
PBS
0102 10% 104 105
Fluorescence intensity
€  meh M24h M48h
<120
100-
g* 801
g 60-
S 40
© 201
© o

ot 0 AN 08 ?
VCR conc. (nM)

h  Annexin V-FITC PBS
1051 105132.7% 1051 0.0%
104 104 104
10% 1034 10%4
102 _ 278% ol e 102
0° = | of 01 &¥|  09%
0102103104105 0102103104105 0102 10104105
Free VCR Ps-VCR Dar, 4-IPs-VCR
105 24.1%]| 1051 37.0%| 10% 51.1%
04 104 | 104
10° 104 (10 ke
102 102 ﬁ:" 102
0° 7.3% | 0° ﬁ 65% | 01 % ggy
0102 ;03f03 105 0102103104105 0102103104105

Pl

Annexin V-FITC

2007787 (4 of 10)

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

of magnitude lower than CD44-targeted granzyme B, borte-
zomib, and epirubicin (EPI) nanomedicines in LP-1 cells.”18l
Moreover, Dar, 4 IPs-VCR was 20-, 14- and 12-fold more potent
compared to free VCR (1.5 x 10~ wm), Dar+Ps+VCR mixture
(VCR: 1.1 x 10~ M) and Ps-VCR (0.9 x 10~ m), respectively. In
MM.1S cells with moderate CD38 expression, Dar,,IPs-VCR
induced 2.8-fold higher cytotoxicity (ICsy: 0.42 x 107 m) than
Ps-VCR (L.17 x 10~ m), confirming the CD38-mediated endo-
cytosis of Dar,,-IPs-VCR in CD38-overexpressed MM cells
(Figure S6b, Supporting Information). In contrast, for CD38-
negative MV4-11 cells, Dar, - IPs-VCR induced similar toxicity
to Ps-VCR with an ICs, of about 1.5 x 10~ M, which was around
20-fold higher than Dar,,-IPs-VCR in LP-1 cells (Figure 2d).
More interestingly, Dar,,IPs-VCR were nearly nontoxic to
peripheral blood mononuclear cells (PBMCs) isolated from a
normal donor and 1929 normal cells even at a VCR concentra-
tion as high as 108.3 x 10~ m (Figure 2e and Figure S9, Sup-
porting Information). It is obvious that Dar,-IPs-VCR can
selectively target and induce potent toxicity to CD38-positive
MM cells, while sparing normal cells. Moreover, blank Dar,,-
IPs and Ps as well as native Dar were nontoxic to LP-1 cells
at a Ps concentration of 30 g mL™! and Dar concentration of
60 x 10~ m (Figure S10, Supporting Information). However,
in the presence of PBMCs or human serum, Dar,IPs, sim-
ilar as native Dar, caused dose-dependent lysis of LP-1 cells
(Figure 2f,g), indicating Dar decorated on the polymersome
surface maintained its strong ability to mediate antibody-
dependent cell-mediated cytotoxicity (ADCC) and complement-
dependent cytotoxicity (CDC). Of note, the effective Dar concen-
tration for ADCC and CDC was above 0.1 and 10 ng mL7,
respectively, which were higher than Dar in Dar,4IPs-VCR of
ICs value (0.08 ng Dar equiv. mL™). Apoptosis assays further
showed that Dar, ,-IPs-VCR induced much higher cell apoptosis
(60.8%) at a VCR concentration of 0.5 x 107 M than Ps-VCR
and free VCR (43.4% and 31.4%) (Figure 2h). Interestingly, for
human T cells, Dar,4IPs-VCR treatment at VCR concentra-
tions of 0.01-0.5 x 10~ M exhibited comparable apoptosis pro-
file to phosphate buffered saline (PBS) (Figure S11, Supporting
Information), supporting that Dar, +-IPs-VCR has a low toxicity.
It is known that VCR suppresses cancer cell proliferation via
inhibiting microtubule formation in mitotic spindle and there-
fore causes cell cycle arrest in the metaphase.'l As expected,
Dar,,-IPs-VCR more efficiently reduced the expression of
[-tubulin in LP-1 cells than Ps-VCR and free VCR, as shown
by western blot results (Figure S12, Supporting Information).
These results corroborate that Dar,,-IPs-VCR can selectively
target CD38-positive MM cells with rapid cellular internaliza-
tion and intracellular VCR release, leading to reduced tubulin
expression, increased cell apoptosis, and potent cell growth
inhibition. In a similar way, we have also prepared doxorubicin
hydrochloride-loaded daratumumab immnunopolymersomes
(Dars 5-IPs-DOX) with a size of 42 nm and DLC of 4.0 wt%.

www.advmat.de

The results confirmed that Dar significantly enhanced uptake
and cytotoxicity of Ps-DOX in LP-1 cells (ICsy: 0.16 x 107° m for
Dars 5-IPs-DOX vs 0.61 x 107 M for Ps-DOX) (Figure S13, Sup-
porting Information).

