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Engineered Cell-Derived Vesicles Displaying Targeting
Peptide and Functionalized with Nanocarriers for
Therapeutic microRNA Delivery to Triple-Negative Breast

Cancer in Mice

Rajendran JC Bose, Uday Sukumar Kumar, Fernando Garcia-Marques, Yitian Zeng,
Frezghi Habte, Jason R McCarthy, Sharon Pitteri, Tarik F Massoud,

and Ramasamy Paulmurugan*

Polymeric nanocarriers (PNCs) can be used to deliver therapeutic microRNAs
(miRNAs) to solid cancers. However, the ability of these nanocarriers to
specifically target tumors remains a challenge. Alternatively, extracellular
vesicles (EVs) derived from tumor cells show homotypic affinity to parent
cells, but loading sufficient amounts of miRNAs into EVs is difficult. Here, it is
investigated whether uPAR-targeted delivery of nanococktails containing
PNCs loaded with therapeutic antimiRNAs, and coated with uPA engineered
extracellular vesicles (uPA-eEVs) can elicit synergistic antitumor responses.
The uPA-eEVs coating on PNCs increases natural tumor targeting affinities,
thereby enhancing the antitumor activity of antimiRNA nanococktails. The
systemic administration of uPA-eEV-PNCs nanococktail shows a robust tumor
tropism, which significantly enhances the combinational antitumor effects of
antimiRNA-21 and antimiRNA-10b, and leads to significant tumor regression
and extension of progression free survival for syngeneic 4T1 tumor-bearing
mice. In addition, the uPA-eEV-PNCs-antimiRNAs nanococktail plus low dose
doxorubicin results in a synergistic antitumor effect as evidenced by inhibition
of tumor growth, reduction of lung metastases, and extension of survival of
4T1 tumor-bearing mice. The targeted combinational nanococktail strategy
could be readily translated to the clinical setting by using autologous cancer
cells that have flexibility for ex vivo expansion and genetic engineering.

1. Introduction

Breast cancer (BC) has now overtaken lung
cancer as the world’s most diagnosed can-
cer and is a leading cause of cancer-related
deaths in women worldwide.'!l' BCs that
are immunohistochemically characterized
by the lack of estrogen receptor (ER), pro-
gesterone receptor (PR), and human epi-
dermal growth factor receptor 2 (HER2)
are classified as triple-negative breast can-
cer (TNBC), which account for ~#20% of all
BCs.[2I The overall survival rate of TNBC pa-
tients diagnosed with metastatic disease is
~13 months and is still significantly lower
than that of non-TNBC patients across any
stage at diagnosis, which embodies an im-
portant therapeutic challenge.®!

BC cell-derived vesicles (BCCDVs) are
heterogeneous sub-micron-sized proteo-
lipid vesicles formed by direct plasma mem-
brane budding from cancer cells. These
vesicles carry a diverse group of tumor-
associated adhesive proteins, antigens, and
loaded cellular macromolecules.[* BCCDVs
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and their cell adhesion molecules (CAMs) have pivotal roles
in TNBC metastasis owing to their homotypic cancer-targeting
mechanisms.’! Likewise, BCCDVs possess inherent advantages
compared to synthetic liposomes, including superior cargo load-
ing ability, long life span in the circulation, rapid and higher
cell internalization, and the capacity to cross biological and in-
tratumoral barriers, making them highly suitable for therapeutic
cargo deliveries during TNBC therapy.>®! Despite to-date test-
ing in human clinical trials, BCCDV-based therapies have not
been approved for clinical applications.l”] This is in part ow-
ing to the inability to rationally formulate BCCDVs with ther-
apeutic cargos with potent and reproducible therapeutic activ-
ity. To overcome this problem, a range of bioengineering strate-
gies have been developed.®! Among them, the use of bioengi-
neered BCCDVs using BCs engineered to display targeting pep-
tide sequences is one efficient approach to enhance the func-
tionality of BCCDVs.[®! Specifically, peptides are excellent candi-
dates for engineering cancer cells to isolate cancer cell-derived
vesicles (CCDVs) and surface molecules with little change in
immunogenicity. Furthermore, the simple structures of pep-
tides, the easy process to engineer them, and low synthesis
costs, make them useful agents in targeted delivery approaches
in cancer therapy.'®!] With the discovery of many targeting
peptides homing to cancers through phage display and in vivo
biopanning technologies, there are plenty of opportunities to
explore the potential of engineered CCDVs for targeted TNBC
therapy.l'%) Appreciation of biological roles and material prop-
erties of CCDVs has facilitated cancer therapy, as has engi-
neering CCDVs with targeting peptides to improve the speci-
ficity of CCDVs in recognizing cancer cells through receptor-
ligand binding.l) In CCDV biogenesis, transmembrane proteins
such as lactadherin, lysosome-associated membrane protein-2B
(LAMP-2b), and platelet-derived growth factor receptor (PDGFR)
are enriched in the CCDVs compartment and provide oppor-
tunities to genetically engineer these proteins to display selec-
tive targeting peptides on their surfaces.['?! This process con-
fers CCDV targeting capability to BC cells bearing cognate re-
ceptors including androgen receptor, epidermal growth factor
receptor (EGFR), fibroblast growth factor receptor (FGFR), vas-
cular endothelial growth factor receptor (VEGFR), and uroki-
nase plasminogen activator receptor (uPAR).[''13] Among these,
uPAR plays a critical role in cell growth, motility, invasiveness,
and the level of uPAR expression has been often associated with
poor prognosis in TNBC patients.['*15] Furthermore, uPAR ex-
pression is positively correlated with a stage of advanced dis-
ease and drug-resistant phenotype.!'>1°l Previously, we and oth-
ers have developed urokinase-type plasminogen activator (uPA)
-mediated uPAR targeted nanoparticles (NPs) for cancer therapy
using MDA-MB-231 TNBC animal tumor models.['718]
MicroRNAs (miRNAs) are small, non-coding, endogenous
molecules that are involved in post-translational regulation of
gene expression in multicellular organisms.'”*] In TNBC, dys-
regulation of miRNAs has been associated with a broad spectrum
of cellular processes. We and others have found that miRNA-10b
and miRNA-21 are overexpressed in TNBCs, and this corre-
lates with chemoresistance and metastatic potential.['7:1%20]
Simultaneously antagonizing multiple endogenous miRNAs
could affect target mRNAs of different genes and result in an
additive or enhanced therapeutic effect.?!] However, the lack of
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safe and efficient approaches to deliver miRNAs in a targeted
manner to TNBCs in vivo hinders clinical translation of miRNA
modulation therapy.l?!] Intravenously injected miRNAs can be
rapidly degraded by nucleases and therefore need to be protected
to extend their circulation lifetime in the blood to achieve an
efficient therapeutic effect.[?!] Encapsulation of miRNAs within
biodegradable polymeric nanocarriers can provide sufficient
protection from nucleases and improve the sustained release
of miRNAs for long periods to enhance the therapeutic efficacy
of miRNAs. We have shown the production and preclinical
validation of miRNA-loaded PLGA-NPs in rodent,??! pig,!?}l and
dog!? models. We established diverse strategies to enhance the
overall therapeutic efficacy of miRNAs in vivo.[?! Among the var-
ious strategies, CCDV-mediated homotypic tumor targeting has
shown promising results in a TNBC tumor-bearing nude mouse
model.l°]

