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A B S T R A C T

Engineered mesenchymal stem cells (MSCs) have been investigated extensively for gene delivery and, more
recently, for targeted small molecule delivery. While preclinical studies demonstrate the potential of MSCs for
targeted delivery, clinical studies suggest that tumor homing of native MSCs may be inefficient. We report here a
surprising finding that loading MSCs with the anticancer drug paclitaxel (PTX) by nanoengineering results in
significantly improved tumor homing compared to naïve MSCs. Loading PTX in MSCs results in increased levels of
mitochondrial reactive oxygen species (ROS). In response to this oxidative stress, MSCs upregulate two important
set of proteins. First were critical antioxidant proteins, most importantly nuclear factor erythroid 2-like 2 (Nrf2),
the master regulator of antioxidant responses; upregulation of antioxidant proteins may explain how MSCs protect
themselves from drug-induced oxidative stress. The second was CXCR4, a direct target of Nrf2 and a key mediator
of tumor homing; upregulation of CXCR4 suggested a mechanism that may underlie the improved tumor homing
of nanoengineered MSCs. In addition to demonstrating the potential mechanism of improved tumor targeting of
nanoengineered MSCs, our studies reveal that MSCs utilize a novel mechanism of resistance against drug-induced
oxidative stress and cell death, explaining how MSCs can deliver therapeutic concentrations of cytotoxic payload
while maintaining their viability.
1. Introduction

Cell-based delivery systems offer the possibility of precise and truly
active targeted delivery of therapeutic agents to specific tissues in the
body. Cellular carriers investigated for targeted delivery include mac-
rophages, natural killer cells, erythrocytes, and mesenchymal stem (or
stromal) cells (MSCs). In addition to improving drug bioavailability at the
target, all these carriers provide other advantages including prolonged
delivery times and biocompatibility. MSCs in particular, possess several
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unique properties [1], which make them highly attractive for tumor
targeted drug delivery. Unlike embryonic stem cells, MSCs do not form
teratomas or malignancies [2]. They can be easily isolated from many
adult tissues including adipose tissue and bone marrow [3–6]. MSCs can
be expanded, engineered in vitro, and subsequently re-grafted [7]. Clin-
ical trials investigating MSCs have successfully utilized both autologous
and allogeneic sources [8]. Further, MSCs do not express, or express at
very low levels, HLA class I and II molecules and thus do not suffer from
significant immunogenicity concerns [9,10]. In addition, absence of
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co-stimulatory molecules CD40, 80 and 86, which play a key role in the
initiation of immune response, allows for the use of allogeneic MSCs
[11–16]. Because of their ability to migrate through tissue barriers, MSCs
can infiltrate the tumor matrix effectively and enhance the intra-tumoral
distribution of the payload they carry [17]. Genetically modified MSCs
expressing various cytokines have been shown to inhibit the growth of
solid tumors [7,18]. We have previously demonstrated that MSCs can be
functionalized with nano drug delivery systems (nanoengineering),
extending their application to small molecule drug delivery [19–22].
While these advances are highly exciting and demonstrate the promise
for anticancer delivery, MSC-based anti-cancer therapies have not yet
progressed in clinical trials. A recent phase I clinical study in prostate
cancer patients observed the lack of a detectable number of MSCs in
primary tumors [23].

Although data from the above clinical trial suggests that native MSCs
do not home effectively to tumors, several pre-clinical studies show that
MSCs engineered to carry cytotoxic drugs such as paclitaxel (PTX)
actively home to lung tumors and facilitate sustained delivery of the
payload at the target site and effective inhibition of tumor growth in
multiple mouse tumor models [24–26]. We posited that this apparent
inconsistency might be because nanoengineering of MSCs impacts their
biology, resulting in a favorable alteration of their in vivo disposition. To
test this idea and to identify targetable mechanisms that might underlie
the efficient homing of PTX loaded MSCs, we performed global label free
unbiased proteomics and follow-up characterization studies on nano-
engineered MSCs. Our studies show that loading PTX into MSCs upre-
gulated two important set of proteins. First were critical antioxidant
proteins, most importantly nuclear factor erythroid 2-like 2 (Nrf2), the
master regulator of antioxidant responses; upregulation of antioxidant
proteins may explain how loaded MSCs protect themselves from
drug-induced oxidative stress. The second was CXCR4, a direct target of
Nrf2 and a key mediator of tumor homing; upregulation of CXCR4 sug-
gested a mechanism that may underlie the improved tumor targeting of
nanoengineered MSCs.

For successful drug delivery, the carrier cells must be resistant to the
pharmacological effects of the payload. This is especially relevant for
cytotoxic payloads such as chemotherapy drugs. In addition to demon-
strating the potential mechanism of improved tumor targeting of nano-
engineeredMSCs, our studies reveal that MSCs utilize a novel mechanism
of resistance against drug-induced oxidative stress and cell death.

2. Materials and methods

2.1. Materials

PTX and polyvinyl alcohol (PVA) were purchased from Sigma (St.
Louis, MO). Polymer poly (DL-lactide-co-glycolide) (50:50 lactide to gly-
colide ratio; inherent viscosity: 0.55–0.75 dL/g) (PLGA) was obtained
from Lactel Absorbable Polymers (Birmingham, AL). Methanol and
acetonitrile were purchased from Fisher Scientific (Hampton, NH). Cell
culture supplies (Fetal bovine serum (FBS) and penicillin/streptomycin,
Dulbecco's phosphate-buffered saline (DPBS), Dulbecco's modified eagle
medium (DMEM), and trypsin-EDTA were procured from Invitrogen
Corporation (Carlsbad, CA). Allophycocyanin (APC) labeled anti-human
CXCR4 and phycoerythrin (PE) labeled anti-human CXCR7 antibodies
were purchased from BioLegend Antibodies (San Diego, CA, USA). N-
azidoacetylmannosamine-tetraacylated (Ac4ManNAz) was purchased
from Click Chemistry Tools (Scottsdale, AZ). The Seahorse XF Cell Mito
Stress Test Kit containing oligomycin, carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP) and rotenone/antimycin A
was purchased from Agilent Technologies, (Santa Clara, CA). The human
Nrf2 ELISA kit was purchased from Ray Biotech (Peachtree Corners, GA).
TaqMan Gene Expression Assays were obtained from Applied Biosystems
(Waltham, MA). MitoSOX™ reagent, Calcein AM, Hoechst 33,324, N-
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acetylcysteine (NAC) and tert-butyl hydroperoxide (TBHP) were pur-
chased from Life Technologies, Invitrogen Corporation (CA, USA).
2.2. Methods

