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Abstract

Despite considerable advances in prostate cancer research, there is a major need for a systemic 

delivery platform that efficiently targets anti-cancer drugs to sites of disseminated prostate cancer 

while minimizing host toxicity. In this proof-of-principle study, human mesenchymal stem cells 

(MSCs) were loaded with poly(lactic-co-glycolic acid) (PLGA) microparticles (MPs) that 

encapsulate the macromolecule G114, a thapsigargin-based prostate specific antigen (PSA)-

activated prodrug . G114-particles (~950nm in size) were internalized by MSCs, followed by the 

release of G114 as an intact prodrug from loaded cells. Moreover, G114 released from G114 MP-

loaded MSCs selectively induced death of the PSA-secreting PCa cell line, LNCaP. Finally, G114 

MP-loaded MSCs inhibited tumor growth when used in proof-of-concept co-inoculation studies 

with CWR22 PCa xenografts, suggesting that cell-based delivery of G114 did not compromise the 

potency of this pro-drug in-vitro or in-vivo. This study demonstrates a potentially promising 

approach to assemble a cell-based drug delivery platform, which inhibits cancer growth in-vivo 

§Corresponding authors: Samuel Denmeade (denmesa@jhmi.edu), John Isaacs (isaacjo@jhmi.edu) and Jeffrey Karp 
(jeffkarp.bwh@gmail.com).. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflicting Financial Interests
JMK consults in the field of cell therapy for Stempeutics, Sanofi, and Mesoblast.

HHS Public Access
Author manuscript
Biomaterials. Author manuscript; available in PMC 2017 June 01.

Published in final edited form as:
Biomaterials. 2016 June ; 91: 140–150. doi:10.1016/j.biomaterials.2016.03.023.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



without the need of genetic engineering. We envision that upon achieving efficient homing of 

systemically infused MSCs to cancer sites, this MSC-based platform may be developed into an 

effective, systemic ‘Trojan Horse’ therapy for targeted delivery of therapeutic agents to sites of 

metastatic PCa.

Prostate cancer (PCa) is the second most common cancer and the second leading cause of 

cancer-related deaths in American men. Currently affecting over 2.5 million Americans, 1 in 

7 men in the U.S. will be diagnosed with PCa in their lifetime. PCa lethality is fueled by the 

development of disseminated metastases, which are commonly found in the bone, lymph 

nodes, liver and lungs1–3. Despite the impressive progress in PCa research and the 

availability of therapies such as surgery, radiation, hormonal therapy, immunotherapy and 

chemotherapy, there remains a significant need for more effective therapies for castration-

resistant metastatic PCa1,3–7. Specifically, there is a major need to efficiently target 

systemically administered anti-cancer drugs to sites of PCa metastasis while minimizing 

host toxicity. Systemic administration of therapeutic agents typically encounters multiple 

challenges including severe adverse effects due to systemic toxicity, uncontrolled drug 

levels, premature enzymatic/chemical inactivation and rapid drug clearance requiring 

repeated dosing8. While drug encapsulation in nano/micro delivery systems may reduce host 

toxicity and protect the drug from early degradation, effective targeting of tumors remains 

elusive9. Moreover, systemically infused micro/nanoparticles typically remain close to blood 

vessels and cannot efficiently distribute the drug throughout the tumor10–13.

A potential approach to overcome such challenges is to use a cell-based platform for 

targeted delivery of therapeutics to sites of metastatic PCa. Known to display tropism 

towards cancer sites14–16, mesenchymal stem cells (MSCs) are potential candidates for 

delivery of therapeutic agents to sites of PCa. One advantage of using particle-loaded cells is 

that they might migrate away from the vasculature and deeper into the tumor to effectively 

distribute their toxic payload throughout the tumor. Furthermore, allogeneic MSCs can be 

harvested from the bone marrow of healthy donors and expanded ex-vivo using well-

established, FDA-approved protocols17. Displaying immune evasiveness, these allogeneic 

MSCs do not need to be host matched, providing yet another advantage towards their 

clinical translation18. Indeed, MSCs are being explored in over 500 clinical trials worldwide. 

Clinical studies have demonstrated that hundreds of millions of allogeneic MSCs can be 

safely administered intravenously (IV) without significant side effects18.

To further reduce host toxicity and provide yet another layer of specificity to our delivery 

system, we chose to use the macromolecule G114, a thapsigargin-based Prostate Specific 

Antigen (PSA)-activated prodrug previously developed by our group and validated using 

preclinical in vitro and in vivo models of PCa19–22. PSA is a serine protease that is only 

secreted by prostate luminal epithelial cells23–26. Although PSA is detected in the blood of 

PCa patients, it is enzymatically inactive due to binding with ubiquitous serum protease 

inhibitors such as alpha-1-antichymotrypsin (α1-AC) and alpha-2-macroglobulin (α2M)24. 