2. Results and Discussion

Here, we employed a bioengineering approach to enhance the
targeting function of NCs by surface coating with extracellular
vesicles (EVs) derived from 4T1-TNBC cells, and thereby enhanc-
ing the delivery and the overall therapeutic efficacy of antisense
miRNAs. We also tested this targeted nanococktail approach us-
ing uPA peptide bioengineered 4T1-derived EV-functionalized
miRNA nanoformulations as a potential strategy to treat TNBC.
We engineered 4T1 cancer cells to display uPAR targeting uPA or
negative control scrambled-uPA (Sc-uPA) peptide as a fusion pro-
tein with PDGFR. We used 4T1-engineered(e)EVs isolated from
these cells to functionalize PLGA nanocarriers pre-loaded with ei-
ther antisense-miRNA-21 (antimiRNA-21) or antisense-miRNA-
10b (antimiRNA-10b) with the encapsulation efficiency of 70 +
5%, collectively dubbed as “eEV-Polymeric Nanocarriers (eEV-
PNCs)” (Figure 1, Figure S1, and Table S1, Supporting Informa-
tion). The preparation of 4T1-eEV-PNCs requires two steps: in
the first, we prepared genetically engineered 4T1-eEVs that dis-
play uPAR targeting uPA or control Sc-uPA. We transfected the
constructs expressing the genes coding for the C-terminal trans-
membrane domain of PDGFR with uPA or Sc-uPA as a fusion
protein (Figure 2a) into 4T1 cells, and we selected the clones sta-
bly expressing the genes with 200 ng mL~! of puromycin. After
the positive selection, we purified the Sc-uPA and uPAR target-
ing uPA peptides displaying 4T1-eEVs using a standard ultracen-
trifugation method, which we optimized in the lab previously!?®!
(Figure S1, Supporting Information). Dynamic Light Scattering
(DLS) revealed that the isolated eEVs were in the nanometer size
range (200-300 nm), with an average size of ~250 nm and an
average concentration of 1.91e8 + 7.5 e6 particles mL™! of condi-
tioned media (Figure 2b). Electron microscopy revealed hetero-
geneous size and shape of eEVs, with unilamellar and multil-
amellar phospholipid layered membrane structures (Figure 2c);
the size was consistent with the size range previously reported
for typical 4T1-EVs.[?”] The DLS analysis further confirmed the
size of eEV-Sc-uPA and eEVs-uPA as 247 + 16.6 and 253 + 23
nm, respectively (Table S1, Supporting Information). Further-
more, the DLS analysis revealed that the size and charge of non-
engineered and engineered 4T1 (Sc-uPA and uPA) cell-derived
EVs were not significantly different (Figure S2, Supporting In-
formation), highlighting that the bioengineering process did not
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Figure 1. Schematic illustration strategy of 4T 1-engineered extracellular vesicles (eEVs) that display uPAR targeting uPA or scrambled uPA (Sc-uPA)
peptide-functionalized PLGA-nanocarriers separately loaded with antimiRNA-21 or antimiRNA-10b.
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Figure 2. a) Schematic illustration shows the pcPUR-uPA vector map with PDGFR transmembrane domain fused uPA or negative control scrambled-uPA
(Sc-uPA) insert sequence used to engineer the 4T1 cancer cells to display uPAR targeting uPA or Sc-uPA peptide as a C-terminal fusion protein with
PDGFR. b) DLS revealing comparative size distribution of 4T1-eEVs isolated from cells engineered to display uPA and Sc-uPA (n = 3). c) TEM image of
eEVs isolated from 4T1 cancer cells engineered to express uPA peptide (n = 3). Insert figure within image (c) shows the spherical shaped proteo-lipid
vesicles of eEVs isolated from 4T1 cancer cells engineered to express uPA peptide at higher magnification.
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Figure 3. Proteomic analysis of 4T1-eEVs. a) Venn diagram shows the comparison of protein identifications (4T1 and SKBR3) found in our study and
reported by Vesiclepedia and ExoCarta. b) Total protein signal from 41T-eEVs and SKBR3-eEVs by category. ¢,d) Abundant cancer cell adhesion proteins
identified in 4T1-eEVs. Z-score iBAQ quantification values are shown by color. Gene ontology (GO) analysis of identified proteins from 4T1-eEVs sample.
Gene enrichment was performed by e) GO cellular component, f) GO biological process, g) molecular function, and h) reactome pathway analysis.
Protein enrichment is represented as —log10 of p-value after Bonferroni correction.

change the size and charge of 4T1-EVs. In addition, we verified
the stability of miRNAs loaded into eEV-PNCs and the change
in release profile compared to miRNAs loaded in PLGA-NPs. We
used antimiRNA-21 loaded PLGA-NP before and after extrusion
using 4T1-eEV (eEV-PNC) for release by antimiRNA-21 quantifi-
cation. The miRNA release profile from PLGA-NPs before and
after eEV coating (eEV-PNC) exhibited similar trends in release
profile over time (30 min to 24 h). In contrast, eEV-PNCs showed
much lower release compared to PLGA-NPs. PLGA-NPs showed
an initial release of 4.2% (30 min) and reached 12.5% by 24 h.
In contrast, for eEV-PNC, the release started with 1.4% (30 min)
and reached a maximum of 6.9% by 24 h (Figure S3, Support-
ing Information). In addition, we did not observe any change in
the stability of antimiRNA-21 upon coating the PLGA-NPs using
4T1-eEVs. The change in release profile by eEV-PNCs could pos-
sibly be owing to the membrane coating associated blocking of
mRNA release from the PLGA-NPs.
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We further investigated our previously reported(?®! proteomic
profiles of SKBR3 cancer cell-derived extracellular vesicles
(SKBR3-eEVs) and 4T1-eEVs with a focus on organotropism. We
identified 1782 and 1910 proteins in each sample respectively,
spanning over six orders of magnitude of protein abundance.
91% and 95% of the identified proteins were present in Vesicle-
pedia and ExoCarta respectively (Figure 3a), showing significant
agreement with EV-associated proteins in the literature. We fur-
ther investigated the involvement of these proteins in differential
cancer cell-specific tropism, tumor cell communication, and cell-
cell signaling by annotating identified proteins using the KEGG
database into cell migration and cell-cell adhesion categories.
4T1-eEVs were found to be more versatile in terms of the number
of different cell types with which they can interact, with the num-
ber of different proteins related to cell-cell adhesion proteins ex-
ceeding those identified in SKBR3-eEVs (35 vs 13 proteins) (Table
S2, Supporting Information). Furthermore, the total amount of
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MS signal derived from cell-cell adhesion proteins (2% vs 0.6%)
also indicated that the detected signal from these proteins was at
least three times more abundant in 4T1-EVs than in SKBR3-eEVs
(Figure 3b). The interaction between cell adhesion molecules on
the surface of 4T1-eEVs plays a key role in their organotropism.
Investigation of cell migration-related proteins revealed similar
proportions in terms of the number of identified proteins, 305 vs
117, and 16% vs 6% of the total MS signal when we compared
4T1-eEVs and SKBR3-eEVs, respectively. These results indicate
that there were nearly three times more proteins involved in cell
migration in 4T1-eEVs (Figure 3b). Similarly, there was substan-
tially more MS signal associated with intracellular proteins such
as nuclear, cytosolic, and other cellular compartments in SKBR3-
eEVs than 4T1-eEVs (Table S3, Supporting Information). To bet-
ter understand the role of the differences observed in cell—cell
adhesion, we classified the identified cell adhesion molecules ac-
cording to four group types: Ig-superfamily, claudins, integrins,
and cadherins of 4T1-EVs (Figure 3c,d). The Z-score of intensity
Based Absolute Quantification (iBAQ) showed that cadherin-1
and other Ig-superfamily adhesion molecules, such as VCAMI,
Glgl, and Cntnl, were of low abundance on the surface of 4T1-
eEVs. Some other specific Ig-superfamily adhesion molecules,
such as CD9, CD44, CD47, CD81, CD82, CD276, and CD166,
as well as claudins and integrins, were highly abundant on the
surface of 4T1-eEVs.