In vivo acute toxicity studies showed that Dar, 4-IPs-VCR can
reduce side effects and widen the therapeutic window of VCR,
wherein, mice displayed survival rates of 100% and 80% at VCR
dosage of 2.0 and 3.0 mg kg™!, respectively (Figure S14, Sup-
porting Information). However, when dosed with free VCR, all
mice died at 2.0 mg kg™! and suffered significant abnormali-
ties in blood counts even at 1.0 mg kg™ (Figures S14 and S15,
Supporting Information). To evaluate the in vivo anti-MM per-
formance of Dary4IPs-VCR, orthotopic LP-1-Luc MM model
was established via tail vein injection of LP-1-Luc cells in cyclo-
phosphamide (CTX) pretreated NOD/SCID (nonobese diabetic/
severe combined immunodeficiency) mice (Figure 3a). On day
35 after LP-1-Luc inoculation, mice developed classic symptoms
of hind limb weakness and paralysis, as that for MM patients.["]
Ex vivo bioluminescence images further displayed strong Luc
signals in the hind legs and skull of mice (Figure S16, Sup-
porting Information), supporting the successful construction of
an orthotopic LP-1-Luc MM model. In vivo fluorescence image
of orthotopic LP-1-Luc MM bearing mice at 8 h after i.v. injec-
tion of Dary4IPs-Cy5 showed bright Cy5 signal in the legs and
head where LP-1-Luc cells mainly infiltrated, and the Cy5 fluo-
rescence was remarkably stronger than Ps-Cy5 treated mice
(Figure 3b). Anti-MM studies were initiated on day 10 post-
LP-1-Luc inoculation when the luminescence intensity reached
=1.2 x 10° p s7' cm™2 sr! and were continuously monitored via
bioluminescence imaging (Figure 3a). Following four cycles of
i.v. administration of Dar, 4+IPs-VCR at 0.25 mg VCR equiv. kg},
mice bearing orthotopic LP-1-Luc MM revealed complete deple-
tion of LP-1-Luc cells over the whole imaging period, showing
comparable luminescence level to the background signal of
healthy mice (Figure 3c,d). However, the proliferation of LP-
1-Luc cells in free VCR, Ps-VCR and Dar+Ps+VCR mixture
treated groups was renewed immediately after the last admin-
istration inducing rapid MM progression (Figures 3c,d and
S17, Supporting Information). PBS treated mice displayed dra-
matic luminescence increase by =4800-fold from day 10 to 39
and experienced noticeable symptoms and even death. Notably,
mice following treatment with native Dar and Dar,,IPs at a
Dar dosage of 0.59 mg kg exhibited a similar luminescence
increase profile as PBS group (Figure S17, Supporting Infor-
mation). Even at a high Dar dosage of 14.56 mg kg~!, which
is 50-fold higher than that in Dar,,IPs-VCR group, native
Dar and Dary4IPs induced insignificant growth inhibition of
MM compared to PBS (Figure S18, Supporting Information).
These results corroborated that Dar,,IPs-VCR was compe-
tent in targeted delivery of VCR to MM cells and eradicating
MM. The minimal amount of Dar used in Dar, 4 IPs-VCR does
not cause ADCC or CDC. Moreover, according to the previous

Figure 2. a) CD38 expression on the surface of LP-1 and MV4-11 cells, as determined by flow cytometry. b) Fluorescence intensity of LP-1 cells after 4 h
incubation with Dar-IPs-Cy5 bearing different Dar densities quantified via flow cytometry. c,d) In vitro antitumor effect of Dar-IPs-VCR with different
Dar densities, free VCR and Dar+Ps+VCR mixture against CD38-positive LP-1 cells (c) and CD38-negative MV4-11 cells (d) following 48 h incubation
evaluated by cell counting kit-8 assays (n = 4). e) In vitro cytotoxicity of Dar,4IPs-VCR in PBMCs with different incubation time (6, 24, and 48 h).
f,g) Dar,IPs and native Dar induced ADCC (f) and CDC (g) against LP-1 cells. h) Apoptosis of LP-1 cells after 48 h treatment with Dar, 4-IPs-VCR,

Ps-VCR, or free VCR at a VCR concentration of 0.5 x 107° m.
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Figure 3. In vivo anti-MM study of Dar,4-IPs-VCR in orthotopic LP-1-Luc MM bearing mice, Ps-VCR, free VCR, Dar, 4IPs, and PBS were employed as
controls. a) Schematic showing the establishment, treatment, and monitoring schedule of orthotopic LP-1-Luc MM model. b) Cy5-fluorescence imaging
of mice at 8 h post i.v. injection of Dar,4IPs-Cy5 and Ps-Cy5. c) Bioluminescence imaging of mice following different treatments from day 10 to day
39 (n = 4). d) Quantitative luminescence intensities of mice in (c), dashed line represents background luminescence signal of healthy mice. e) Body

weight changes of mice W|th|n 58 d (n = 6). f) Kaplan—Meier survival curves of mice in different treatment groups (n = 6, Dar, 4-IPs-VCR vs Ps-VCR,
free VCR, Dary4-IPs and PBS, *** P < 0.001).

