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ABSTRACT: Mesenchymal stem cell (MSC) has been increasingly
applied to cancer therapy because of its tumor-tropic capability. However,
short retention at target tissue and limited payload option hinder the
progress of MSC-based cancer therapy. Herein, we proposed a hybrid
spheroid/nanomedicine system, comprising MSC spheroid entrapping
drug-loaded nanocomposite, to address these limitations. Spheroid
formulation enhanced MSC’s tumor tropism and facilitated loading of
different types of therapeutic payloads. This system acted as an active drug
delivery platform seeking and specifically targeting glioblastoma cells. It
enabled effective delivery of combinational protein and chemotherapeutic
drugs by engineered MSC and nanocomposite, respectively. In an in vivo
migration model, the hybrid spheroid showed higher nanocomposite
retention in the tumor tissue compared with the single MSC approach,
leading to enhanced tumor inhibition in a heterotopic glioblastoma
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murine model. Taken together, this system integrates the merits of cell- and nanoparticle- mediated drug delivery with the
tumor-homing characteristics of MSC to advance targeted combinational cancer therapy.
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C ertain types of stem cells, including mesenchymal stem
cell (MSC), neural stem cell, and hematopoietic stem
cell, show tumor-homing capability. They pursue the chemo-
taxis gradient, such as C-X-C motif chemokine 12, generated
by cancer cells."”” With genetic modification, engineered stem
cells could act as drug carriers homing to tumor and repressing
tumor growth via the secretion of cytotoxic proteins.”
Especially for glioblastoma (GBM), preclinical studies have
shown that treating GBM-bearing animals with engineered
stem cells improves the therapeutic outcome. The phase I
clinical trials, administering stem cells at the resection cavity
after tumor removal, confirm the safety of this therapeutic
strategy.“’5

However, cell retention is a major obstacle limiting the
efficacy of engineered stem cell-based therapy. For example, a
recent study in the preclinical mouse GBM model showed that
>90% of the stem cells that were locally administered at the
tumor resection site were lost within 7 days, and rapid GBM
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relapse was consequently observed.® Limited payload option is
another obstacle. Transduced stem cells can only biosynthesize
protein- and peptide-based drugs, which may not be sufficient
to treat GBM. For example, the tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL), a protein drug that can
initiate the formation of death-inducing signaling complex via
the interaction with its receptors and subsequently induces cell
apoptosis, is used to treat GBM in clinical trials and the
preclinical pipeline.”® However, it showed limited efficacy for
treating certain types of the GBM cells such as U87MG and
LN229 (Figure S1A, Supporting Information).

A combinational approach with another small-molecule drug
may improve the therapeutic efficacy. A previously published
study found that mitoxantrone (MTX) could sensitize the
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Figure 1. Design and properties of MSC/DNA-templated nanocomposite hybrid spheroid for GBM therapy. (A) Schematic illustration of the
hybrid spheroid system. (B) Comparison of the in vitro tumor homing property between single and spheroid-formulated MSCs. (C) Representative
confocal images of the hybrid spheroids. (D) In vitro tumor homing of the hybrid spheroids. Scale bar = S0 ym.

response of TRAIL in the GBM cell lines.” On one hand, we
found that cotreating the GBM cells (U87MG, LN229, T98G,
and LN18) with both TRAIL and MTX could enhance the
efficacy in vitro, resulting in more than one order-of-magnitude
improvement of the ICS0s (Figure S1B, Supporting
Information). However, the lack of an efficient delivery
method for both TRAIL and MTX is an issue. Although
some works have demonstrated the possibility of loading MSC
with other types of drugs and tar§eted drug release through
MSC’s endocytosis/exocytosis' ™' or using a surface mod-
ification approach,'”'* the efficiency of these delivery
approaches is still a concern. For example, for the
endocytosis/exocytosis approach, the payload’s characteristics
(size, charge, and shape) would affect its loading and release.'®
On the other hand, the surface modification approach may
need special engineering on MSC cell membrane.” To tackle
these issues, we instead propose a hybrid MSC/nanomedicine
spheroid system, which incorporates TRAIL-engineered MSC
and MTX-loaded nanocomposite, for enhanced cancer therapy
(Figure 1A).