In tumor-derived EVs, integrins are crucial in preparing a
pre-metastatic tumor niche and guided organ-specific metastasis
based on EV-cell tropism. The claudins play an important role in
the formation and function of tight junctions. Several of these
proteins are aberrantly expressed in cancer, including Cldn3,
4, and 7. Furthermore, we performed gene enrichment analy-
sis of proteins identified in 4T1-eEVs against the whole mouse
proteome database. Enriched categories were identified by gene
ontology (GO) cellular component, GO biological process, and
molecular function analysis (Figure 3e-h). The protein enrich-
ment is represented as —log10 of p-value after Bonferroni correc-
tion. Interestingly, the GO based cellular component analysis re-
vealed that most 4T1-eEVs proteins belong to plasma membranes
followed by the proteins localized in the cytoplasmic compart-
ment, and a minor contribution from the nuclear compartment
(Figure 3e). These findings further confirm that the 4T1-eEVs
were highly enriched with proteins belonging to the 4T1-plasma
membranes, and our standard EV production process yielded
CCDVs with minimal contamination by other cellular compart-
ment materials. Together with the proteomic analyses, our exper-
imental data demonstrated that 4T1-eEVs were proteo-lipid vesi-
cles, highly enriched with 4T1 cell surface adhesive proteins that
likely contributed to homologous tumor-specific adhesion.

After this extensive characterization of 4T1-eEVs, we next
formulated 4T1-eEVs-PNCs by fusing eEVs with pre-formulated
PLGA-NCs loaded with either antimiRNA-21 or antimiRNA-10b
(Figure 4a) as reported previously.?®! The encapsulation efficien-
cies of both antimiRNA-21 and antimiRNA-10b in PLGA-NCs
in different batches were consistent and were in the range of
65-75%. DLS and NTA analyses showed that the 4T1-eEVs
functionalization of the different nanoformulations of PLGA-
antimiRNA-21 or PLGA-antimiRNA-10b slightly increased
the particle size to 10-20 nm while reducing the surface zeta
potentials as shown in Figure 4b,c, and Table S1, Supporting
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Information. Additionally, TEM micrographs also confirmed
the formation of a hybrid core-shell nanosphere consisting of a
PNC nanocore wrapped by a thin lipid layer (Figure 4d), which
was consistent with earlier reported typical core-shell NCs.[2%3]
These results were further confirmed by confocal microscopy as
the presence of DiD (red) and NBD-PC (green) signals perfectly
corresponded to the PNC and eEV portions of 4T1, respectively
(Figure 4e). We have previously reported that 4T1-EVs function-
alization on gold-iron-oxide hybrid metallic NPs enables greater
uptake by homologous and uPAR positive 411 and MDA-MB-
231 cancer cells, while showing minimal uptake with NIH 3T3
fibroblast cells (Figure S4, Supporting Information).[?! From
these results we deduced that CCAMs play a role in NP uptake by
cancer cells.[?! However, it was important to determine whether
bioengineered uPA peptide on the 4T1-eEVs-PNCs that target the
uPAR can enhance receptor-mediated NCs uptake. Therefore,
we performed in vitro uptake assays using Celigo imaging cell cy-
tometry (Figure S5, Supporting Information) using 4T1 cells, as
these cells are known to overexpress uPAR. We treated 4T1 cells
with uPAR-small interfering RNA (siRNA) and scrambled siRNA
to evaluate the role of uPA-uPAR interactions in TNBCs. As an-
ticipated, the incubation of the eEVs-uPA-PLGA-antimiRNA-21-
Cy5 with scrambled siRNA treated 4T1 cells (Figure 4f,g) showed
significant increase in uptake when compared to Sc-uPA-PLGA
NPs (t-test, ***p < 0.0001) and this uptake effect was abrogated
in the uPAR siRNA treated 4T1 cells, confirming that the NPs
uptake was uPAR receptor-mediated (Figure S6, Supporting
Information). Moreover, in the siRNA-treated group, incubation
of eEVs-uPA-PLGA-antimiRNA-21-Cy5 and Sc-uPA-PLGA-
antimiRNA-21-Cy5 NCs showed relatively equal uptake (not
significant) and nearly twofold higher uptake (t-test,** p < 0.009)
than uncoated PLGA-antimiRNA-21-Cy5 NPs. This particular
result confirmed that the 4T1-eEVs functionalization onto the
nanocarrier enhanced the NPs uptake as reported previously.[2®]
A combination of different therapeutic strategies could have
great potential to effectively treat TNBCs by taking advantage of
their synergetic effects. We and others have previously shown
that the therapeutic efficacy of NPs-mediated co-delivery of an-
tisense miRNAs can be enhanced synergistically with low-dose
chemotherapeutics (e.g., doxorubicin, DOX). However, to effect
the controlled release of desired therapeutic miRNAs from a
co-loaded nanosystem is much more challenging than the con-
trolled release of miRNA from individually loaded NPs. There-
fore, we formulated different NPs (Table S1, Supporting Infor-
mation) and tested their synergistic activity with low-dose DOX
by preparing a nanococktail mixture. We theorized that low-dose
DOX would serve to inhibit the cell cycle and slow down the rate
of cell division. Hence, we next assessed the synergistic thera-
peutic enhancement of low-dose DOX with a cocktail mixture of
Sc-uPA or uPA-4T1-eEV-PNCs loaded with either antimiRNA-21
or antimiRNA-10b. The uPAR targeted uPA nanococktail mix-
ture showed a significant antiproliferative effect in response to
the treatment with free DOX (2.8-fold) and control cells (3.2-
fold, p < 0.01) (Figure 4h). The uPAR targeted uPA nanocock-
tail mixture caused significantly higher cytotoxicity (2.2-fold, p
< 0.01) on 4T1 cells, when compared to non-uPAR targeted Sc-
uPA-nanococktail formulations (Figure 4h). Further, treatment
with uPAR targeted individual eEV-uPA-PLGA-antimiRNA-21
(1.9-fold, p < 0.01) or eEVs-uPA-PLGA-antimiRNA-10b (1.7-fold,
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Figure 4. a) Schematic diagram shows the uPA and Sc-uPA peptide displaying 4T1-eEVs functionalized PLGA- nanocarriers loaded with antimiRNA-21
and antimiRNA-10b. b) Characterization of 4T1-eEV functionalized PLGA- nanocarriers by DLS analysis shows the comparative size distribution of 4T1-
eEVs and eEVs functionalized nanoformulations (n = 3). c) Zeta sizer-based surface charge analysis shows the comparative charge analysis between
4T1-eEVs and eEVs functionalized nanoformulations (n = 3). d) Transmission electron micrograph shows the PLGA nanocarrier and 4T1-eEVs coated
PLGA-P NPs. Negative-stain electron microscopy was performed to visualize the eEVs on the PLGA- NCs. Scale bars, 100 nm. Insert figures within
this panel showing the higher magnification images of hybrid polymeric nanocore and the proteo-lipid shell of eEV-PLGA. e) Confocal laser scanning
microscopy images showing the hybrid nanopolymeric core (DiD) and shell (NBD-PC-green) (Scale bar, 1um). Investigation on the uPAR targeted
uptake of uPA peptide displaying 4T1-eEV functionalized PLGA nanocarriers. Insert figures within this panel showing the higher magnification image of
proteo-lipid shell of eEVs labeled with NBD-PC, polymeric nanocore labeled with DiD, and the merged image of core-shell hybrid (n = 3). f) Fluorescence
microscopy images show the uPAR targeting capability of uPA peptide displaying 4T1-eEV functionalized PLGA-nanocarriers loaded with antimiRNA-21-
Cy5, g) quantitative data shows the uPAR targeting efficiency of uPA peptide displaying 4T1-eEVs functionalized PLGA- nanocarriers. The fluorescence
images were acquired with an excitation at 650 nm and emission at 670 nm using a Celigo Imaging Cytometer (Nexcelom Bioscience, LLC, MA) (n =
3). Incubation of the eEVs-uPA-PLGA-antimiRNA-21-Cy5 with scrambled siRNA treated 4T1 cells showed significantly higher uptake when compared to
Sc-uPA-PLGA-antimiRNA-21-Cy5 NPs, and this uptake effect was abrogated in the uPAR siRNA treated 4T1 cells. In the siRNA-treated group, incubation
of eEVs with uPA and Sc-uPA-PLGA-antimiRNA-21-Cy5 NPs showed relatively equal uptake (not significant), and showed comparatively higher uptake
than uncoated PLGA-antimiRNA-21-Cy5 NPs. In vitro cytotoxicity assay. h) CCK8 assay showing that the targeted combinational therapy, namely cocktail
mixture of 4T1-eEV-uPA-PLGA-antimiRNA-21 and 4T1-eEV-uPA-PLGA-antimiRNA-10b with a combination of low dose DOX resulting in a significant
antiproliferative effect compared to cells treated with free DOX (2.8-fold) and control cells. The uPAR targeted combinational nanococktail mixtures
(uPA-4T1-eEVs-PNCs-AntimiRs) with low dose DOX caused significantly higher cytotoxicity (2.2-fold, p < 0.01) in 4T1 cells, when compared to non-uPAR
targeted Sc-uPA-nanococktail formulations with low dose DOX. Similarly, treatment with uPAR targeted individual nanoformulations eEV-uPA-PLGA-
antimiRNA-21 or eEVs-uPA-PLGA-antimiRNA-10b nanoformulations alone in combination with low dose DOX produced considerable cytotoxicity in 4T1
cells, compared to untreated control 4T1 cells and low dose DOX alone treatments. (t-test, *p < 0.01, **p < 0.001, and ***p < 0.0001).
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Figure 5. In vivo biodistribution and uPAR targeted accumulation of eEVs functionalized PLGA-antimiRNA nanococktail in syngeneic 4T 1 subcutaneous
tumors in nude mice (nu nu™'). a) In vivo fluorescence imaging showed the whole-body biodistribution and 4T1-tumor specific accumulation of ICG
labeled Sc-uPA and uPA nanococktail formulations administered via tail vein injection on Days 0, 6, and 12, and imaged on Days 2, 7, and 15 using a
Lago (Spectral Imaging system) in vivo imaging system. b) Photoacoustic imaging of 4T1 tumors for the accumulation of ICG labeled eEV-uPA-PLGA-
antimiRNAs on Day 16. c) Ex vivo fluorescence imaging showed the uPAR mediated 4T1 tumor-specific accumulation of eEV-uPA-PLGA-antimiRNA-21
nanococktail formulations on Day 17. The uPA and Sc-uPA nanococktail formulations injected nude mice were sacrificed on Day 17, and the organs
(liver, spleen, kidneys, heart, lungs, and brain) were collected for ex vivo imaging. d) The biodistribution and tumor-specific accumulation of ICG,
antimiRNA-21, and antimiRNA-10b in nude mice injected with uPA and Sc-uPA functionalized eEV-PLGA-antimiRNA-21 nanococktail formulations. Lago
fluorescence imaging and TagMan real-time qRT-PCR were used for organ-specific biodistribution based on the quantification of ICG and antimiRNAs.
The endogenous expression of sno234 was used as an internal control to normalize the qRT-PCR results. We used five animals (n = 5) in each group
while repeating the experiment twice in the study (n = 10).