2.2.1. Cell culture
Human bone marrow derivedMSCs (ScienCell Research Laboratories,

Carlsbad, CA, USA) were cultured in human MSC media (ScienCell
Research Laboratories, Carlsbad, CA). Lewis lung carcinoma (LL/2-luc,
PerkinElmer Health Sciences, Shelton, CT, USA) were grown in DMEM
supplemented with 10% v/v FBS and 1% v/v penicillin and streptomycin.
All cell lines were maintained and monitored for morphology and growth
characteristics at 5% carbon dioxide, 37 �C controlled humidity incu-
bator. Cells were passaged two to three times prior to using them for in
vivo or in vitro experiments.

2.2.2. Fabrication of PTX loaded nanoparticles
Two different PLGA nanoparticle formulations, non-surface func-

tionalized and surface functionalized with PEG-dibenzocyclooctyne
(DBCO), were fabricated as described below.

Non-surface functionalized, PLGA nanoparticles loaded with PTX
(PTX NP) were formulated using an emulsion-solvent evaporation tech-
nique as described earlier [19,20,22]. In brief, PLGA (32 mg) and PTX (8
mg) were dissolved in chloroform and emulsified with aqueous PVA
solution (2.5% w/v) to generate an oil-in-water emulsion using probe
sonication (18–21 W, 5 min). The emulsion was stirred overnight under
ambient conditions (~18 h, 25 �C) and then for I hr under vacuum to
remove chloroform. Nanoparticles were separated using ultracentrifu-
gation (35,000 rpm; 35 min; 4 �C, Optima XPN-80 Ultracentrifuge, 70 Ti
rotor, Beckman Coulter, Brea, CA) and washed three times to remove
unencapsulated drug and residual PVA. Resulting suspension was
centrifuged at 1000 rpm for 5 min (Allegra X-30 R, SX 4400 rotor,
Beckman Coulter) to remove any large aggregates. Final nanoparticles
were obtained by lyophilization (Labconco, FreeZone 4.5, Kansas City,
MO). Nanoparticles without PTX (Blank NP) were manufactured
similarly.

DBCO-functionalized PLGA nanoparticles (DBCO-PTX NP) loaded
with PTX were formulated using an established surface functionalization
technique described previously [19]. The oil-in-water emulsion
comprising of PLGA and PTX in the chloroform phase and PVA aqueous
phase was prepared as described above. Block co-polymer PLA--
PEG-DBCO was synthesized as described earlier [27]. The block
co-polymer was dissolved in chloroform (8 mg in 200 μL) and added
slowly to the oil-in-water emulsion under continuous stirring. Chloro-
form was evaporated and nanoparticles collected by repeated ultracen-
trifugation steps and lyophilized as described above. Blank
DBCO-functionalized drug-free nanoparticles were manufactured
similarly.

2.2.3. Characterization of nanoparticles
Nanoparticles were characterized for hydrodynamic diameter and

morphology using photon correlation spectroscopy and transmission
electron microscopy (TEM), respectively. In brief, nanoparticle disper-
sion in deionized water (0.1 mg/mL) was used to measure particle size
using a Nanobrook Omni (Brookhaven Instruments, Holtsville, NY)
operating at a 165� constant scattering angle. For TEM, a dispersion of
nanoparticles was added onto a copper grid covered by a continuous thin
carbon film (400 mesh, Ted Pella Inc., Redding, CA, USA) and air-dried
overnight. Images were acquired on a FEI Tecnai G2 F30 S-TWIN in-
strument at 300 kV with a Gatan UltraScan 4000 CCD camera (Gatan,
Pleasanton, CA, USA) and using Gatan Digital Micrograph 3.9.5 software
(Gatan, Pleasanton, CA, USA). A 3–6 μm of under-focus was used to
improve the phase contrast. Drug loading in nanoparticles was deter-
mined following extraction in methanol. Nanoparticle dispersion in



S. Prabha et al. Materials Today Bio 19 (2023) 100567
methanol (1 mg/mL) was agitated overnight using a tube rotator (VWR
International, Radnor, PA). The following day, dispersion was centri-
fuged at 13,000 rpm for 30min to remove nanoparticles. The supernatant
was quantified for PTX amount using reversed-phase high-performance
liquid chromatography (HPLC) as described previously (Agilent Tech-
nologies, Santa Clara, CA) [22].

2.2.4. Nanoengineering of MSCs
Two different nanoengineering strategies were used to incorporate

PTX in MSCs. First strategy consisted of incubation of MSCs with PTX
loaded polymeric nanoparticles (PTX-NP) for endocytic uptake [19,22].
MSCs were incubated with PLGA-PTX NP (100 μg/mL) in Opti-MEM
reduced serum media for 4 h at 37 �C, washed with PBS, and used for
further studies. The second strategy consisted of covalent conjugation of
PTX loaded, DBCO-functionalized polymeric nanoparticles (DBCO-PTX
NP) to the surface of MSCs with azide functional groups (MSC-Az) [27].
MSC-Az were prepared by incubating MSCs with Ac4ManNAz sugars in
growth medium (20 μM) for 3 days [19]. MSC-Az were incubated with
PTX DBCO NP (100 μg/mL) in Opti-MEM reduced serum media for 4 h at
37 �C. The cells were washed repeatedly with PBS to remove uncon-
jugated/unencapsulated nanoparticles prior to their use in further
studies.