report,l74 mice bearing orthotopic LP-1-Luc MM post-treatment  treated mice gained weight steadily during the administration
with A6-Ps-EPI remain burdened by obvious MM with strong  period (Figure 3e), confirming their superior safety. Figure 3f
luminescence signals. Importantly, Dar, ,-IPs-VCR and Ps-VCR  shows that Dar, 4IPs-VCR significantly prolonged the survival
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Figure 4. Analysis of femur and tibia of orthotopic MM bearing mice in different treatment groups. a) H&E staining images for histological analysis, red
arrows indicate the reduction of hematopoietic cells; the blue arrow indicates osteonecrosis; the yellow arrows indicate oat cell hyperplasia; the green
arrows indicate chondrocyte necrosis; scale bars: 200 um. b) Micro-CT images. c¢) Quantitative analysis of BMD, BV/TV, and Tb.N (n = 4), *P < 0.05,
#% P <0.01, *** P < 0.001. d) TRAP staining images for identifying osteoclasts; scale bars: 400 um.
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of orthotopic LP-1-Luc MM bearing mice, displaying a median
survival time of 156 d which was 3.0-3.6-fold longer than that
of PBS (43 d), Dar4-IPs (49.5 d), Ps-VCR (51 d) and free VCR
(52 d) groups. The survival benefits from Dar,,-[Ps-VCR treat-
ment were exceptional compared with A6-Ps-VCR (median
survival time of 80 d, Figure S19, Supporting Information)
and previously reported alendronate,?!! VLA-4-peptide (where
VLA = very late antigen),?”) and hyaluronic acid """ decorated
nanomedicines. Furthermore, two injections of Dar, 4 IPs-VCR
on day 10 and 18 at a VCR dosage of 0.5 mg kg™ also effectively
depleted the LP-1-Luc cells, leading to a median survival time of
154 d (Figure S20, Supporting Information). Of note, anti-CD38
antibody decorated chitosan nanoparticles and poly(ethylene
oxide)-b-poly(ar-benzyl carboxylate-e-caprolactone) nanoparticles
incorporating bortezomib and STAT3 inhibitor, respectively,
were reported with only slightly improved therapeutic index
and survival benefits, likely due to their insufficient stability
and uncontrollable drug release.?’]

Histological analyses of hematoxylin and eosin (H&E)
stained femur and tibia exhibited that Dar, - IPs-VCR treated
mice had similar hematopoietic tissue and bone histomor-
phology to healthy mice (Figure 4a). It was in stark contrast
to PBS and Ps-VCR treated mice suffering a sharp reduction
of hematopoietic cells and/or visible tumor infiltration in the
bone marrow. It is well known that osteolysis is one of the most
common clinical manifestations for MM patients.* Micro-
computer tomography (micro-CT) was hence utilized to eval-
uate the femur and tibia of mice following different treatments.
The images showed that PBS treated mice suffered severe bony
destruction and trabecular bone loss, which were, however,
effectively relieved for Dar, 4 IPs-VCR group, presenting a sim-
ilar bone structure to that of healthy mice (Figure 4b). Ps-VCR,
although alleviated the osteolysis, was much less effective com-
pared to Dar,,-IPs-VCR. Quantitative analyses (Figure 4c and
Figure S21, Supporting Information) further exhibited that
unlike PBS and Ps-VCR groups, mice treated with Dar,4IPs-
VCR had comparable femoral and tibial indicators including
bone mineral density (BMD), bone volume fraction (BV/TV),
trabecular number (Tb.N), bone surface area, trabecular sepa-
ration, and thickness to healthy mice. The underlying cause
behind osteolysis is the disruption of the balance between oste-
oclasts and osteoblasts, wherein, increased osteoclasts induced
bone resorption.*! Tartrate-resistant acid phosphatase (TRAP)
staining, as one of the main strategy to identify osteoclasts, 2l
revealed that Dar, ,-IPs-VCR treated group had less osteoclasts
than PBS and Ps-VCR treated groups (Figure 4d). Furthermore,
Dar, ,-IPs-VCR treatment restored the blood routine and bio-
chemical parameters to a similar level as healthy mice, effica-
ciously alleviating the symptoms of erythropenia, thrombocyto-
penia and elevated blood urea (Figure S22, Supporting Infor-
mation), which are common for MM patients.[®“?’] It is evident
that Dar, 4-IPs-VCR has superior anti-MM efficacy, thus inhibits
MM-associated anemia and osteolysis. Of note, H&E staining
showed no obvious pathological changes in the major organs
for Dar,,-IPs-VCR group (Figure S23, Supporting Informa-
tion), certifying that it has low side effects.

In conclusion, we have demonstrated that daratumumab
immunopolymersomes enable safe and CD38-targeted delivery
of vincristine sulfate (Dar-IPs-VCR), leading to extremely potent
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and selective depletion of orthotopic MM in mice. Of note,
these novel daratumumab immunopolymersomes not only
boost the efficacy of chemotherapy but also mitigate drug-asso-
ciated adverse effects and further widen therapeutic windows.
To the best of our knowledge, this is a first report on highly
robust and small-sized biodegradable nanosystems that facili-
tate controlled postmodification with monoclonal antibodies,
which provides a unique and highly promising platform for tar-
geted chemotherapy.

Supporting Information

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