p < 0.01) nanoformulations alone in combination with low dose  fluorescence imaging (NIRF) of indocyanine green (ICG) by con-
DOX produced considerable cytotoxicity in 4T1 cells, compared  jugating NH, reactive ICG to 4T1-eEV-PNCs (Figure S8, Sup-
to untreated control 4T1 cells and low dose DOX alone treated  porting Information). After conjugation, we measured ICG flu-
cells (Figure 4h). These findings indicated that the uPAR tar-  orescence using an optical imaging system along with an ICG
geted uPA nanococktail can enhance the therapeutic efficacy of  standard graph to quantify the conjugated ICG to EV proteins
antimiRNAs by its unique synergistic mechanism. The Sc-uPA  (Figure S9a, Supporting Information). We also further confirmed
nanococktail mixture also showed considerable cytotoxicity (1.4  the conjugation efficiency of ICG to the EV proteins by optical
-fold, p < 0.01), compared to the control cells and low-dose DOX  imaging after resolving the proteins in 4-12% SDS-PAGE (Fig-
alone treatments. This antiproliferative effect was particularly ab-  ure S9b—d, Supporting Information). We found that each dose of
rogated by pretreating 4T1 cells with uPAR-siRNA, which fur-  eEV-PNC injection contained an estimated protein equivalent of
ther confirmed that the observed cytotoxicity was mediated byan =~ 90 + 5 g, and ICG equivalent of 14.4 + 2 pgin a 150 pL eEV-PNC
uPA—-uPAR assisted antiproliferative effect of the nanoformula-  dose (Table S1, Supporting Information). Figure 5a shows whole-
tions (Figure 4h). It is also noteworthy that the 4T1-eEVs alone  body IVIS imaging of ICG fluorescence signals captured from
and low dose DOX alone treatments did not cause any substan-  the 4T1 tumor-bearing nude mice. We observed (Figure 5a) that
tial cytotoxicity in 4T1 cells, signifying that the observed anti-  after the first dose of the nanococktail injection, the fluorescence
cancer effects were owing to the inhibition of endogenous on-  intensity of ICG initially accumulated in the reticuloendothe-
comiRs such as miRNA-21 and miRNA-10b in 4T1 cells. Overall,  lial system, specifically in the regions of the liver and spleen.
the higher antiproliferative effects of the uPA-nanococktail mix-  Interestingly, the uPAR targeted uPA-nanococktail formulations
ture compared to that of the non-targeted Sc-uPA-nanococktail ~ showed more rapid tumor-specific accumulation than non-uPAR
mixture were likely owing to the encapsulation and extended an-  targeted Sc-uPA nanococktail formulations (Figure S10, Support-
timiRNAs released from the biodegradable polymeric nanocar-  ing Information). As the study periods were extended for the
rier, which maintain the availability of stable and active antimiR-  second and third doses, the uPAR targeted NPs continuously
NAs and result in a sustained functional effect. accumulated at the tumor sites and exhibited apparent fluores-