2.2.5. Effect of nanoengineering on CXCR4/7 expression in MSCs
Effect of nanoengineering on CXCR4 and CXCR7 expression was

determined using flow cytometry. MSCs were nanoengineered, washed
with PBS, and incubated with complete or serum free media for 16 h.
Cells were then stained with APC labeled anti-human CXCR4 and PE
labeled anti-human CXCR7 at 4 �C for 1 h. Cells were washed with DBPS
thrice and, APC and PE associated fluorophore intensity were monitored
by flow cytometry (LSRII, BD Bioscience, Franklin Lakes, NJ). Naïve
MSCs stained similarly were used as controls.

2.2.6. Effect of nanoengineering on MSC proteome
Label-free proteomics using a modified in-stage tip (iST) was per-

formed as previously described [28]. Briefly, following cell lysis, proteins
were extracted with 6 M guanidium hydrochloride buffer, digested with
Lys-C and followed by a second digestion with trypsin. The solution was
then acidified and centrifuged. The supernatants were fractionated using
activated in-house-made cation stage tips [29,30] and the peptides were
eluted using elution buffers as previously described [31]. Mass spec an-
alyses were performed on these fractions using the Q Exactive mass
spectrometer. Mass spectra processing was performed with Proteome
Discoverer v2.5. The generated de-isotoped peak list was submitted to an
in-house Mascot server 2.2.07, Sequest HT and MS Amanda 2.0 for
searching against the Swiss-Prot database. The search parameters were
set as follows: species, homo sapiens; enzyme, trypsin with maximal two
missed cleavage; fixed modification, cysteine carboxymethylation; 10
ppm mass tolerance for precursor peptide ions; 0.02 Da tolerance for
MS/MS fragment ions.

Ingenuity Pathway Analysis (IPA): To identify the biological net-
works of differentially expressed proteins, we performed pathway anal-
ysis using Ingenuity Pathways Analysis software as previously described
[29,32–38]. Ingenuity Pathways Analysis was optimized to include up to
35 proteins in a network. Proteins were considered upregulated when the
levels were >1.3-fold compared to control and down regulated when the
levels were <0.7-fold compared to control.

2.2.7. Effect of nanoengineering on ROS production
Effect of nanoengineering on intracellular ROS generation was stud-

ied using High-Content Analysis with CellROX® Oxidative Stress Re-
agents (Life Technologies, Invitrogen, USA). Cells were plated at a
density of 1.6 � 104 cells/well in collagen coated PhenoPlate™ 384-well
microplate (PerkinElmer, USA). The cells were nanoengineered as
described previously. Negative control samples were pre-treated with
1000 μMof antioxidant,N-acetylcysteine (NAC) for 1 h before adding the
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inducer tert-butyl hydroperoxide (TBHP), while positive control samples
were incubated with 200 μM of TBHP for 60 min. Following nano-
engineering, cells in some of the wells were further incubated in either
serum-free or serum containing MSC medium for 16 h. Following incu-
bation with different treatment groups, cells were washed twice with 1X
PBS and stained with 5 μM of MitoSOX™ reagent (510/580 nm) for
10–15 min. Cell viability was determined using 2 μM of Calcein AM
(496/516 nm). The cells were then imaged real-time using the Operetta®
CLSTM High Content Analysis System (PerkinElmer, USA). ROS pro-
duction was determined using average fluorescence intensity of ~2000
cells in 24 different fields from six replicates. Untreated cells were used as
controls and stained simultaneously. Unstained cells were used to correct
for any background autofluorescence. Single-cell intensity of ROS stain-
ing was quantified using Harmony 4.8 software from PerkinElmer.

2.2.8. Effect of nanoengineering on mitochondrial function
Effect of nanoengineering on mitochondrial function was determined

using JC-1 mitochondrial potential assay kit (Cayman Chemicals). MSCs
were nanoengineered, washed with PBS and stained immediately or
incubated with complete or serum free media for 16 h. Cells were then
incubated with JC-1 staining solution for 15–20 min and then washed at
400£g for 5 min. After washing, J-aggregates were monitored via fluo-
rescence measurements at excitation and emission wavelengths of 535
nm and 595 nm, respectively. J-monomers were monitored via fluores-
cence measurements at excitation and emission wavelengths of 485 nm
and 535 nm, respectively. The ratio of the fluorescence intensity of J-
aggregates to fluorescence intensity of monomers was used as an indi-
cator of cell health.

2.2.9. Effect of nanoengineering on cellular metabolic function
Oxygen consumption rate (OCR), a key indicator of mitochondrial

respiration and glycolysis as well as ATP production rate, of nano-
engineered and control MSCs was measured using Agilent Seahorse
XFe96 analyzer (Agilent, Santa Clara, CA). MSCs were cultured at the cell
density of 10,000 cells/well in 96-well microplates for 24 h. On the day
of the assay, cells were incubated with nanoparticles (100 μg/mL) for 4 h,
washed once, and then incubated in XF Seahorse Base Medium supple-
mented with 10 mM glucose, 1 mM sodium pyruvate, and 2 mM L-
glutamine. Seahorse XF96 Analyzer was calibrated using the sensor
cartridge that was pre-hydrated in Seahorse XF Calibrant. OCR readings
over time were recorded under basal conditions and after the addition of
mitochondrial inhibitors oligomycin (25 μM), carbonilcyanide p-tri-
flouromethoxyphenylhydrazone (FCCP, 7.5 μM) and rotenone & anti-
mycin A (5 μM).

