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Abstract

Extracellular vesicles (EVs) have emerged as a promising carrier system for the delivery of 

therapeutic payloads in multiple disease models, including cancer. However, effective targeting 

of EVs to cancerous tissue remains a challenge. Here, we show that non-viral transfection 

of myeloid-derived suppressor cells (MDSCs) can be leveraged to drive targeted release of 

engineered EVs that can modulate transfer and overexpression of therapeutic anti-cancer genes 

in tumor cells and tissue. MDSCs are immature immune cells that exhibit enhanced tropism 

toward tumor tissue and play a role in modulating tumor progression. Current MDSC research 

has been mostly focused on mitigating immunosuppression in the tumor niche; however, the 

tumor homing abilities of these cells present untapped potential to deliver EV therapeutics directly 

to cancerous tissue. In vivo and ex vivo studies with murine models of breast cancer show 

that non-viral transfection of MDSCs does not hinder their ability to home to cancerous tissue. 

Moreover, transfected MDSCs can release engineered EVs and mediate anti-tumoral responses 

via paracrine signaling, including decreased invasion/metastatic activity and increased apoptosis/

necrosis. Altogether, these findings indicate that MDSCs could be a powerful tool for the 

deployment of EV-based therapeutics to tumor tissue.
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INTRODUCTION

Extracellular vesicles (EVs) have emerged as a promising carrier system for the delivery 

of therapeutic payloads for a wide variety of conditions1–10. EVs are cell-derived 

nanocarriers that mediate the transfer of bioactive cargo (e.g., nucleic acids, proteins) 

between cells under healthy and pathological conditions11–13. Compared to most nanocarrier 

systems for therapeutic payload delivery, EVs show improved biocompatibility, reduced 

immunogenicity, enhanced physicochemical stability in biofluids, and an innate ability to 

pass through biological barriers1,2,4. As such, a substantial amount of research is currently 

being devoted to engineering therapeutic EVs for challenging diseases like cancer. EV-based 

therapies, for example, have shown promise for the treatment of numerous types of cancer, 

including prostate cancer14, glioblastoma multiforme15, and Lewis lung carcinoma16,17, 

among others. Additional studies have also shown that EVs naturally derived from tumor 

cells or certain types of immune cells can drive anti-tumoral activity and could potentially be 

used as cancer vaccines1.

Strategies to engineer EVs generally come in two forms. The first involves loading the EVs 

with therapeutic cargo, which could include nucleic acids, proteins, chemotherapeutic drugs, 

and different types of nanomaterials, among others. The second involves functionalizing the 

surfaces of the EVs with different types of biomolecules to enhance targeting to specific cell/

tissue types, or to reduce clearance and increase circulation time. Surface functionalization 

is typically done with peptides, antibodies, or aptamers. Despite the promise, however, 

EV-based therapeutics still face a number of challenges, including difficulties in large-scale 

EV manufacturing and isolation/purification, and unpredictable or poor cell/tissue targeting 

efficiencies1. Thus, new approaches are needed to facilitate targeted delivery of EV-based 

therapeutics to diseased tissues with more scalable manufacturing and isolation/purification 

procedures.

Here, we explored the use of cell therapies to achieve targeted deployment of EV-based 

therapies to cancerous tissue by leveraging the tumor-homing abilities of myeloid-derived 

suppressor cells (MDSCs)18,19. Tumor progression is driven by a complex interplay between 

different cellular compartments, including cancerous, stromal, and immune cells. Tumor-

associated immune cells such as MDSCs have an innate ability to home preferentially to 

cancerous tissue, where they are known to exert immunosuppressive activity that favors 

tumor progression. This is achieved by protecting cancerous cells from the host’s immune 

system and/or exogenous immunotherapies (e.g., CAR-T, CAR-NK cell therapies)20–24. As 

such, a significant amount of research has gone into developing approaches to counteracting 

MDSC-driven immunosuppression in the tumor niche25. However, despite their innate 

tropism toward tumor tissue, there is currently a paucity of research on the use of MDSCs 

for targeted deployment of EV-based therapeutics to cancerous tissue.
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To achieve targeted deployment of EV-based therapies to the tumor niche, we studied the 

use of MDSCs as in situ delivery vehicles of engineered EVs. MDSCs were engineered to 

express therapeutic cargo via non-viral electroporation of expression plasmids for Timp3 
or Rarres2. These two genes were chosen as model therapeutic cargo because of their role 

in mediating anti-metastatic and anti-tumoral processes in cancerous tissue26–30. In vitro 
studies were conducted to evaluate the expression and loading extent and dynamics of 

Timp3 and Rarres2, both in the transfected MDSCs and in the EVs that were released into 

the media. We also studied the ability of MDSC-derived EVs to transfect and modulate gene 

expression and function (e.g., proliferation, invasion) in cancerous cells. Finally, in vivo 
studies were carried out in a mouse model of breast cancer to evaluate whether engineered 

MDSCs still exhibited tropism toward tumor tissue, as well as potential changes in gene and 

protein expression and cell function in the tumor niche. MDSC-driven EV-based therapies 

for cancer could potentially overcome a number of limitations of current approaches 

to EV therapies, such as increasing their tumor-targeting abilities without the need for 

surface functionalization of the EVs with tumor-targeting biomolecules (e.g., simplifying 

manufacturing), as well as bypassing the need for inefficient EV isolation and purification 

procedures.