Importantly, the enzymatically active form of PSA is only present in the extracellular fluid 

(ECF) within the prostate and sites of PCa including metastases24. We have previously 

engineered G114, a cell-impermeable PSA-activated prodrug (Fig. 1a) comprised of the 
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potent cytotoxic molecule leucine-12-aminododecanoyl thapsigargin (Leu-12ADT), an 

amino acid-thapsigargin analog, conjugated to a unique, PSA-cleavable, five amino acid 

peptide substrate (i.e. HSSKLQ)19–21,27. Unproteolyzed G114 is inactive and cannot 

penetrate cells until it reaches PCa sites, where it is cleaved by PSA to liberate the active 

toxin, Leu-12ADT. The released lipophilic toxin rapidly enters adjacent cells and induces 

apoptosis in a proliferation-independent manner via inhibiton of the sarcoplasmic/

endoplasmic calcium ATPase (SERCA) pump; an essential pathway for maintaining calcium 

homeostatsis in all cells28–31. Consequently, once liberated in the ECF, the active toxin 

effectively kills any adjacent cell independent of PSA expression resulting in a ‘bystander 

effect’ targeting the entire microenvironment to overcome tumor heterogeneity22,28,32. 

Therefore, G114 represents a PSA-targeted agent with previously validated selective anti-

tumor efficacy in preclinical models of PCa20. Unfortunately, G114, like other peptide-based 

prodrugs, suffers from unfavorable pharmacokinetics with a plasma half-life of only a few 

hours due to renal clearance. Thus, G114 is a suitable pro-drug for initial evaluation of our 

particle-in-a-cell delivery platform.

In this proof-of-concept study, we aimed to engineer MSCs as a G114 delivery platform for 

PCa therapy independent of genetic manipulation (Scheme 1). First, we sought to 

encapsulate G114 in poly(lactic-co-glycolic acid) microparticles (PLGA MPs). PLGA is 

already present in FDA-approved products; it is a biodegradable, biocompatible polymer that 

enables tunable drug release33–35 and we have previously used PLGA MPs to encapsulate 

small molecules to control cell phenotype36–38. Following an intricate iteration of a double 

emulsion protocol39,40, we succeeded in encapsulating G114, a peptide-containing prodrug 

(M.W. >1600g/mole), in PLGA particles (~950nm in diameter), achieving high drug loading 

(>13%) and encapsulation efficiency (>88%). G114 MPs were then successfully internalized 

by MSCs without compromising their viability. G114 was released as a functional, intact 

prodrug in significant levels from G114-MP-loaded MSCs for up to 7 days and selectively 

induced cell death of PSA-secreting PCa cells in-vitro. Finally, co-inoculation in-vivo 
studies demonstrated the therapeutic efficacy of G114-MP-loaded MSCs, suggesting that 

cell-based delivery of G114 did not compromise the potency of this pro-drug in-vitro or in-
vivo. Overall, this study highlights the potential of G114-MP-loaded MSCs as cell-based 

delivery vehicles for PCa therapy. Furthermore, achieving efficient targeting of systemically 

infused MSCs to sites of PCa metastasis in future studies will facilitate the development of 

such drug-loaded cells into a potent systemic therapy for metastatic PCa.

RESULTS AND DISCUSSION

Encapsulation of G114, a PSA-cleavable macromolecule pro-drug, in PLGA microparticles

G114 is composed of a thapsigargin-based toxin and a previously optimized PSA-cleavable 

peptide sequence (i.e. HSSKLQ)20,27, which confers its specificity (Fig. 1a). Hence, we 

modified a double emulsion protocol38–40 to encapsulate G114 in PLGA MPs. Drug 

amounts, polymer molecular weight, MP size, solubility parameters and homogenization 

velocity were rigorously iterated to accomplish high drug loading and encapsulation 

efficiency of the intact, peptide-containing prodrug (M.W. = 1684 g/mole) in PLGA MPs. To 

determine drug loading in the G114-MPs, MPs were lysed overnight using NaOH-SDS, and 
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G114 levels in MP lysates were measured using a microBCA assay against a standard curve 

of free G114. G114 was successfully encapsulated in spherical PLGA MPs (Fig. 1b), with 

drug loading (mass of drug over total MP mass) of approximately 13% and encapsulation 

efficiency of over 88% (fraction of drug mass encapsulated in MPs of the initial mass of 

drug used in MP fabrication), which are indicative of an efficient encapsulation process (Fig. 
1c). The average size of a G114-MP was ~950nm (Fig. 1c), within the range which was 

previously shown by our group to be suitable for successful internalization of PLGA MPs by 

MSCs followed by sustained release of drugs from MP-loaded cells36–38. Importantly, 

LCMS analysis demonstrated that drug-loaded MPs (without cellular internalization) 

displayed sustained release of significant amounts of the intact prodrug over time (Fig. 1d), 
with 2.5 mg of G114-MPs releasing more than 70 μg of drug within 10 days, which is 

equivalent to 20.56% of the total encapsulated drug.