After the in vitro study, we initially evaluated the whole-body  cence signals in the tumors, indicating a distinctive targeting
biodistribution and tumor-specific tropism of uPAR targeted  ability of the uPA nanococktail formulations (Figure 5a and Fig-
uPA and Sc-uPA nanococktail mixtures in 4T1 tumors in nude  ure S10, Supporting Information). Relatively strong fluorescence
and immunocompetent mouse models (Figure S7, Supporting  was observed after six days, while fluorescence signals from other
Information). To visualize the biodistribution and ex vivo imag-  organs began to disseminate toward the tumors signifying a
ing of both nanococktails, we used sensitive and intrinsic NIR ~ uPA-mediated uPAR targeted accumulation of uPA-nanococktail
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formulations. On Day 15, both uPA and Sc-uPA-nanococktail
formulations exhibited tumor accumulations, however, the uPA-
nanococktail formulations showed an enhanced time-dependent
tumor accumulation at the right and left 4T1 tumor sites as indi-
cated by the strong ICG fluorescence signals (Figure 5a). These
findings stress that uPA-mediated uPAR targeted delivery of NPs
can accumulate more intensely at tumor sites compared to the
Sc-uPA targeted nanococktail. To further validate these obser-
vations, we performed photoacoustic imaging (PAI) on Day 16,
as ICG can be used as a PAI contrast agent. As shown in Fig-
ure 5b, the PAI signals of ICG were increased dramatically in
uPAR targeted uPA-nanococktail formulation treated mice than
in the non-targeted Sc-uPA-nanococktail formulations adminis-
tered group. Moreover, PAI further confirmed that the injected
uPA-nanococktail formulations penetrated deeply inside the tu-
mor interstitium, compared to the non-targeted Sc-uPA nanofor-
mulations (Supporting Movies S1, 2, 3 and 4). We further as-
sessed the biodistribution of NPs using ex vivo imaging of har-
vested organs and tumors on Day 17 (Figure 5c). We observed
that the fluorescence intensity of ICG was higher in the right and
left tumors of uPAR targeted uPA-4T1-eEVs-PNCs nanococktail
formulation injected group compared to the non-targeted Sc-
uPA-4T1-eEVs-PNCs formulations injected group. In other or-
gans (heart, lungs, liver, spleen, and kidneys), the uPAR targeted
NPs group showed a minimal ICG-fluorescence intensity com-
pared to that in the non-uPAR targeted group (Figure 5c). Over-
all, the ICG-fluorescence intensity was considerably higher for
the non-uPAR targeted NPs group than uPAR targeted group.

Next, we assessed the distribution of delivered antimiRNA-21
and antimiRNA-10b in tumors and major organs using quanti-
tative RT-PCR. For antimiRNA-21 or antimiRNA-10b quantifi-
cation, the mice were sacrificed, and major organs were col-
lected and used for total RNA extraction. As expected, a signif-
icant amount of uPAR targeted uPA-4T1-eEVs-PNCs nanocock-
tail formulations mediating the delivery of antimiRNA-21 and
antimiRNA-10b was distributed in 4T1 tumors as compared to
non-targeted Sc-uPA-4T1-eEV-PNCs formulations mediated de-
livery, signifying the advantages of uPA-mediated uPAR target-
ing in TNBC therapy (Figure 5d). We also found a consider-
able amount of non-targeted Sc-uPA-4T1-eEV-PNCs mediated
antisense-miRNA delivery to tumors (Figure 5d). We speculate
that this is likely owing to the homologous adhesion of cancer
cell surface adhesive proteins, the integrins of 4T1-eEVs, possibly
playing a role in this tumor-specific accumulation. Additionally,
a considerable amount of antisense-miRNA delivered using eEV-
PLGA nanoformulations also accumulated in other organs in-
cluding the liver, spleen, heart, and kidneys, which is likely owing
to the 4T1-EV binding to the extracellular proteins, specifically
integrin receptors, but this observation requires further investi-
gation. Overall, our IVIS and PAI experimental data suggested
that bioengineered uPA-4T1-eEVs functionalization on PNCs-
mediated delivery of antimiRNAs can enable specific recognition
of its uPAR target in 4T1 tumors in vivo.

We further compared the tumor-targeting ability and the
uPAR targeted combinational therapeutic enhancement of uPA-
4T1-eEVs-PNCs in immunocompetent BALB/c mice (Figure S7,
Supporting Information). Similar to nude mice, the ICG labeled
uPA and Sc-uPA-4T1eEV-PNCs nanococktail mixtures were
injected intravenously into tumor-bearing mice. After the first
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dose, the results showed earlier accumulation of uPA-4T1-eEVs-
PNCs nanococktail mixtures in the right and left 4T1 tumors
when compared to non-uPAR targeted Sc-uPA-4T1-eEVs-PNCs
formulations (Figure 6a). As study periods were extended for the
second and third doses, the uPAR targeted uPA-4T1-eEV-PNCs
nanococktail formulations that continuously accumulated at tu-
mor sites exhibited apparent ICG fluorescence signal, indicating
a distinctive targeting capability of uPA-eEV-PNCs formulations
(Figure 6a). Comparatively, a strong and early fluorescence was
observed after six days, while the ICG fluorescence signals
from other parts of the body began to disseminate toward the
4T1 tumors, validating the uPAR targeted migration of uPA-
4T1-eEV-PNCs (Figure 6a). On Day 15, both uPA and Sc-uPA
nanoformulations displayed tumor accumulations, however,
uPAR-targeted nanoformulations showed an enhanced time-
dependent tumor accumulation at the tumor sites as indicated
by the strong ICG fluorescence intensity at the tumors when
compared to the Sc-uPAR targeted formulations (Figure 6a).
To further validate these observations, we performed ex vivo
imaging of harvested organs and tumors on Day 17. That showed
fluorescence intensity of ICG was higher in the right and left
tumors of the uPAR targeted NPs injected group compared to
the Sc-uPAR targeted nanoformulations (Figure 6b). The uPAR
targeted NPs group showed minimal ICG-fluorescence intensity
in the heart, lungs, kidneys, liver, and spleen when compared
to that in the Sc-uPAR targeted group (Figure 6b). Specifically,
the ICG-fluorescence intensity was considerably higher for the
Sc-uPAR targeted NPs group than uPAR targeted NPs group.
Moreover, qRT-PCR analysis further confirmed that a substantial
amount of uPAR-targeted nanoformulations mediated delivery
of antimiRNA-21 and antimiRNA-10b accumulated at tumor
sites when compared with non-targeted nanoformulations medi-
ated delivery, signifying the potential use of uPA-4T1-eEV-PNCs
mediated delivery of antimiRNAs for cancer therapies (Fig-
ure 6¢). Our experimental data also showed that a considerable
amount of non-targeted nanoformulations-mediated antimiRNA
delivery accumulated in the 4T1 tumors, emphasizing the ad-
vantages of homologous cancer cell membrane functionalization
on the NPs. Furthermore, an extensive amount of antimiRNAs
delivered using 4T1-eEV-PNCs also accumulated in other organs
including the liver, spleen, heart, and kidneys, which is likely
owing to the 4T1-EV binding to the extracellular proteins, specif-
ically integrin receptors, but this observation requires further
investigation.[*! This could be partially owing to the presence
of some PLGA NPs without membrane, on account of the low
efficiency of the extrusion process used for coating. This could
be improved by future enhancement of membrane coating. This
would likely eliminate the immune recognition of eEV-PNCs by
macrophages and their accumulation in non-target organs.