RESULTS

Electroporation of expression plasmids for Timp3 and Rarres2 into MDSCs drives 
transcript overexpression and transfer into EVs:

To evaluate if MDSCs can be transfected to drive the release of engineered EVs with 

desirable cargo (Fig. 1 a), cultures of the murine MDSC cell line, MSC218,19,31,32, were 

electroporated with expression plasmids for Timp3 and Rarres2, and gene expression was 

evaluated at 12 – 72 hours post-transfection via qRT-PCR. Sham/empty plasmids with the 

same backbone were used as controls. qRT-PCR analyses of the electroporated MDSCs 

showed significantly increased overexpression of Timp3 and Rarres2 for at least 12 – 72 

hours post-transfection compared to controls (Fig. 1 b–e). EV isolation from the supernatant 

and qRT-PCR analysis at 24 – 48 hours post-transfection revealed that the EVs were 

markedly loaded with Timp3 or Rarres2 transcripts compared to EVs obtained from MDSC 

cultures that were electroporated with sham plasmids (Fig. 1 f, g). Average EV size was 

~180 nm, while EV concentrations ranged from 5×109 – 1010 EVs/ml. To test whether 

MDSC-derived EVs can be loaded with multiple different transcripts, we co-transfected 

Timp3 and Rarres2 plasmids into MDSCs and evaluated gene expression and EV loading 

at 24 – 72 hours post-transfection. qRT-PCR measurements of the cells indicate that co-

transfection of the two plasmids led to significantly sustained co-overexpression of Timp3 
and Rarres2 in MDSCs for at least 72 hours (Supplementary Fig. 1). Analysis of the EVs 

released into the supernatant shows that the EVs were successfully co-loaded with Timp3 
and Rarres2 transcripts (Supplementary Fig. 1), with levels comparable to those achieved 

with single-plasmid transfections relative to controls (Fig. 1 f, g). EV size and concentration 

ranged ~140 – 160 nm, and ~1010 EVs/ml, respectively. Collectively, these findings indicate 

that MDSCs can be readily transfected via non-viral methods, such as electroporation, and 

that MDSC transfection can be leveraged to drive the release of engineered EVs loaded 

with transcripts of the transfected cargo. Moreover, co-transfection experiments indicate that 
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MDSC-derived EVs can also be simultaneously co-loaded with different types of transcripts 

for therapeutic applications.

MDSC-derived EVs are internalized by tumor cells and can modulate gene expression:

To evaluate if the EVs released by MDSCs following transfection can be internalized and 

modulate gene expression in tumor cells, we proceeded to electroporate MDSCs with Timp3 
or Rarres2 plasmids, and isolated EVs at 24 hours post-transfection, correlating with peak 

expression of transcripts. MDSCs electroporated with sham plasmids served as control. The 

isolated EVs were then dyed with a lipophilic PKH probe, and cultures of Py8119 breast 

cancer cells were exposed to the labeled EVs (~107 EVs/ml) for 6 – 48 hours (Fig. 2 a). 

Fluorescence microscopy imaging of the Py8119 cells showed successful EV uptake (Fig. 

2 b, Supplementary Fig. 2). qRT-PCR analyses of the Py8119 cells exposed to EVs derived 

from transfected MDSCs indicate that Timp3 and Rarres2 were significantly upregulated 

after 12 – 24 hours of exposure compared to Py8119 cells exposed to control EVs derived 

from sham-transfected MDSCs (Fig. 2 c–e). No significant differences were detected after 