2.2.10. Effect of nanoengineering on Nfe2l2 (Nrf2) expression
Nfe2l2 protein levels were analyzed using ELISA while the mRNA

expressionwas quantified using real-time polymerase chain reaction (RT-
PCR). MSCs were nanoengineered as described above. The cells were
then washed with PBS and harvested immediately or incubated with
complete or serum free media for 16 h and then harvested. Cells were
then lysed, and Nfe2l2 levels were quantified by ELISA as per manufac-
turer's (RayBiotech) protocol. For mRNA expression, total RNA was
extracted from the cell lysate using RNeasy mini kit (Qiagen, Hilden,
Germany). RNA concentrations were determined with a spectropho-
tometer (NanoDrop; Thermo Fisher Scientific). RNA was reverse tran-
scribed (RT) using Moloney murine leukemia virus reverse transcriptase
(Ambion) and a mixture of anchored oligo-dT and random decamers
(Integrated DNA Technologies). Two reverse-transcription reactions
were performed for each sample using either 50 or 12.5 ng of input RNA
in a final volume of 50 μL. SYBR Green assays were used in combination
with PowerUp SYBR Green Master mix (Applied Biosystems/Thermo-
Fisher Scientific) and run on a QuantStudio 6 detection system (Applied
Biosystems/ThermoFisher). Two μl of cDNA were used per PCR reaction
(10 μl final volume). Cycling conditions were 95 �C, 15 min, followed by
40 (two-step) cycles (95 �C, 15 s; 60 �C, 60 s). The Ct (cycle threshold)
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values for each sample were averaged from two independent PCRs.
RPLP0 was used as the normalizer. The sequences of the primers are
RPLP0-F: CCCATTCTATCATCAACGGGTACAA, RPLP0-R and CAG-
CAAGTGGGAAGGTGTAATCC, NFEL2-F: ATCCATTCCTGAGTTA-
CAGTGTC and NFEL2-R: ACTTCTGTCAGTTTGGCTTCT. Relative
expression was determined using Ct values (QuantStudio™ 3 Real-Time
PCR System, Applied Biosystems), and fold change was calculated using
normalized Ct values of RPLPO, housekeeping gene, as per 2^-(ΔΔCt)
method [39].

2.2.11. Biodistribution of nanoengineered MSCs
Animal model: All the experiments involving animals were performed

according to the guidelines of Temple University's IACUC. Temple Uni-
versity's laboratory animal care and use program has been accredited by
the American Association for Accreditation of Laboratory Animal Care
(AAALAC, A3594-01). For these studies, we used the orthotopic LL/2
murine lung tumor model. This model is syngeneic to immunocompetent
C57/Bl6 mouse, and thus considers a fully functional immune system,
which is important for cell-based systems. Also, since we are interested in
developing MSC-based therapies for non-small cell lung cancer, this is an
appropriate model to use in our studies. The LL/2-luc cells (1 � 106 cells
in 200 μL of DPBS) were injected through tail vein in C57BL/6 to develop
syngeneic lung tumors. Tumor growth was monitored using biolumi-
nescence imaging. D-luciferin potassium salt solution (150 mg/kg; Gold
Biotechnology, St. Louis, MO) was injected intraperitoneally and tumor
associated bioluminescence was measured using an In Vivo Imaging
System (IVIS, Caliper Life Sciences, Hopkinton, MA).

Tumor homing studies: Tumor homing of nanoengineered MSCs was
determined by analyzing the MSCs levels in lung tumors. Once the tumor
bioluminescence reached 5 � 106 photons/sec, either nanoengineered
MSCs (1 � 106 cells in 200 μL of DPBS) or naïve MSCs were injected
through the tail vein. A set of mice were euthanized 6 h and 7 days after
injection and lung tissue was preserved in RNA-later. Preserved lung
tissue was then homogenized using PowerGen 125 tissue homogenizer
(Fisher Scientific, Waltham, MA) and total RNA was extracted using a
RNeasy mini kit (Qiagen, Hilden, Germany). An equivalent amount of
total RNA (2 μg) for each sample was reverse-transcribed with the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham,
MA). The resulting cDNA was used for qPCR using the TaqMan Gene
Expression Master Mix (Applied Biosystems, Waltham, MA) and TaqMan
Gene Expression Assays (Applied Biosystems, Waltham, MA) for THY1
(Hs06633377_s1) and GAPDH (Hs02786624_g1). Real-time PCR re-
actions were performed in quadruplets QuantStudio 12 K Flex detection
system (Applied Biosystems, Waltham, MA) according to the recom-
mended cycling program (2 min at 50 �C, 10 min at 95 �C, 40 cycles of 15
s at 95 �C, and 1 min at 60 �C). Relative expression was quantified using
Ct values and fold change in expression was calculated by normalization
to the Ct of control MSC group, according to 2^-(ΔΔCt) method [39].
Fig. 1. Particle size distribution as measured by A) transmission electron microscop
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3. Results

3.1. Nanoengineering of MSCs

We utilized two different nanoengineering strategies to incorporate
different amounts of PTX in MSCs. These included simple incubation
with PTX loaded nanoparticles for endocytic uptake into MSCs and co-
valent conjugation of drug-loaded nanoparticles to the surface of MSCs.
For endocytic uptake, nanoparticles were fabricated with a mean hy-
drodynamic diameter of 217� 2.9 nm and a polydispersity index of 0.21.
Nanoparticles exhibited a net negative surface charge of �13.61 � 8.2
mV. PTX loading in these nanoparticles was 18.5 � 1.9% w/w. For sur-
face conjugation, nanoparticles surface functionalized with DBCO func-
tional groups were fabricated with a mean hydrodynamic diameter of
228.7 � 44.2 nm, net negative surface charge of �11.64 � 7.3 mV and a
polydispersity index of 0.21. As can be seen from the TEM image in Fig. 1,
PTX loaded, DBCO surface functionalized nanoparticles were spherical in
shape and were in the 150–300 nm size range. As previous studies have
shown, particle size obtained through dynamic light scattering technique
is typically larger than that from microscopic techniques because of hy-
dration and aggregation effects [40]. PTX loading in DBCO surface
functionalized nanoparticles was 21.6 � 10.9% w/w. Similar to that
shown in our previous studies [22,27], surface conjugation of nano-
particles resulted in significantly higher PTX loading in MSCs (43.8� 2.5
pg/cell) relative to that with endocytic uptake (8.3 � 0.6 pg/cell). We
have previously shown that neither loading method adversely affects
MSC viability, migratory, or differentiation properties [22,27].
3.2. PTX loading triggers antioxidant response in MSCs