The quantitative fluorescence analysis of tissues ex vivo for
the delivered ICG-PNCs at the end point clearly showed that
the uPA-PNCs accumulated more in tumor tissues compared
to mice receiving Sc-uPA-PNCs. The uPA-4T1-eEV-PNCs were
more numerous in tumors compared to other clearance organs
(liver and spleen). It is likely that because the ex vivo images
were taken at the end point of the study when mice had re-
ceived three doses of PNCs. Furthermore, the clearance rate of
injected PNCs by tumors may be much slower compared to liver
and spleen. Also, in contradistinction to liver and spleen, tumors
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Figure 6. In vivo biodistribution and uPAR targeted accumulation of eEVs functionalized PLGA-antimiRNA nanococktail in syngeneic BALB/c) mice
bearing 4T1 subcutaneous tumors. a) In vivo fluorescence imaging shows the whole-body biodistribution and 4T1-tumor specific accumulation of ICG
labeled uPA and Sc-uPA nanococktail formulations administered via tail vein on Days 0, 6, and 12, and imaged on Days 2, 7, and 15 using a Lago (Spectral
Imaging system) imaging system for ICG fluorescence. b) Ex vivo fluorescence imaging shows the uPAR mediated 4T1 tumor specific accumulation of
uPA nanococktail formulations in BALB c)~! mice bearing syngeneic 4T1 subcutaneous tumors. The uPA and Sc-uPA nanococktail formulations injected
nude mice were sacrificed on Day 17, and the organs (liver, spleen, kidneys, heart, lungs, and brain) were collected for ex vivo imaging analysis. c) The
biodistribution and tumor specific accumulation of ICG, antimiRNA-21, and antimiRNA-10b delivered using uPA and Sc-uPA nanococktail formulations
injected in BALB c)~! mice bearing 4T1 subcutaneous tumors. Lago fluorescence imaging and Tagman real-time qRT-PCR were used for the organ-
specific biodistribution based on the quantification of ICG and antimiRNAs. The endogenous expression of sno234 was used as an internal control to

normalize qRT-PCR results. We used five animals (n = 5) in each group while repeating the experiment twice in the study (n = 10).

retain PNCs through eEV-mediated cellular adhesion proteins
and uPA-mediated targeting to the tumor tissues. All these fac-
tors could have contributed for higher amounts of ICG fluores-
cence signal in tumors.

The overall survival (OS) results revealed that treatment us-
ing the uPA nanococktail mixture led to a robust antitumor
response, as these nanoformulation mixtures significantly im-
proved the OS of syngeneic 4T1 tumor-bearing immunocompe-
tent mice (n = 10). Seven mice showed progression-free survival,
and among them, four mice (40%) showed complete tumor elim-
ination by the end of the study (Figure 7 and Figure S7, Sup-

Adv. Healthcare Mater. 2022, 11, 2101387

2101387 (9 of 13)

porting Information). Additionally, the median OS time for the
uPAR-targeted uPA nanococktail mixture was significantly dif-
ferent (p < 0.01) from treatment using the Sc-uPA-nanococktail
mixture, or saline (p < 0.0001), or the low dose DOX alone treated
groups (p < 0.0001). Interestingly, treatment with the Sc-uPA-
nanococktail mixture exhibited an intermediate antitumor effect,
as this nanoformulation mixture increased the median OS to 59.5
days and three mice showed progression free survival (PFS) at
Day 90, which is significantly higher (p < 0.0001) than saline (me-
dian OS of 21 days) and low dose DOX alone treated groups (me-
dian OS of 33 days) (Figure 7a). EVs derived from cancer cells
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Figure 7. a) Survival curves of mice bearing 4T1tumors given different treatments (Saline; Low dose DOX alone; Sc-uPA nanococktail; and uPA nanocock-
tail). We used ten animals in each group for assessing the survival rate (n = 10). b) 4T1 tumor growth kinetics after different treatments. c) Body weight
of mice receiving different treatments. d) Ex vivo images of tumors excised one month after treatments. e) Excised tumor weights were measured a
month after treatments. f) The number of metastatic nodules in the lungs after different treatments. g) Histologic assessments of lungs and tumors
using H&E staining in mice. Top panel: representative images of lung tissues in various treatment groups showed the metastatic nodules at the end of
the experiment. Figure inserts within this panel showing the respective low magnification images of lung metastatic foci of 4T1 tumor under different
treatment conditions. Bottom panels: representative H&E staining of tumor sections in various treatment groups. Scale bars, 250 um. Data are means

+ SD. Statistical significance was calculated by t-test (* p < 0.05, ** p < 0.01, *** p < 0.001).

maintain their natural affinity (4T1-EVs mediated homologous
adhesive proteins) to source cells. Hence, the NPs coated using
EVs derived from 4T1 cells stably expressing Sc-uPA maintain
the original source cell surface property and demonstrate ther-
apeutic properties, which are enhanced upon use of eEV-PNCs
derived from cells expressing uPA. The results shown in Fig-
ure 7a confirm this, where the animals receiving Sc-uPA-PNC
showed intermediate antitumor effects compared to other con-
trol groups. Furthermore, we found that the uPAR targeted uPA
nanococktail mixture steadily delayed the tumor growth com-
pared to other treatments (Figure 7b and Figures S11-S13, Sup-
porting Information) with negligible systemic toxicity (Figure 7c
and Figure S14, Supporting Information). The uPA-nanococktail
mixtures also showed robust inhibitory effects on metastatic
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4T1 tumor nodules in the lungs compared to control groups
(Figure 7f,g).