6 hours of exposure compared to controls, which is likely indicative of insufficient EV 

internalization and/or transcript upregulation. To verify if MDSCs mediate in situ transfer 

of engineered EVs and transcripts to Py8119 cells, we labeled the Timp3- and Rarres2-

transfected MDSCs with a lipophilic PKH membrane dye used previously by us and others 

to trace EVs8, and proceeded to co-culture MDSCs with Py8119 cells using a transwell 

insert. To avoid any potential confounding factors introduced by direct cell-to-cell contact, 

the transfected MDSCs were plated in the apical chamber, while the Py8119 cells were 

plated in the basal chamber (Fig. 3 a). Fluorescently labeled EVs were thus expected to be 

released only by the MDSCs and translocate across the 400 nm pores of the insert membrane 

into the Py8119 compartment. Fluorescence microscopy imaging of the basal chamber 

revealed that EVs released by transfected MDSCs from the apical chamber (i.e., labeled 

green), successfully translocated into the basal chamber, where they were internalized by 

the Py8119 cells (Fig. 3 b, Supplementary Fig. 3). qRT-PCR analysis of the Py8119 cells 

showed clear overexpression of Timp3 and Rarres2 compared to Py8119 cells that were 

co-cultured with MDSCs transfected with sham plasmids (Fig. 3 c). Moreover, dead cell 

staining with propidium iodine in the Py8119 compartment suggests a cytotoxic effect of 

Timp3- and Rarres2-loaded EVs, which was absent for sham-loaded EVs. Altogether, these 

findings indicate that EVs released by transfected MDSCs have the ability to mediate in situ 
gene transfer and overexpression of therapeutic cargo in cancer cells in a paracrine manner, 

which could potentially be leveraged for the deployment of EV-based therapies in the tumor 

niche.

Transfected MDSCs hinder tumor cell proliferation and invasion capabilities in situ:

Once we established a paracrine role for MDSC-derived engineered EVs in the modulation 

of cancer cell responses (e.g., gene expression and viability, Fig. 3), we proceeded to 

evaluate if MDSCs transfected with Timp3 and Rarres2 plasmids could influence tumor 

cell proliferation and invasion, in situ. For this, Timp3- or Rarres2-transfected MDSCs 

and Py8119 cells were mixed and co-cultured in direct contact at a 1:1 ratio to emulate 

more closely the degree of cell-cell interactions within the tumor niche (Fig. 4 a)19,33–35. 

Co-cultures with MDSCs transfected with sham plasmids served as control. The cells 
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were pre-labeled with different fluorescent dyes to be able to distinguish them during 

the analysis phase (i.e., Green: transfected MDSCs; Red: Py8119 breast cancer cells). 

For proliferation assays, Py8119 cell numbers were quantified by flow cytometry after 24 

hours of co-culture. For invasion assays, the cells were plated on Matrigel-coated transwell 

inserts (Corning BioCoat Matrigel Invasion chambers), and the number of Py8119 cells that 

invaded through the insert over a period of 24 hours was visualized and quantified with 

fluorescence microscopy (Fig. 4 b). Flow cytometry analyses revealed a significant decrease 

in the number of Py8119 cells when co-cultured with Timp3- or Rarres2-transfected MDSCs 

compared to co-cultures with sham-transfected MDSCs, with a more pronounced oncolytic 

effect seen for Rarres2 compared to Timp3 (Fig. 4 c). Decreased cancer cell numbers could 

be potentially driven by EV-mediated cell death, as shown in Fig. 3 c. Moreover, invasion 

assays revealed that Py8119 cells co-cultured with Timp3- or Rarres2-transfected MDSCs 

had a tendency to show decreased invasion activity compared to controls (Fig. 4 d). Overall, 

these findings indicate that transfected MDSCs have the ability to modulate key cancer cell 

behaviors such as proliferation and invasion, in situ, possibly via the release of engineered 

EVs loaded with transcripts of the therapeutic cargo, as suggested by the results in Fig. 3.

Transfected MDSCs retain tumor-homing capabilities and modulate gene and protein 
expression in the tumor niche in vivo:

To evaluate whether electroporation with expression plasmids for therapeutic cargo impacted 

the tropism of MDSCs toward tumor tissue, we proceeded to inject Timp3- and Rarres2-

transfected MDSCs into the tail vein of tumor-bearing mice (Fig. 5a). In vivo tumor homing 

of MDSCs was evaluated via IVIS imaging. For these experiments, we used an orthotopic 

xenograft model of nude/immunocompromised mice injected with human breast cancer cells 

(MDA-MB-231 cells) in the mammary gland. The tumors were allowed to reach a size of 

approximately 5 mm before the transfected MDSCs were injected. Immediately prior to 

injection, transfected MDSCs were fluorescently labeled with a cell tracker membrane dye 

to detect the location of the cells and trace the EVs released within the tumor niche. After 