We performed global label-free, unbiased proteomics on nano-
engineered MSCs using modified inStage technology as we reported
before [29,32–38]. These studies show that MSCs nanoengineered with
PTX underwent significant changes in the overall proteome (Fig. 2a),
while the proteome of MSCs treated with blank nanoparticles was not
significantly different from that of untreated MSCs. Analysis of molecular
function profile revealed that loading PTX in MSCs significantly
enhanced the expression of proteins involved in antioxidant and catalytic
activity as well as in protein binding (Fig. 2b). Biological process profile
also showed a similar increase in defense response as well as metabolic
processes (Fig. 2c). Fig. 3a is a heat map depicting increases in proteins
involved in antioxidant activity while Fig. 3b is a heat map showing in-
creases in proteins involved in defense response.

Further analysis of the various proteins that were upregulated showed
that loading PTX results in the upregulation of antioxidant proteins
including hemeoxygenase-1 (HO-1) and superoxide dismutase (Mn-SOD)
(Fig. 4).

To determine physical and functional interactions, we performed
canonical pathway analysis using IPA software comparing MSCs
y and B) photon correlation spectroscopy of DBCO functionalized nanoparticles.



Fig. 2. Global label-free unbiased proteomics on MSCs nanoengineered using DBCO-functionalized nanoparticles. (A) PCA plot. (B) Molecular function profile
(C) Biological process profile.

Fig. 3. Global label-free unbiased proteomics on MSCs nanoengineered using DBCO-functionalized nanoparticles. (A) Grouped heat map showing the specific
antioxidant proteins impacted by PTX loading (n ¼ 3, p < 0.05). (B) Heat map showing the specific defense response proteins affected by PTX loading (n ¼ 3, p
< 0.05).
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nanoengineered with PTX NP to MSCs nanoengineered with blank
nanoparticles. The canonical pathways with largest differences between
MSCs with and without PTX are shown in Fig. 5 and includes oxidative
phosphorylation where complex I was downregulated whereas complex
II, complex III and complex V, which are responsible for generating
oxidative stress, were upregulated (Fig. 6).
3.3. MSCs are resistant to PTX induced oxidative stress

Since proteome data suggested that mitochondrial oxidative phos-
phorylation was impacted by PTX, which is known to induce ROS gen-
eration and oxidative stress [41,42], we next determined the effect of
PTX loading on ROS levels in MSCs. These studies showed that incor-
poration of PTX inMSCs using either nanoengineering technique resulted
in increased mitochondrial ROS generation at the end of 4 h incubation
compared to that in untreated cells or in cells treated with blank nano-
particles (Fig. 7A and B). Blank nanoparticles induced slightly increased
5

mitochondrial ROS generation; however, the ROS levels were lower than
in cells treated with PTX nanoparticles. Interestingly, ROS levels returned
to baseline levels once the nanoparticle treatments were removed and the
cells were further incubated in serum-free or serum containing medium.

ROS generation in the mitochondria can result in oxidative damage to
the organelle and can impact its ability to carry out a range of metabolic
activities [43]. This mitochondrial disruption includes changes in the
membrane potential and alterations to the redox potential of the mito-
chondria. In our studies, we evaluated the effect of nanoengineering on
mitochondrial membrane potential using the JC-1 dye, which exhibits
potential-dependent accumulation in mitochondria and a shift in fluo-
rescence emission from ~529 nm for the monomeric form to ~590 nm
for J-aggregates. Loss of mitochondrial potential is indicated by a
decrease in the red/green fluorescence intensity (aggregate to monomer)
ratio. Nanoengineering with PTX resulted in a significant depolarization
of mitochondrial membrane potential immediately after nano-
engineering (Fig. 8, red arrow). Cells appear to reverse this effect over the



Fig. 4. Hemeoxygenase-1 (left) and Mn-superoxide dismutase (right) levels in MSCs nanoengineered using DBCO-functionalized nanoparticles. Results
significant at *p < 0.01, **p < 0.001.

Fig. 5. Ingenuity Pathways Analysis for differentially regulated proteins. Orange squares connected with line represent ratio of the number of altered proteins to
the total number of proteins in the pathway. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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next 16 h (Fig. 8, black arrow), and this reversal was independent of
whether cells were subjected to additional stress (serum-free conditions)
or are provided exogenous antioxidant activity (albumin from serum).
These studies suggests that MSCs quickly quench the increased ROS
levels in response to PTX loading by generating antioxidant proteins,
which likely scavenge any further ROS generated in serum-free medium.