In summary, here we investigated the targetability and ther-
apeutic enhancement of uPAR targeted uPA and Sc-uPA tu-
mor cell derived eEV coated PNC nanococktail formulations for
targeted combinational TNBC therapy in tumor bearing nude
and immunocompetent mouse models. Functionalization of
antimiRNA-loaded PNCs with eEVs displayed uPA peptides that
showed a robust tumor tropism. Furthermore, uPA-nanococktail
mediated combinational antimiRNA-21 and antimiRNA-10b de-
livery resulted in a higher accumulation of nanococktail in tu-
mor tissues, and in that way, it synergized the antiproliferative
effects of low dose DOX. Collectively, treatment of tumor-bearing
mice using uPA nanococktail formulations reliably delayed
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tumor growth and significantly (p < 0.01) improved the overall
survival rate of mice while showing complete tumor elimina-
tion in 40% of mice by the end of the study compared to other
treatment conditions. This treatment approach also showed neg-
ligible systemic toxicity in immunogenic BALB/c mice bearing
4T1-tumors. Furthermore, our targeted nanococktail approach
shows several advantages over conventional drug monotherapy
and investigational nanotherapy, including cancer cell-derived
vesicles coated nanocarriers. First, combinational cancer therapy
is a keystone of cancer therapy. Here, we formulated nanococktail
mixtures that contain uPAR targeted uPA peptide or scrambled-
uPA peptide displaying 4T1-eEVs coated NPs, separately loaded
with either antimiRNA-21 or antimiRNA-10b and investigated
their synergistic effects with low dose chemotherapeutics. This
amalgamation of uPAR targeting and individual anti-miRNA-
loaded nanoformulation mediated anticancer therapy enhances
the therapeutic efficacy in a significant manner when compared
to conventional monotherapy approaches. The targeting of mul-
tiple cell signaling pathways synergistically results in a lower re-
quired therapeutic dosage of each antimiRNA or chemothera-
peutic drug. Second, this “nanococktail approach” can be further
expanded by mixing multiple nanoformulations loaded with dif-
ferent drugs, genes, and nanoprobes for simultaneous early can-
cer diagnosis, therapy, and treatment monitoring. Third, our bio-
engineering and peptide-mediated targeting strategy can be read-
ily translated to the clinic by using autologous tumor cells that
have the flexibility for ex vivo expansion and genetic engineer-
ing. Finally, once translated clinically, our bioengineered cell-free
therapeutic strategy could be more cost-effective and less time-
consuming than commercial cell therapeutics, which require
labor-intensive, high-cost, and time-uncontrollable processes.

3. Experimental Section

Materials:  Poly (p,L-lactide-co-glycolide) (50/50) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Cy5-labeled anti-miR-21, anti-miR-21,
and anti-miR-10b RNA oligos were obtained from PAN Facility at Stanford
University, at the purity of above 95%. All other chemicals and reagents
of analytical grade or above from were purchased Sigma, as well as cell-
culture plates, FBS, penicillin, streptomycin, sodium bicarbonate, cell-
culture medium, and PBS from GIBCO BRL (Frederick, MD).

Methods: Cell Culture: Human breast adenocarcinoma (MDA-MB-
231), mouse breast cancer cells (4T1), human glioblastoma cells (U87),
human hepatocellular carcinoma cells (HepG2), and human breast can-
cer cells (SKBR3) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U mL™!
penicillin, and 0.1% streptomycin, and maintained at 37 °C and 5% CO,.
Sublines generated from these cell lines were cultured in the same man-
ner.

Plasmid Construction: All plasmids were constructed using standard
molecular cloning methods. pDisplay vector was obtained from Ther-
mos Fisher scientific. The uPA peptide sequence (VSNKYFSNIHWGC) and
the scrambled peptide (Sc-uPA) sequence (YKNNFISGHVSCW) flanked
by Bglll/Sall restriction sites was generated by synthesizing overlapping
primers and by annealing to generate double-stranded DNA with over-
hang cohesive ends of restriction enzymes. The annealed fragments were
then cloned into respective enzyme digested vector backbones. Sequence
confirmed positive clones were used for stable cell generations and further
experiments.

Engineered Extracellular Vesicles Production from Urokinase-Type Plas-
minogen Activator Peptide (uPA pep) and Scrambled uPA Peptide (Sc-
uPA-pep) Expressing 4T1 Stable Cells: Engineered extracellular vesicles
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were produced from urokinase-type plasminogen activator (uPA peptide)
and scrambled urokinase-type plasminogen activator peptide (Sc-uPA-
peptide) expressing 4T1 stable cells. Briefly, constructs containing the
genes for uPA, and Sc-uPA were transferred into 4T1 cells using Lipofec-
tamine 2000 reagent (Invitrogen). Clones stably expressing the genes with
200 ng mL~" Puromycin were then selected. After the selection of uPA or
Sc-uPA stably expressing 4T1 cells, the EV isolation procedure proceeded
as reported previously.[26:32.33],

Production and Characterization of Engineered Extracellular Vesicles
(eEVs) Coated PLGA Nanocarriers Independently Loaded with Either An-
tisense miRNA-21 or Antisense miRNA-10b: The antisense-miRNA-10b
and antisense-miRNA-21 independently encapsulated PLGA-nanocarriers
were prepared via a modified double-emulsion solvent evaporation
method as described by Devulapally et al.l'! The purified engineered
extracellular vesicles (4T1-eEVs) were fused with PLGAanti-miR-21/anti-
miR-10b by physical extrusion as described previously.!?®! The mean par-
ticle diameter (z-average), size distribution (polydispersity index), and
the surface charge (the ¢-potential) of uncoated and eEV coated NPs
were analyzed using Zetasizer-90 (Malvern Instruments, Worcestershire,
United Kingdom) (Malvern Instruments, Malvern, U.K.).['"23] Nanoparti-
cle tracking analysis (NTA) measurements were performed using a Nano
sight NS300 (Malvern Instruments). For each sample, the authors took
and analyzed at least five videos of 30-60 s with >200 detected tracks
per video, and in at least one dilution, using the Nanoparticle Tracking
Analysis software with default settings. All procedures were performed
at room temperature. Transmission electron microscopy (TEM) images
of the PNCs and eEVs coated-PNCs were obtained using FEI-Tecnai G2
F20 X-TWIN operated at an acceleration voltage of 200 kV, and images
taken by an ORIUS CCD camera through Digital Micrograph.[>3] For con-
focal laser scanning microscopy, 2 ug of DiD dye was added to the or-
ganic solution before PNCs core synthesis. Similarly, to elucidate the
core—shell structure of 4T1-eEV-PNCs, NBD-PC were incorporated into
eEVs, and then fused with DiD-loaded PNC cores. Images were acquired
using a confocal microscope (TCS SP8 Il, Leica, Heidelberg, Germany)
equipped with a 63x oil-immersion objective and running the Leica LAS
AF Ver 2.6 software. For confocal laser scanning microscopy, 2 g of
DiD dye was added to the organic solution before PNCs core synthe-
sis. Similarly, to elucidate the core-shell structure of 4T1-eEV-PNCs, we
incorporated NBD-PC into eEVs, and then fused with DiD-loaded PNC
cores. Images were acquired using a confocal microscope (TCS SP8 II,
Leica, Heidelberg, Germany) equipped with a 63X oil-immersion objec-
tive and running the Leica LAS AF Ver 2.6 software (Fuji photo film, Tokyo,
Japan).1?°]

Stability and Release Profile of miRNAs in 4T1-eEV-PNCs: The stability
of miRNAs loaded in eEV-PNCs and the change in release profile com-
pared to miRNAs loaded in PLGA-NPs were verified. antimiRNA-21 loaded
PLGA-NPs before and after extrusion were used using 4T1 eEVs (eEV-
PNCs). miRNAs in a time-dependent manner was collected by dialysis
under physiological conditions. The release of miRNA was measured by
using TagMan quantitative RT-PCR. Samples were collected over 24 h. The
total amount of loaded miRNA in PLGA-NPs and eEV-PNCs was quanti-
fied, and the miRNA was released in the medium using TagMan gRT-PCR.
The measured miRNA at each time point was denoted in terms of percent-
age total miRNA loaded in PLGA-NPs and eEV-PNCs.