24 hours, the mice were sacrificed and IVIS imaging was used to evaluate the accumulation 

of fluorescence signal stemming from the cell tracker probe in the tumor. IVIS results 

indicated a strong accumulation of transfected MDSCs in the tumor niche compared to 

other organs (Fig. 5 b), suggesting that episomal expression of the therapeutic plasmid 

cargo did not significantly impact the ability of MDSCs to home to cancerous tissue. Ex 
vivo studies with microfluidic systems incorporating two different types of breast tumor 

organoids (i.e., aggressive/mesenchymal Py8119 and epithelial Py230)19, and non-tumoral 

cells (i.e., primary mouse embryonic fibroblasts or pMEFs), further showed that MDSCs 

transfected with therapeutic or sham cargo/plasmids appear to show similar levels of 

invasiveness and accumulation in the different organoids (Supplementary Fig. 4). Additional 

in vivo studies suggest little to no accumulation of MDSCs in clearance organs such as 

the liver (Supplementary Fig. 5). qRT-PCR analysis and immunostaining of the collected 

tumor tissue confirmed localized overexpression of Timp3 and Rarres2 at the mRNA and 

protein levels compared to controls (Fig. 5 d–g). Fluorescence imaging of the cell membrane 

tracker dye, which in addition to helping localize the injected MDSCs, can also be used to 

trace MDSC-derived EVs, appears to show MDSC-derived EV uptake by other cells within 

the tumor niche (Supplementary Fig. 6). Moreover, additional immunostaining revealed a 
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decrease in proliferation activity based on reduced Ki67 immunoreactivity, as well as an 

increase in pro-apoptotic activity based on enhanced cleaved Caspase-3 immunoreactivity 

in the tumor niche compared to mice injected with control MDSCs (Supplementary Fig. 7). 

Altogether, these findings suggest that transfected MDSCs still show remarkable tropism 

toward tumor tissue, where they can mediate the deployment and transfer of therapeutic 

EVs into tumor-resident cells, and drive overexpression of therapeutic cargo, abrogating 

pro-tumoral activity.

DISCUSSION

This study reports on a novel approach to deploying EV-based therapeutics into the tumor 

niche in a targeted manner via the use of MDSC-driven cell therapies. EVs have been 

shown to offer a number of advantages for therapeutic payload delivery for cancer compared 

to many other micro- or nano-carrier systems36–38. However, targeted delivery of EVs to 

cancerous tissue requires complex surface engineering processes that often yield inefficient 

and/or unpredictable targeting outcomes. Additional challenges to EV-based therapeutics for 

cancer include difficulties in identifying scalable and efficient EV biomanufacturing and 

isolation/purification procedures. Thus, there is still a need for novel platform technologies 

that enable targeted deployment of EV-based therapies to cancerous tissue. MDSCs are 

immature innate immune cells that are highly expanded in cancer patients20, and are 

known to exhibit a high degree of tropism toward tumor tissue, where they contribute to 

the loss of immune effector cell function. We have previously shown in ex vivo and in 
vivo studies that MDSCs exhibit high dissemination and tumor-tropic capabilities at the 

single-cell level, as well as contact-guided motility similar to tumor cells18,19,39–42. Thus, 

pharmacologically counteracting the infiltration of MDSCs into the tumor niche and halting 

their immunosuppressive activity has emerged as an attractive therapeutic strategy against 

cancer. However, efforts to effectively stem or reverse MDSC-driven immunosuppression in 

tumor tissue have been hampered by the lack of druggable targets43. Nevertheless, MDSC 

homing to tumor tissue could potentially be leveraged to deploy therapies to cancerous tissue 

in a more targeted manner. While myeloid cells have been recently studied as therapeutic 

carriers in cancer44,45, to the best of our knowledge, no study has investigated the use of 

MDSCs to drive engineered EV-based therapies in cancerous tissue to date.

While our results indicate that MDSC-based deployment of therapeutic EVs in breast cancer 

may be feasible, it is important to point out that, compared to direct delivery of EVs, 

using cell therapies as an EV delivery vehicle could potentially limit deployment to certain 

locations protected by biological barriers that are otherwise easily overcome by EVs (e.g., 
blood-brain barrier)46,47. Although this is clearly an important issue meriting further study, 

there is evidence that MDSCs can traffic to brain tissue in certain malignancies or in other 

neurodegenerative conditions48–54. Thus, the use of MDSCs as a platform technology for 

EV deployment may still be feasible for some applications where biological barriers are 

present.

Additional challenges potentially stemming from the use of cells to deploy EV therapies 

could include limited cell availability. However, accumulating evidence suggests that the 

circulating levels of MDSCs tend to be significantly elevated in cancer patients, and under 
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other non-neoplastic conditions (e.g., stroke, Alzheimer’s disease)33,50,55–57. Thus, isolating 

and expanding MDSCs from circulation for subsequent use as a therapeutic agent, similar 

to the methods used for CAR-T or CAR-NK cell therapies, is likely a feasible strategy 

for the implementation of MDSC-driven EV therapies under multiple conditions (besides 

cancer). Moreover, additional studies have shown that peripheral blood mononuclear cells 

(PBMCs) can be differentiated toward MDSCs or MDSC-like cells32,58 in vitro, making 

PBMCs another potential source of MDSCs for therapeutic applications.