To generate the hybrid MSC/nanomedicine spheroid, we
chose the microfluidics-based approach that has been reported
to enable more uniform and faster spheroid generation over
other approaches by us and other groups.'®™"” Following our
previously published microfluidics method,'” we first opti-
mized the cell input density for the spheroid generation.
Similar to what was observed in the other study,'” the spheroid
size was a function of the input density, and it reached ~150
pum in diameter when the input density was increased to 3 X
107 cells/mL (Figure S2A, Supporting Information). Yet,
increasing the input density to 3 X 10 cells/mL compromised
MSC’s viability (Figure S2B, Supporting Information), only
reaching 80% of that with lower densities (p < 0.01), so we
chose the two lower densities for the following experiments.
Next, we verified whether the spheroid formation could
enhance MSC’s tumor homing property. As shown in Figure
1B, on an in vitro migration assay chamber with a ~500 ym
gap between the MSC and U87MG cells, spheroid-formulated
MSCs migrated toward the U87MG side at a faster rate
compared with the single MSCs. Quantitatively, the spheroid
formulation improved by 1.5—2-fold in speed as well as
distance in this in vitro migration assay (Figure S3, Supporting
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Information). We attribute this finding to the boost in MSC’s
chemotaxis sensing receptor, C-X-C chemokine receptor type
4 (CXCR4), expression in the spheroid.”*™>* The increase in
CXCR4 expression level was a function of the MSC input
density in the microfluidic spheroid formation, reaching six-
times higher than that in the single MSC when the input
density was 2 X 107 cells/mL (Figure S4, Supporting
Information). When the MSC cell was treated with the
CXCR4 antagonist, AMD3100,> its migration toward the
U87MG was inhibited, confirming the role of CXCR4 in
MSC’s tumor homing property (Figure SS, Supporting
Information).”** In addition, this MSC migration was driven
by the chemotaxis established by the cancer cells, as the MSCs
would move in a typical random walk motion when the
U87MG was not present (Figure S6, Supporting Information).

Although the spheroid formulation boosted the migration
rate and distance, it did not improve the TRAIL protein
expression nor enhance the efficacy in vitro (Figure S7,
Supporting Information). These results again supported the
argument that combinational therapy would be essential to
improve the therapeutic efficacy against GBM. To do so, we
introduced a DNA-templated nanocomposite system for MTX
delivery. The DNA template is a PEGylated DNA, and it forms
nanocomposite via the calcium phosphate (CaP) nano-
precipitation.w’27 Specifically, the nanocomposite forms
through the interaction between the phosphate backbone of
the template and the Ca®" ions in the solution; the PEG
component confines the precipitation. The nanocomposite
generated by this method is therefore both size-controllable
and uniform. Without PEG, the generated nanocomposite
aggregated immediately after it was mixed with Ca®'-
containing buffer. In contrast, the PEGylation enabled
nanosized, monodispersed nanoparticle generation (Figure
S8A, Supporting Information). Zhang et al. demonstrated that
longer PEG offered stronger steric repulsion, which benefited
the colloidal stability, and the DNA-templated nanocomposite
generated with 12—15 kDa of PEG was more stable, compared
with the one with shorter PEG (<5 kDa).”® Motivated by this
observation and the goal to prevent undesired MSC uptake, we
tested the combinations of two PEGs (10 or 20 kDa) and two
DNA lengths (20 or 40 mer). Compared with the shorter PEG,
the longer PEG (20 kDa) did not dramatically increase the
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nanocomposite size, but it enhanced the nanocomposite
stability when combined with the longer DNA (Figure S8B,
Supporting Information). As a result, we chose both the longer
PEG and DNA for better drug loading in the following
experiments. For the drug loading, MTX and other drugs in
the anthracenedione family could be easily loaded into the
nanocomposite through intercalation.”” The intercalation-
based interaction has been widely used in different applications
such as biomolecule tracking,3 31 biosensing,32’33 and drug
delivery.”* ™" To test if this interaction could give us better
loading, we used the fluorescent drug that holds similar DNA
recognition preference, bisantrene,” as a model compound to
verify our system’s loading efficiency and level. The loading
efficiency reached nearly 100% when the template/drug ratio
was close to 10, whereas the maximum loading level (~20%)
was observed when the ratio was 0.02 (Figure S8C, Supporting
Information). Compared with the previously reported MTX
delivery systems, the loading level of our nanocomposite
system was 2.5—7-times higher.’®*” Other than enhanced drug
loading, the DNA nanostructure-based delivery systems**> act
like other types of nanoparticle, releasing the drugs when
under the acidic microenvironment of the endosome,’” but
notably, DNA nanostructures could tune the acidity of
endosomal/lysosomal compartments to circumvent the drug
resistance mechanism induced by the cancer cells.*®

In the presence of the DNA-templated nanocomposites,
MSCs could form spheroids (Figure 1C) using the micro-
fluidics technique without losing the tumor-homing property
and affecting the viability of MSCs (Figure 1D, Figure S9, and
Supplementary Video 1, Supporting Information). We then
investigated the distribution of the nanocomposites in the
spheroid using a dual-labeling approach. The PEG and DNA
segments were first labeled with Alexa Flour 647 and
Fluorescein (FAM), respectively. After forming a nano-
composite, the green fluorescence was quenched due to the
self-quenching effect of FAM in the CaP core. If the
nanocomposite was internalized by the MSC, the green
fluorescence would light on again, as the nanocomposite
disassembled (Figure S10A, Supporting Information). By
checking the Alexa Flour 647 and FAM signals, we verified
the nanocomposite location after the spheroid formation. In
2D monolayer culture, as expected, most of the nano-
composites were only associated with the MSCs but not
internalized. In 3D spheroidal culture, we observed increased
uptake, but a significant portion of the nanocomposites were
still intact and probably located in the extracellular matrix part
of the spheroid (Figure S10B, Supporting Information).