ICG Dye Conjugation to EVs and Injected Dose Evaluation: The authors
used amine reactive ICG for the conjugation of EVs isolated from 4T1 cells
engineered to express uPA and Sc-uPA. The EVs of 1 mg protein equivalent
in 3 mL of alkaline saline (pH 8.0) were incubated with 250 ug of ICG dye
by incubating in a shaker with 100 rpm for 6 h. The samples were diluted
to 13 mL using physiological saline and ultracentrifuged at 100 000 X g
for 2 h to remove the unconjugated free ICG. The pellet was resuspended
in 1.5 mL of physiological saline and used for the quantification of conju-
gated ICG using optical fluorescence imaging. The samples diluted in dif-
ferent protein equivalents (0.3125-10 ug) were fluorescently imaged along
with ICG standard (0.625-10 pg) using an IVIS optical imaging system in
the ICG fluorescent window (Ex-710/Em-830nm). The conjugated ICG in
protein equivalent was estimated using the formula generated from the
standard graph. The conjugation efficiency of ICG to EV protein was also
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evaluated by resolving the proteins in 4-12% gradient SDA PAGE using
optical fluorescence imaging.

Proteomic Analysis: Proteomic analysis was performed by using a
method reported previously.[?8] In brief, the protein samples collected
from 4T1-eEVs were digested overnight at 37 °C following the addition of
1 pg trypsin per 20 pg of protein, and we reconstituted the tryptic peptide
samples in 15 uL of 0.1% formic acid in water. The authors injected ~10
ug (8 pL samples) of protein from each sample onto a C18 PepMap100
trap column using an UltiMate Rapid Separation Liquid Chromatography
System (Dionex) with a flow rate of 5 uL min~" using 0.1% formic acid
in water as a running solution. Peptides were then separated by reversed-
phase chromatography on a 25 cm long C18 analytical column packed in-
house with Magic C18AQ (Michrom Bioresources). A multistep gradient
protocol was used to elute peptides from the column, and these eluted
peptides were used for LC-MS/MS analysis using an LTQ-Velos Orbitrap
mass spectrometer (Thermo Fisher Scientific).

Investigation on the Targeting and Functional Effect of 4T1-eEVs-PNCs: The
authors seeded 4T1 cells at a density of 5 X 10% cells well™" in 96-well
plates and after 24 h the cells were transfected with two different con-
centrations of uPAR siRNA or nonspecific siRNA (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions. After uPAR-siRNA treatment, the eEVs-
(ScuPA) PLGA-antimiRNA-21-Cy5 or eEVs-(uPA) PLGA-antimiRNA-21-Cy5
(1 x 107 EVs well~") was added to the cell culture and acquired fluores-
cence imaging using Celigo, as described previously.[33] To investigate the
chemosensitizing functional effect of 4T1-eEVs-PNCs, the authors seeded
the 4T1 cells at a density of 1x 10° cells well=" in 12-well plates. The au-
thors then treated the cells with eEV-NPs (5 x 107 EVs well~") for 24 h and
treated them with doxorubicin 0.5 um for a further 48 h. The synergistic cy-
totoxicity effect of 4T1-eEVs-PNCs was investigated independently loaded
with either antisense miRNAs-21 or antisense miRNAs-10b + DOX cells
using the Cell titer blue (CTB) assay, as described previously with minor
modifications.[34]

Investigation of TNBC Tumor-Targeting Ability of 4T1-eEVs-PNCs in
Syngeneic 4T1 Tumor-Bearing Nude Mouse Model: The authors purchased
6-week-old nude mice (nu nu™'), weighing 15-20 g, from Charles River
Laboratories (Wilmington, MA, USA) and we housed them in an environ-
ment with a controlled temperature (22 °C), humidity, and a 12 h light/dark
cycle. All the animal experiments were conducted according to a protocol
approved by our University Institutional Animal Care and Use Committee
guidelines and in adherence to the NIH Guide for the Care and Use of
Laboratory Animals (26308). The tumor-bearing nude mouse models were
prepared by subcutaneous injection of 0.1 mL 4T1 cell suspension (1 x 10°
cells) into the right and left mouse flanks. To visualize the 4T1-eEV-PNCs,
the eEVs were labeled with indocyanine green (ICG) and then fused with
different 4T1-eEV-PNCs nanoformulations as reported previously.[26:33]
For in vivo biodistribution, tumor-bearing mice were randomly assigned to
two experimental groups, with five mice per group. The nanococktail mix-
ture of ICG-labeled Sc-uPA or uPA-4T1-eEVs-PNCs independently loaded
with either antisense miRNAs-21 or antisense miRNAs-10b (150 uL,
3-4 x 10" NPs; ~90 ug protein equivalent with ~14.4 ug of conjugated
ICG dye) were injected via the tail vein. The whole-body biodistribution at
various time points with excitation and emission wavelengths of 745 nm
and 820 nm, respectively, were recorded using the Lago-X optical imaging
instrument (from Spectral Instruments, LLS, Tucson, AZ). Mice in the
DOX treatment group received 5 mg kg™' DOX in 100 pL saline with 10%
PEG-400 by intraperitoneal injection. At study termination, mice were eu-
thanized by CO, asphyxiation, and the liver, spleen, kidneys, heart, lungs,
and tumors were excised and immediately imaged. The emitted fluores-
cence was quantified using Aura Image analysis software over the region of
interest (ROI). To further investigate the tumor accumulation of 4T1-eEVs-
PNCs, a hemispherical Photoacoustic (PAl) imaging system (Nexus 128
scanner, Endra Inc., Ann Arbor, M1) was used as described previously.[”'”]

Investigation of the TNBC-Targeted Combinational Antitumor Effects of
4T1-eEVs-PNCs in the Syngeneic 4T1 Tumor-Bearing Immunocompetent
Mouse Model: An immunogenic mouse breast cancer cell line, 4T1, was
used to establish the tumor model in syngeneic immunocompetent
BALB/c mice, as described previously.!263¢] All animal procedures were
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approved by the Institutional Administrative Panel on Laboratory Animal
Care. The authors subcutaneously injected 4T1 cells (1.0 x 10° cells in
50 uL PBS) mixed with 50 uL of Matrigel in the right and left mouse flanks
and allowed these to grow to a tumor size ~0.1 cm?, at which point we
measured tumor volumes; thereafter, tumors were routinely measured
twice a week until the experiments were completed. Metastasis to the
lungs in 4T1 tumor-bearing mice was detected from Day 18 onward; liver
metastasis was also observed at a later stage. Tumor volumes were calcu-
lated in mm3 using the following formula: (L x W x H)/2, where L is the
length, W is the width, and H is the height); alternatively, the method (L x
W?2) /2 was used when the width and height of the tumors were equal.

Ex Vivo Histology and RT-PCR Analysis: The ex vivo histology and RT-PCR
quantification were performed for the delivered antisense microRNAs by
following the protocols published previously by the authors.[2426:37]

Statistical Analyses: All statistical analyses were performed using Stu-
dent’s t test and Prism software (Version 8.4.1, GraphPad, LLC). The re-
sults were presented as mean + standard deviation (SD). All statistical
tests were two-tailed, unless otherwise stated. The results were considered
to be statistically significant when the corresponding p-value was <0.05.
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Supporting Information is available from the Wiley Online Library or from
the author.
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