In this study, MDSC-derived EVs were engineered to contain transcripts of Timp3 or 

Rarress2. The Rarres2 gene encodes for a small protein that is functionally downregulated 

in various cancers, including adrenocortical carcinomas, melanoma, and breast cancer59, 

which contributes to dysregulation of the Wnt/β-catenin signaling pathway and tumor 

progression29,60. The Timp3 gene, on the other hand, falls into the family of tissue 

inhibitors of metalloproteinases. Timp3 is a well-known inhibitor of cancer cell function, 

especially invasion, in numerous cancer types, including breast cancer28,61,62. Our results 

clearly indicate that MDSC-based deployment of Timp3- or Rarres2-loaded EVs results in 

decreased viability and invasion capabilities in breast cancer cell cultures, as well as reduced 

proliferation and increased pro-apoptotic activity in vivo. MDSC-derived EVs, however, 

could conceivably be engineered to contain a wide variety of therapeutic cargo/transcripts 

besides Timp3 or Rarres2. For example, immunomodulatory transcripts such as IL-12 could 

potentially be loaded into MDSC-derived EVs to drive more effective immune responses 

against tumors45. Moreover, in addition to cancer, MDSCs are also known to infiltrate 

diseased tissue in other conditions, including stroke and Alzheimer’s disease. Therefore, 

the use of engineered MDSCs as EV delivery vehicles could conceivably go beyond cancer 

applications, and as such, different genes/transcripts would have to be explored depending 

on the therapeutic target.

Importantly, our results indicate that, despite potential phenotypic changes following 

transfection, engineered MDSCs maintain preferential tropism toward the tumor 

microenvironment, with little-to-no accumulation in off-target tissues such as the liver, 

which provides crucial evidence for the viability of this immunotherapy. MDSC migration 

to the tumor microenvironment is mediated by an array of cytokines and chemokines, 

primarily CCL2, but also other CXC-motif chemokines63. While our data suggest that these 

recruitment mechanisms are likely maintained in engineered MDSCs, it is possible that 

the degree of engineered MDSC tropism toward diseased tissue vs. off-target accumulation 

could be impacted by the method used to transfect the MDSCs (e.g., non-viral vs. viral 

approaches)64–72, and/or the type of cargo/transcript that is overexpressed in them. Thus, 

future studies should continue to evaluate how these parameters influence MDSC and 

MDSC-derived EV targeting to diseased tissues, as well as the potential consequences of 

off-target secretion of the EVs and corresponding therapeutic payloads in other tissues.

CONCLUSIONS

Our results indicate that a single non-viral transfection of MDSCs with expression plasmids 

for therapeutic cargo is sufficient to drive the production of engineered EVs loaded with 

transcripts of the transfected cargo. MDSC-derived EVs were shown to be effectively 
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internalized by tumor cells and to modulate gene expression and tumor cell responses. 

Notably, when deployed systemically in circulation, transfected MDSCs still exhibited a 

remarkable ability to home to tumor tissue, where they were shown to mediate engineered 

EV transfer into the tumor niche and promote overexpression of therapeutic cargo. Using 

MDSCs to deliver therapeutic EVs to cancerous tissue has the potential to overcome some 

of the major limitations of current approaches to EV-based therapeutics for cancerous tissue, 

including bypassing the need for complex EV isolation and purification procedures, as 

well as the need for surface functionalization with cancer-targeting biomolecules, thus 

simplifying the manufacturing process. Altogether, our findings indicate that non-virally 

transfected MDSCs could potentially serve as a powerful platform technology for the 

deployment of EV-based therapeutics to cancerous tissue.

METHODS

Cell culture:

The mouse mammary cancer cell lines used in this study were derived from MMTV-PyMT 

transgene-induced mammary tumors in C57BL/6 mice (ATCC, Manassas, VA). The two cell 

lines used, Py8119 and Py230, were derived from the same tumor model but have distinct 

mesenchymal (Py8119) or epithelial-like (Py230) features42. The cells were kept in culture 

with F-12/Kaighn’s medium supplemented with 5% fetal bovine serum (FBS) and 0.1% 

MITO+ Serum Extender (Corning). The murine MDSC cell line, MSC2 (gift from Gregoire 

Mignot to Dr. William E. Carson), was cultured in RPMI medium (Gibco, Dublin,IE) 

containing 10% FBS, 1% sodium pyruvate (Gibco) and 1% antibiotic-antimycotic (Gibco). 

All the cells were maintained at 37 °C, 5% CO2 and 95% humidity.