Loss of mitochondrial membrane potential is often associated with
the opening of the mitochondrial permeability transition pore (MPTP),
which allows the equilibration of ions and decoupling of the respiratory
chain [44]. The effect of loading PTX on MSC cellular bioenergetics was
assessed using the Seahorse extracellular flux analyzer as previously re-
ported [44]. This technique uses selected inhibitors, which enables the
estimation of main parameters that describe mitochondrial function
including basal oxygen consumption rate (OCR), ATP-linked OCR, proton
leak OCR, maximal OCR, reserve capacity, and non-mitochondrial OCR.
These studies show no effect of nanoengineering on MSC bioenergetics at
4 h (Suppl Fig. S1).When nanoengineered MSCs were further incubated
under serum-free conditions, we noted a decline in non-mitochondrial
OCR and spare respiratory capacity (Fig. 9). The former was somewhat
unexpected because non-mitochondrial OCR has been shown to increase
6

in the presence of stressors such as ROS that affect mitochondrial
integrity [45]. Cell exposure to nanoparticles (both blank and
drug-loaded) likely affected oxygen consuming cellular processes since
non-mitochondrial OCR declined for both blank and PTX
nanoparticle-treated MSCs. Previous studies show that oxidative stress
can reduce the reserve capacity, and if the reserve capacity drops below
the basal respiration rate, then cell death is triggered [45]. In our studies,
loading PTX did not affect basal respiration or overall ATP production.
This suggests that MSCs quickly balance the increased oxidative stress by
generating an antioxidant response and preventing significant mito-
chondrial damage .
3.4. Upregulation of Nrf2 in response to PTX loading

Redox balance in cells is maintained by Nrf2, a major regulator of
antioxidant responses. Nrf2 expression is upregulated and stabilized by
oxidative stress, which in turn induces the expression of antioxidants and
cytoprotective genes [46]. In agreement with our data demonstrating
upregulation of antioxidant proteins, nanoengineering resulted in a sig-
nificant increase in Nrf2 protein and mRNA levels 16 h after



Fig. 6. Schematic representation of effect of nanoengineering on mitochondrial protein expression. Red, up-regulated proteins; green, down-regulated pro-
teins; white, proteins known to be in the network but were not identified in our analysis. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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nanoengineering (Fig. 10). There was a good correlation between PTX
loading and Nrf2 expression. MSCs loaded via simple endocytosis
resulted in a ~95% increase in Nrf2 expression while higher loading
achieved via surface conjugation resulted in a ~135% increase (in
serum-free conditions).

3.5. PTX loading upregulates CXCR4 expression and signaling

In addition to its role as a key regulator of the oxidative stress
response, Nrf2 plays a critical role in stem cell migration and their
retention in the niche [47]. It was previously shown that Nrf2 directly
binds to CXCR4 promoter and activates its expression [48]. Nrf2�/� cells
lack the homing ability and overexpression of CXCR4 in these cells
restored the homing characteristics, suggesting that Nrf2 exerts at least
some of its effects through regulation of CXCR4 signaling. The increase in
Nrf2 transcript and protein levels following nanoengineering and the
previous studies demonstrating direct activation of CXCR4 by Nrf2
directed us to investigate the effect of PTX loading on CXCR4 expression.
As with the ROS studies, we investigated the impact of PTX loading
extent (8.3 vs 43.8 pg/cell), time to recovery after 4 h of nanoengineering
(0 vs 16 h) and the presence of serum on CXCR4 expression. The baseline
expression of CXCR4 in MSCs was ~15% (CXCR4þ and CXCR4þ/7þ;
Fig. 11). Nanoengineering MSCs with PTX increased the number of MSCs
expressing CXCR4 by 5-fold (~65%, Fig. 11). The increase in CXCR4
expression was proportional to PTX loading in cells and the increase was
lower when the cells were allowed to recover in the presence of serum for
16 h. There was not a significant effect of PTX loading on CXCR7
expression (Suppl Fig. S2).

We then turned to global proteomics to evaluate whether CXCR4
signaling is active in MSCs nanoengineered with PTX nanoparticles. As
can be seen in Fig. 12, expression of several proteins in the Gα13-Rho
signaling axis downstream to CXCR4 was upregulated in nanoengineered
MSCs even in the absence of exogenous SDF-1 stimulation, suggesting
that enhanced expression of CXCR4 following nanoengineering also re-
sults in increased downstream signaling events that could lead to
increased tumor homing of MSCs.

3.6. Effect of PTX loading on tumor homing of MSCs

We then determined the effect of loading PTX on tumor homing of
MSCs in the syngeneic lung orthotopic LL/2 tumor model. We used RT-
7

PCR to quantitate human MSC-specific mRNA transcripts of CD90 and
GAPDH. This study showed that relative to controls (untreated MSCs and
MSCs treated with blank nanoparticles), MSCs loaded with PTX
demonstrated greatly enhanced tumor homing and retention in the
tumor (for at least 7 days following the treatment) (Fig. 13). The extent of
tumor homing and retention was higher for MSCs that were incubated in
serum-free medium compared to those that were allowed to recover in
the presence of serum, correlating with increased ROS production and
greater CXCR4 expression observed in this group.

4. Discussion

Effectiveness of MSC-based therapies is reliant on successful migra-
tion of MSCs to the target tissue. Tumor homing of native MSCs, how-
ever, is likely not efficient. A recent phase I clinical study in prostate
cancer patients failed to detect MSCs in the primary tumors [23]. This
study concluded that although systemically infused allogeneic MSCs
were safe, native MSCs do not home to primary tumors in sufficient
levels. Yet, preclinical studies from our group [19,20,22,27] and that of
others [1,18,49] show that MSCs carrying anticancer drugs accumulate
in solid tumors and result in improved delivery of the payload and
enhanced anticancer efficacy.