We next investigated if this design could efficiently and
specifically kill GBM cells; we used the TRAIL-secreting MSC
(TRAIL-MSC) and MTX-loaded nanocomposite to generate
the hybrid spheroid. To further enhance the targeting
capability, we decorated our nanocomposite with a peptide
ligand40 against IL13Ra2, a surface marker for certain types of
GBM cells.*""** After testing a panel of the GBM cells, we
chose three GBM cells with high to low IL13Ra2 expression
(U87MG, GBMS, and LN18; Figure S11A, Supporting
Information) for the in vitro validation. When the high
IL13Ra2-expressing U87MG cells were treated with ligand-
decorated nanocomposites, the cells could efficiently internal-
ize the nanocomposites (Figure S11B, Supporting Informa-
tion), which resulted in a significant improvement in the cell-
kill efficacy against US7MG cells compared with the group
either treated with TRAIL-MSC spheroids or free MTX-
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loaded, TRAIL-MSC spheroids (cancer cell’s viability dropped
from 68% to 34%, p < 0.001; Figure 2). The improvement
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Figure 2. In vitro GBM cell kill evaluation. The cancer cells were
treated with TRAIL-MSC spheroids, free MTX-loaded TRAIL-MSC
spheroids, or the TRAIL-MSC/MTX-loaded nanocomposite hybrid
spheroids. Data are represented as average =+ standard error of mean
(SEM; n = 4). Statistical analysis was done using one-way ANOVA
with Tukey post hoc test, and the significance was represented as #3
(p < 0.01), #:x (p < 0.001).

could be also observed in the other IL13Ra2-expressing cell
type, GBMS (1.14% to 0.41%), but not in the low IL13Ra2-
expressing cell type (LN18). These results suggest the high
efficacy and specificity of the hybrid spheroidal delivery system.

As aforementioned, cell retention is one of the major issues
that limits the efficacy of MSC-based cell therapy. We
examined if the hybrid spheroid could address this problem
by providing longer retention in the tumor site in vivo. For this
purpose, we established a heterotopic GBM model, which has
been commonly used for preclinical validation®”** and might
still conserve most of the molecular characteristics.**** The
mouse was first inoculated with U87MG subcutaneously. To
track the migration, MSC and nanocomposite were labeled
with Luciferase and Alexa Flour 680, respectively. The hybrid
spheroid or the single MSC/nanocomposite mixture was given
at the edge of the tumor. As shown in Figure 3A, when mice
were treated with the single MSC/nanocomposite mixture, a
significant amount of the injected nanocomposite was cleared
within a week, although the MSC’s Luciferase signal was still
detected strongly. In contrast, the group given with the hybrid
spheroid showed strong signals on both channels. By
normalizing the signal to that on the day of administration
(day 0), only 11.5% of the nanocomposite was removed 1 day
after the administration for the group treated with the hybrid
spheroid, while 76.5% was removed for the group treated with
single MSC/nanocomposite mixture (Figure 3B). At the end
point (day 22), there was still 11% of the nanocomposite
retaining at the tumor site, which was nearly 100-times higher
than the nanocomposite amount detected in the control group
of single MSC/nanocomposite mixture.

We next evaluated if better retention could lead to better
therapeutic outcome. We established the tumor model in a
similar fashion. The mice were first subcutaneously inoculated
with mCherry-transduced U87MG cells, and after tumor
formed, they were treated with drug-carrying spheroid
composed of TRAIL-MSC and MTX-loaded, targeted nano-
composite. Either hybrid spheroid or the single MSC/
nanocomposite mixture was administered at the edge of the
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Figure 3. In vivo tumor homing and inhibition evaluation. (A) Representative images of the mice treated with the hybrid spheroid or single MSC/
nanocomposite mixture (n = 5). (B) Nanocomposite retention in the in vivo migration model (n = S). (C) Evaluation of tumor inhibition efficacy
in vivo (n = 3). Data are represented as average + SEM. Statistical analysis was done using one-way ANOVA with Tukey post hoc test, and the
significance was represented as * (p < 0.05), #* (p < 0.01), sk (p < 0.001).

tumor on days 0 and 2. The tumor volume was tracked for 3
weeks. The hybrid spheroid inhibited the tumor growth
efficiently, but this was not the case for the group treated either
with PBS or single cell/nanocomposite mixture (Figures 3C
and S12A, Supporting Information). At the end point (day
21), the average tumor size of the hybrid spheroid group was
14% of that of the PBS control group, and its average tumor
weight was also smaller (0.053 g vs 0.360 g; Figure S12B,
Supporting Information). Also, this treatment did not show
any significant toxicity in the histological analysis of the major
organ sections and the spleen size measurement (Figure
$12C,D, Supporting Information).

In summary, our MSC/nanomedicine hybrid spheroid
strategy enables better drug retention and results in superior
therapeutic outcome in vivo. It integrates the advantages of
both cell- and nanoparticle-based therapy to deliver two
different drug types with specificity for improved therapeutic
efficacy.
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