Electroporation of MDSCs:

MSC2 cells were transfected via bulk electroporation with either sham or treatment 

(Timp3, Rarres2) expression plasmids using a Neon Transfection System (ThermoFisher). 

Transfected MDSCs were cultured in RPMI medium (Gibco, Dublin, IE) containing 10% 

exosome-depleted FBS and 1% sodium pyruvate. A full list of plasmids used in this study 

can be found in Table 1.

EV isolation and characterization:

The culture media of transfected MDSCs was collected and centrifuged at 2,000 x g for 20 

minutes at 4°C to pellet down and remove dead cells and debris. The supernatant was mixed 

with Total Exosome Isolation Reagent (Invitrogen, 44–783-59) at a 1:2 ratio and incubated 

at 4°C overnight. The solution was then centrifuged at 10,000 RPM for 60 minutes at 4°C to 

precipitate the EVs. To quantify EV size and concentration, EV pellets were re-suspended in 

1 mL of serum-free media and analyzed using a Nanosight NS300.

Exposure of breast cancer cell cultures to EVs:

To evaluate the uptake and transfer of transcripts from MDSC-derived EVs to cancer cells, 

Py8119 cells were exposed to MDSC-derived EVs loaded with Timp3 or Rarres2. EVs were 

collected and quantified 24 hours post-transfection, as described previously. Py8119 cells 

were seeded on laminin-coated cover slips (Neuvitro, GG-12–15-Laminin) at a density of 
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1.5 × 105 cells per replicate and cultured in Ham’s F-12K (Kaighn’s) medium supplemented 

with 5% EV-free FBS and 1% antibiotic-antimycotic 12h prior to EV exposure. To visualize 

EV uptake by recipient Py8119 cancer cells, isolated EVs were stained using a PKH67 

Green Fluorescent Cell Linker membrane dye kit (Millipore Sigma, MINI67–1KT). Each 

Py8119 cell replicate was exposed to ~107 EVs. Three independent experiments were run 

with exposures lasting 6, 12, and 24 hours. Following EVs exposure, the cells were fixed 

with 10% formalin solution. Phalloidin-iFluor 555 (Abcam, ab176756) was used to stain 

actin filaments and help visualize Py8119 cells better. The cells were imaged using a Nikon 

TI2-E fluorescence microscope operating on NIS-Elements AR v5.20.

In situ tracing of EV release and capture:

To evaluate the transfer of EVs from MDSCs to cancer cells, transfected MDSCs and 

Py8119 cells were co-cultured in 6-well transwell plates (Corning, 3450). MDSCs were 

stained with a PKH67 green fluorescence dye following transfection, and plated in the apical 

chamber at a density of 2.5 × 105 cells per well. Py8119 cells were seeded in the basal 

chamber at the same density. The co-cultures were incubated for 24 hours at 37 °C, 5% 

CO2 and 95% humidity. Following this, Py8119 cell viability was evaluated using ethidium 

homodimer (Invitrogen, L3224). The Py8119 cells were then imaged using a Nikon TI2-E 

fluorescence microscope operating on NIS-Elements AR v5.20. MDSC-derived EVs were 

imaged under the green fluorescence channel, and Py8119 cells with compromised viability/

membrane integrity were imaged under the red fluorescence channel.

Cancer cell proliferation assays:

Cell proliferation studies were performed using co-cultures of transfected MDSCs and 

Py8119 cells. Py8119 cells were stained with CellTracker red (Invitrogen, 34552) and 

seeded at a density of 1.5×105 per well in 6-well plates. Transfected MDSCs were stained 

with CellTracker green (Invitrogen, C7025) and co-plated with the cancer cells at a 1:1 ratio. 

The co-cultures were incubated at 37 °C, 5% CO2 and 95% humidity for 24 h, and imaged 

with a Nikon TI2-E fluorescence microscope operating on NIS-Elements AR v5.20. Py8119 

cell (red) numbers were quantified via flow cytometry using an LSRII flow cytometer (BD 

Biosciences).

Cancer cell invasion assays:

Cell invasion studies were performed using the BioCoat Matrigel Invasion Chamber 

(Corning, 354480) according to the manufacturer’s protocol. Py8119 cells were stained 

with CellTracker and then co-seeded with transfected MDSCs (1:1 ratio) in each insert. The 

plates were then incubated for 24 hours at 37°C to allow for cancer cell invasion. Invasion 

was directed across the inserts by establishing an EV-free FBS gradient. Cancer cells that 

invaded across the membrane were imaged using a Nikon TI2-E fluorescence microscope 

and quantified using Image J software (National Institutes of Health, Bethesda, MD).