A key consideration in the use of MSCs and other cellular carriers is
optimizing the drug payload in the cells. Loading high concentrations of a
cytotoxic drug could directly kill the MSCs while loading too little may
not result in therapeutic effect. In the current studies, we utilized two
different nanoengineering strategies because they allowed for loading
variable amounts of the drug in MSCs. The surface conjugation technique
results in greater payload capacity. However, in certain instances (for
example, to incorporate a fluorescence label on the membrane surface), it
may be advantageous to load the drug via endocytosis rather than by
surface conjugation. In our previous studies, priming MSCs with free PTX
did not result in efficient drug incorporation in MSCs [50]. Our studies
further showed that using nanoparticles results in stable drug loading in
MSCs. Following endocytic uptake, MSCs internalize polymeric nano-
particles and a fraction of the internalized nanoparticles are exocytosed
over a period of 4 h [51]. After 4 h, concentration of nanoparticles inside
the cells remains steady for several hours [52]. For surface conjugation,
our previous studies show that a fraction of nanoparticles are internalized
while a significant fraction is attached to the cell membrane [52]. It is
likely that even the membrane-bound nanoparticles are eventually



Fig. 7. Effect of nanoengineering on intracellular ROS generation. A) The rate of ROS production is shown MSCs immediately after 4 h of nanoengineering, 16 h
in serum-containing medium (SM) or 16 h in serum-free medium (SFM) after 4 h of nanoengineering. B) Representative live cell confocal images. Mitochondrial ROS
was detected using MitoSox staining (orange) in cells (blue nuclei). (Scale bars: 50 μm). Data significant at ****P < 0.00001. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. Effect of nanoengineering on mitochondrial membrane potential.
Mitochondrial dysfunction (JC-1 aggregate/monomer ratio) is shown for MSCs
immediately after 4 h of nanoengineering, 16 h in serum-containing medium
(SM) or 16 h in serum-free medium (SFM) after 4 h of nanoengineering. Results
significant at *p < 0.001.

S. Prabha et al. Materials Today Bio 19 (2023) 100567
internalized due to membrane turnover. Our studies show that loading
PTX through either technique does not affect migration or other native
properties of MSCs [52].

We have previously shown that nanoengineered MSCs result in
enhanced tumor-targeted drug delivery and significantly less off-target
deposition, as evidenced by significantly higher lung tumor-to-liver
and lung tumor-to-spleen ratios for the drug compared to that
following free or nanoparticle-encapsulated drug [19]. Also, plasma and
tumor concentrations of PTX after IV injection of the nanoengineered
MSCs was characterized by a slow, bi-exponential clearance of the drug
over nearly 2 weeks [19]. Our studies also show that compared to PTX
solution and PTX encapsulated in nanoparticles, which resulted in
elevated alanine aminotransferase levels and a decrease in the alkaline
phosphatase levels, nanoengineered MSCs did not alter any of the liver
enzymes [19,53].
Fig. 9. Kinetic OCR (A) and maximal respiration (B) response of control MSCs (MSC-
DBCO NP) or PTX loaded nanoparticles (MSC-Az þ PTX DBCO NP). AP: ATP Producti
significant at **p < 0.0001.

9

We have also previously established the anticancer efficacy of MSCs
nanoengineered with PTX nanoparticles in different tumor models [19,
20,22,27] including in the orthotopic A549 human lung adenocarcinoma
model as well as in the syngeneic LL/2 murine orthotopic lung tumor
model. Further, both nanoengineered mouse and human MSCs were
effective in inhibiting tumor growth in the immunocompetent LL/2
mouse tumor model.

We posited that nanoengineering of MSCs impacts their biology,
resulting in a favorable alteration of their in vivo disposition. Our studies
suggest that MSCs counteract PTX-induced oxidative stress by upregu-
lating antioxidant response mediated by Nrf2. CXCR4, a direct target of
Nrf2 and a key mediator of tumor homing, is also upregulated, pointing
to a potential mechanism of improved tumor targeting of nano-
engineered MSCs.

MSC homing is a multistep process [54]. MSCs initially tether to the
endothelial cells mediated by the binding of CD44 expressed on MSCs to
selectins expressed by endothelial cells. This initial binding causes MSCs
to roll along the vessel wall [55]. MSCs are then activated by their che-
mokine receptors (especially CXCR), in response to SDF-1 [56]. MSCs are
then arrested, a step that is facilitated by MSC membrane integrins that
bind to VCAM-1 on endothelial cells [57–59]. Next, MSCs travel via
transmigration or diapedesis across the endothelial cell layer through the
basement membrane. Our studies show that naïve MSCs have low CXCR4
expression, which could explain the low efficiency of tumor homing (%
injected cells reaching the tumor) with native MSCs. Various strategies
have been investigated for improving MSC homing, including targeted
(local) administration, use of external magnetic fields to guide MSCs
loaded with superparamagnetic nanoparticles, genetic modification to
express chemokine receptors, cell surface engineering, among others [54,
60]. Our studies suggest that tumor homing can be significantly
improved by loading specific drugs that induce oxidative stress and/or
upregulate CXCR4. The results of our studies agree with previous studies
that demonstrate improved tumor homing of MSCs following genetic
overexpression of CXCR4 [61,62].

Previous studies suggest that MSCs are resistant to chemotherapy
drugs (for example, PTX) because they express transporters such as P-
glycoprotein that rapidly efflux the drugs out [49,63] or because they
adopt a non-proliferative fibroblastic state resistant to drugs that act on
dividing cells [64]. While these mechanisms are potentially important,
the upregulation of antioxidant response is also a key mechanism.
Upregulation of Nrf2-Keap1 has been associated with the acquisition of
resistance to traditional chemotherapy in NSCLC [65]. The EGFR
pathway can activate Nrf2 in EGFR wild-type tumor cells after
ligand-receptor binding. Also, activation of downstream signaling of the
mutated EGFR pathway leads to constitutive expression of Nrf2 [66]. Our
Az) as well as MSCs surface conjugated with blank nanoparticles (MSC-Az þ BLK
on; BR: Basal Respiration; NOC; Non-mitochondrial oxygen consumption. Results



Fig. 10. Upregulation of Nrf2 in response to PTX loading. Levels of Nrf2 protein (A) and Nfe2l2 mRNA transcripts (B) in nanoengineered MSCs relative to untreated
MSCs or those treated with blank nanoparticles analyzed after incubation in either serum containing (SM) or serum free media (SFM) for 16 h. Nanoengineering was
achieved by simple incubation (MSC þ PTX NP) or via surface conjugation (MSC-Az þ PTX DBCO NP). Results significant at *p < 0.001.