Orthotopic tumor xenografts:

Immunodeficient nude mice (Jackson Laboratory), 6–8-week-old, were injected with 106 

human breast cancer cells MDA-MB-231 (ATCC) suspended in 100 μL of 7 mg/mL 
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basement membrane matrix (Trevigen) in the lower right abdominal mammary fat pad 

to generate tumors. In some instances, to trace the release and uptake of MDSC-derived 

EVs, the breast cancer cells were fluorescently pre-labeled with a green MemGlow dye 

(Cytoskeleton).

In vivo tumor homing studies:

Transfected MDSCs were stained using PKH67 red membrane dye (Millipore Sigma) prior 

to injection. Tumor-bearing mice were then injected with ~106 MDSCs via the lateral tail 

vein. Mice were sacrificed 1-day post-injection, and the tumors, lungs and spleens were 

characterized with an IVIS Imaging System (Xenogen Imaging Technologies). All animal 

studies were performed in accordance with protocols approved by the Laboratory Animal 

Care and Use Committee of The Ohio State University.

Immunostaining:

All the antibodies used in this study are listed in Table 2. OCT-embedded tumors were 

sectioned at 10 μm and mounted in charged microscopy slides. Tissue sections were fixed in 

cold methanol, blocked with 10% normal goat serum or mouse on mouse (M.O.M.) blocking 

reagent, and incubated with specific primary antibodies and subsequently with fluorescently 

tagged secondary antibodies. Tissue sections were imaged using a Nikon TI2-E fluorescence 

microscope operating on NIS-Elements AR v5.20.

Gene expression analyses:

Total RNA was extracted using TRIzol reagent (ThermoFisher). Reverse transcription 

reactions were performed using 500–1000 ng RNA in a 20 μl reaction with the superscript 

VILO cDNA synthesis kit (ThermoFisher). cDNA was used as a template to measure 

expression levels by quantitative real-time PCR using predesigned primers. Real-time PCR 

reactions were performed using the QuantStudio 3 Real-Time PCR System with TaqMan 

fast advance chemistry (Thermo Scientific) with the following conditions: 95 °C 10 min, 40 

cycles of 95 °C 1 min, 60 °C 1 min, and 72 °C 1 min. Gene expression was normalized 

against the house keeping genes GAPDH and ATP-6. A full description of primers can be 

found in Table 3.

Statistical analysis:

All data are reported as the mean and standard error. Statistical analyses were completed 

using SigmaPlot v14.0 and Prism v10. Comparisons between groups were performed based 

on 3 – 10 biological replicates. Statistical outliers (i.e., >3 studentized standard deviations) 

were excluded from the analyses.
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Fig. 1. Non-viral transfection of MDSCs mediates the release of engineered EVs with desirable 
cargo.
(a) Schematic diagram illustrating the experimental design. (1) MDSCs were electroporated 

with expression plasmids for Timp3 or Rarres2. Electroporation with sham/empty plasmids 

served as control. (2) The plasmids are expressed within the MDSCs and (3) transcripts 

are packed and released within EVs. qRT-PCR analysis of the MDSC cultures at (b) 12, 

(c) 24, (d) 48, and (e) 72 hours post-electroporation reveals strong Timp3 or Rarres2 
overexpression. Analysis of the EVs isolated from the supernatant at (f) 24 and (g) 48 hours 
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post-electroporation indicates successful loading of the EVs with Timp3 or Rarres2. * p< 
0.05 (n= 4), *** p< 0.01 (n=3), **** p< 0.0001 (n= 4).
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Fig. 2. MDSC-derived EVs can be internalized by cancer cells and modulate gene expression.
(a) Schematic diagram illustrating the experimental design. MDSCs were electroporated 

with expression plasmids for Timp3 or Rarres2. Electroporation with sham/empty plasmids 

served as control. MDSC-derived EVs were isolated and incubated with Py8119 mouse 

breast cancer cell cultures for 6 – 24 hours. (b) Fluorescence microscopy imaging of the 

Py8119 cells (labeled red and blue) revealed successful uptake of MDSC-derived EVs 

(labeled green). The images shown represent EV uptake at 24 h post-exposure. qRT-PCR 

analysis of the Py8119 cultures at (c) 6, (d) 12, and (d) 24 hours post-EV exposure reveals 

strong Timp3 or Rarres2 overexpression after 12 hours of exposure. ** p< 0.01 (n= 4), **** 

p< 0.0001 (n= 4).
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Fig. 3. Transfected MDSCs can transfer engineered EVs to breast cancer cells, in situ, and 
mediate gene expression and cellular responses.
(a) Schematic diagram illustrating the experimental design. MDSCs were electroporated 

with expression plasmids for Timp3 or Rarres2. Electroporation with sham/empty plasmids 

served as control. Transfected MDSCs and Py8119 mouse breast cancer cells were co-

cultured using a transwell system, with the MDSCs in the apical chamber and Py8119 cells 

in the basal chamber. The MDSCs were-prelabeled with a membrane dye to trace EV release 

and uptake. MDSC-derived EVs were thus expected to translocate across the membrane 
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and interact with Py8119 cells in the basal chamber. (b) Fluorescence microscopy imaging 

of the Py8119 cultures revealed successful translocation and uptake of MDSC-derived EVs 

(green). Py8119 cells with compromised cell viability/membrane integrity were labeled red. 

(c) qRT-PCR analyses of the Py8119 cultures showed marked overexpression of Timp3 or 

Rarres2 after 24 hours. (d) Viability analyses suggest an oncolytic effect for MDC-derived 

EVs loaded with Timp3 or Rarres2 compared to sham MDSC-derived EVs. * p< 0.05 (n= 

10), **** p< 0.0001 (n= 4).

Duarte-Sanmiguel et al. Page 19

Adv Healthc Mater. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. Transfected MDSCs can also modulate cancer cell proliferation and invasion, in situ.
(a) Schematic diagram illustrating the experimental design. MDSCs were electroporated 

with expression plasmids for Timp3 or Rarres2. Electroporation with sham/empty plasmids 

served as control. Transfected MDSCs and Py8119 mouse breast cancer cells were co-

cultured in direct contact. Matrigel-coated transwell insets were used for cell invasion 

studies. The MDSCs were-prelabeled green, and the Py8119 cells were prelabeled red. (b) 
Fluorescence microscopy imaging of the MDSC/Py8119 co-cultures after 24 hours. (c) Flow 

cytometry analysis revealed reduced Py8119 cell numbers in co-cultured with Timp3- or 
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Rarres2-transfected MDSCs. (d) Py8119 cell invasion analyses showed reduced Py8119 

cell invasion capabilities in co-cultures containing Timp3- or Rarres2-transfected MDSCs. * 

p<0.05 (n= 4 ), ** p< 0.01 (n= 4), *** p< 0.005 (n= 3).
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Fig. 5. Transfected MDSCs retain tumor-homing abilities and drive anti-tumoral gene and 
protein expression.
(a) Schematic diagram illustrating the experimental design. MDSCs were electroporated 

with expression plasmids for Timp3 or Rarres2. Electroporation with sham/empty plasmids 

served as control. Transfected MDSCs were then injected into tumor-bearing mice via 

the tail vein, and accumulation and gene/protein expression in the tumor was evaluated 

after 24 hours. (b, c) IVIS imaging after 24 hours revealed strong accumulation of 

transfected MDSCs in the tumor niche compared to other organs. Transfected MDSCs were 
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fluorescently pre-labeled red for these experiments. (d-g) Tumor tissue analyses indicate 

marked expression of the therapeutic cargo, Timp3 or Rarres2, both at the (d, e, g) protein 

and (f) transcript levels. * p< 0.05 (n= 5), **** p< 0.0001 (n= 6).
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Table 1.

List of DNA plasmids used in this study.

Plasmid vector Company Cat. No Backbone

Sham Origene PS100001 pCMV6

Timp3 (Mouse tissue inhibitor metalloproteinase 3) Origene MG202295 pCMV6

Rarres2 (Mouse retinoic acid receptor responder) Origene MG222586 pCMV6
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Table 2.

List of antibodies used in this study.

Target Primary Antibody Raised Cat. No. Company Conc. Secondary antibody Conc.

Timp3 Timp3 Rabbit ab39184 Abcam 1:250 Goat pAb to rabbit IgG 488 (H+L) 1:200

Chemerin Rarres2 Rabbit ab103153 Abcam 1:500 Goat pAb to rabbit IgG 488 (H+L) 1:200

Ki67 Ki67 Rabbit ab15580 Abcam 1:200 Goat pAb to rabbit IgG 488 (H+L) 1:200

Cleaved Capsase-3 Caspase-3 (mouse) Rabbit ab449 Abcam 1:50 Goat pAb to rabbit IgG 647 (H+L) 1:200
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Table 3.

List of primers used for gene expression analysis.

Gene Symbol Gene name Gene aliases Species Company Cat. No.

Gapdh glyceraldehyde-3-phosphate dehydrogenase Gapdh Mouse Thermofisher Scientific Mm99999915_g1

Timp3 Metallopeptidase inhibitor TIMP-3 Mouse Thermofisher Scientific Mm033403204_m1

Rarres2 Retinoic acid receptor AI303516 Mouse Thermofisher Scientific Mm00503579_m1

ATP6 ATP synthase F0 subunit 6 Gm10925 Mouse ThermoFisher Scientific Mm03649417_g1
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