Fig. 11. Effect of nanoengineering on CXCR4 expression. (A) Representative dot plots of nonengineered MSCs after 16 h in serum free media (n ¼ 3). (B) %CXCR4þ
MSC just after 4 h NP incubation or followed by either 16 h serum containing (SM) or serum free media (SFM). Results significant at *p < 0.01.

Fig. 12. Global proteomic analysis of proteins (highlighted red in the pathway) downstream to CXCR4 in MSCs nanoengineered using DBCO-functionalized nano-
particles. Example expression data are shown for some of the overexpressed proteins (n ¼ 3). All results significant at *p < 0.01; **p < 0.001; ****p < 0.00001. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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studies suggest that MSCs utilize a similar pathway to overcome
PTX-induce oxidative stress and cell death.
10
While MSCs quickly quench the increased ROS levels induced by PTX
loading, additional incubation of MSCs in serum-free medium, a known



Fig. 13. Biodistribution of MSCs nanoengineered using DBCO-functionalized nanoparticles. Fold increase of MSCs levels in lung was quantified at 6 h and 7 days by
RT-PCR, as determined by CD90 (Thy-1) and GAPDH as human MSC marker genes. Extent of tumor homing and retention was two to six-fold higher with MSCs loaded
with PTX and incubated in either serum or serum free media. (**p < 0.0001, compared to control MSC group; #p < 0.001, compared to same group at different
time points).
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stressor, appears to further increase antioxidant response. Nrf2 is a crit-
ical transcription factor and an important regulator of the antioxidant
response [67]. Under normal conditions, Nrf2 is present only in the
cytoplasm as part of the Kelch-like ECH-associated protein 1 (Keap1)–
Nrf2 complex. In the presence of oxidative stress, the Keap1–Nrf2 com-
plex dissociates, allowing Nrf2 to translocate into the nucleus. Nrf2 binds
with antioxidant response elements and regulates the transcription of
downstream target genes, such as HO-1 and SOD [68,69]. Previous
studies show that Nrf2 overexpression in MSCs protects them from
oxidative stress-induced cell death by upregulating SOD and HO-1 [70],
similar to the effect seen with PTX loading in our studies.

It should be noted that although PLGA nanoparticles result in sus-
tained drug release, they are also characterized by a typical burst release
over 8–12 h [50,51,71]. It is possible that the observed increases in ROS
production initially is due to the burst release, while after 16 h, the drug
is released slowly and at low concentrations, which could explain the
decrease in ROS levels. This would also explain why the ~10-fold higher
PTX loading achieved with surface conjugation only resulted in slightly
higher ROS production than with loading PTX using simple endocytic
technique.

Pharmacological modulation of Nrf2 has been shown to alter MSC
biology in response to different stresses. For example, ginger oleoresin
was shown to protect MSCs from ionizing radiation induced DNA damage
by activating nuclear translocation of Nrf2 and upregulating the
expression of cytoprotective genes such as HO-1 [72]. Similarly, cyclic
helix B peptide protected MSCs from starvation-induced apoptosis by
activating the Nrf2/sirtuin (SIRT)3/FoxO3a pathway [73]. Another
study showed that 17 b-estradiol conferred protection to human umbil-
ical cord blood MSCs against high glucose-induced mitochondrial ROS
11
production and cell death by activating nuclear translocation of Nrf2,
followed by SIRT3 upregulation and Mn-SOD activation [74]. On the
other hand, inhibition of Nrf2 by triclosan resulted in increased oxidative
stress and impaired MSC proliferation [75]. Also, a previous study
showed a 2-fold reduction in CXCR4 expression in hematopoietic stem
cells from Nrf2�/� knockout mice [47]. These studies point to the
important role of Nrf2 in MSC biology. In addition to PTX, other
chemotherapy drugs are known to induce high levels of oxidative stress
(for example, crizotinib, gefitinib, erlotinib and cisplatin) [76,77]. It will
be interesting to determine whether these drugs also induce CXCR4
overexpression and result in improved tumor homing of MSCs. Similarly,
it will also be important to determine whether MSCs can be used as
carriers for drugs that do not induce oxidative stress.

In addition to the antioxidant mechanism described here, there are
other potential explanations for how MSCs can deliver therapeutic con-
centrations of cytotoxic payloadwhile maintaining their viability. First, it
is possible that concentration of PTX in individual MSC is low enough to
not kill the individual cell but sufficient number of MSCs accumulate in
the tumor to cumulatively deliver therapeutic levels of PTX to kill the
tumor cells. For example, nanoengineering by surface conjugation results
in a loading of ~40 pg of PTX/cell while simple endocytic loading results
in a PTX loading of ~4 pg of paclitaxel/cell. Intravenous injection of
nanoengineered MSCs results in a lung tumor concentration of >1000
ng/g of PTX (Cmax), suggesting >250,000 MSCs (for 4 pg/cell loading)
accumulate in the lungs during the initial time points. This translates to
about 25% of the injected dose (typically 1 million MSCs/animal)
reaching the target. Second, within MSCs, the drug is present inside
nanoparticles and released slowly over several days. Thus, at any given
time, the amount of free drug that MSCs are exposed to intracellularly is



S. Prabha et al. Materials Today Bio 19 (2023) 100567
low but because of sustained and efficient accumulation of MSCs in the
tumor and slow release of the drug, it may be possible to achieve ther-
apeutic levels of the drug in the tumor.

5. Conclusions

Our studies show that MSCs counteract PTX-induced oxidative stress
by upregulating Nrf2-mediated antioxidant response and CXCR4
expression. Thus, our studies reveal a novel mechanism of resistance that
MSCs utilize against drug-induced oxidative stress and cell death.
Importantly, these studies show that incorporating PTX induces upre-
gulation of CXCR4 expression and improves tumor homing. Further, our
studies suggests that modulation of the redox pathwaymay be a potential
approach to enhancing CXCR4 levels in MSCs and their tumor homing.
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