Intact G114 pro-drug is released from G114-MP-loaded cells

Next, we sought to assess the impact of the G114-loaded PLGA MPs on MSCs, which are 

the intended cellular carriers for the MPs. Following incubation of the G114-MPs with 

MSCs at different concentrations (0.025-0.5 mg/mL for 15h), we assessed MSC viability via 

XTT. As shown in Fig. 2a, G114-MPs did not induce significant toxicity in MSCs at 

concentrations up to 0.5 mg/mL. Based on this data and our previous work38, 0.1 mg/mL 

was chosen as the working concentration for subsequent experiments. Of note, MSC 

immunophenotyping analysis to assess the expression levels of surface markers in response 

to incubation with blank MPs and G114-MPs demonstrated that MSC expression of key 

surface markers was not altered in response to MP incubation (Supp. Fig. 1). We then tested 

whether G114-MPs would be internalized by MSCs. For this, we fabricated dye-

encapsulating PLGA MPs with similar properties (~1 μm in diameter) and used flow 

cytometry and confocal microscopy to explore their interaction with MSCs. Flow cytometry 

demonstrated association of the MPs with MSCs (Fig. 2b) and confocal microscopy 

confirmed that the MPs are not only associated with the cell surface, but are indeed fully 

internalized by MSCs (Fig. 2c). To assess drug release from G114-MP-loaded MSCs, G114-

doped cells were incubated with 10% FBS-supplemented MEM-α media, which was 

collected and replaced with fresh media at indicated time points, followed by LCMS 

analysis for measurement of G114 and the liberated active toxin in the media. LCMS 

analysis revealed that G114 is released from G114 MP-loaded MSCs at significant levels 

(Fig. 2d), with a cumulative amount of over 5 μg G114 released from 5×104 MP-loaded 

MSCs in 7 days, indicating the release of 116pg of G114 from each cell. Importantly, over 

90% of the released drug remained in the inactive PSA-cleavable prodrug form (G114), 

demonstrating that loading our delivery platform (MSCs) with G114 MPs enables release of 

the intact prodrug from the cells.

G114 released by G114 MP-loaded MSCs kills PSA-secreting PCa cells in-vitro

Next, we aimed to assess the impact of G114 released from MP-loaded MSCs on PCa cells. 

For this analysis, we used the human PCa cell line, LNCaP. These cells were isolated from a 

lymph node metastasis and are known to secrete enzymatically-active PSA (Fig. 3a)20,24,41. 

As a negative control, we used MDA-MB-231, a non-PSA-expressing breast cancer cell line 
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(Fig. 3a)42. First, we collected supernatant from MP-loaded MSCs for 72h and then applied 

on LNCaP cells to assess the impact of this supernatant on PCa cell viability. As shown in 

Fig. 3b, supernatant from MP-loaded MSCs, which was shown to contain significant 

amounts of G114 (Fig. 2d), was highly effective in killing the PSA-secreting LNCaP cells, 

inducing death in >90% of target cells within 72h. To further confirm this effect, we used a 

transwell co-culture between MP-loaded MSCs and LNCaP cells (or MDA-MB-231 cells) to 

simulate the direct close proximity between cancer cells and MP-loaded MSCs that would 

be observed in-vivo. As shown in Fig. 3c, G114 MP-loaded MSCs induced death in ~70% of 

the PSA-secreting LNCaP cells within 72h, similar to the efficacy of free G114 (0.5 μM) 

applied directly on the cells. Importantly, this assay also confirms that drug encapsulation 

into MPs and cellular internalization of MPs are required for this cellular platform to exert 

its toxic impact. This is demonstrated by the lack of toxicity induced by the conditioned 

supernatant from cells pre-treated with free G114, implying the free drug is not internalized 

and does not associate with the cell surface. Additionally, both assays demonstrated that 

MDA-MB-231 cells were less susceptible to G114-induced toxicity than PSA-secreting 

LNCaP cells (~2-fold higher MDA-MB-231 cell viability vs. LNCaP in both assays), 

confirming selectivity of the platform (Fig. 3b-c). This data strongly suggests that G114 

released from MP-loaded MSCs is highly effective in selectively killing PSA-secreting PCa 

cells, demonstrating the promise of our cell-based therapeutic platform for potential use in 

PCa therapy.

G114 MP-loaded MSCs inhibit tumor growth of PCa xenografts in co-inoculation in-vivo 
studies

As shown in Fig. 2, release kinetics from G114 MP-loaded cells indicates that each MP-

loaded MSC releases approximately 116 pg G114 within 7 days. Thus, the amount of drug 

released in a tumor can be estimated by knowing the number of G114-loaded MSCs that 

reach the tumor site. Accordingly, we have predicted the intra-tumoral concentration of 

G114 as a function of the number of MSCs in a tumor comprising 1×106 PCa cells (in our 

subsequent co-inoculation experiments 1×106 PCa cells were suspended in 200μL of 

matrigel) (Fig. 4a). We considered a dose range of 1×103-1×105 G114 MP-loaded-MSCs. 

This range was chosen to include the intra-tumoral concentration of G114 (i.e. 640nM) 

produced by the maximum tolerated intravenous dose (MTD) of G114 (i.e. 7 mg/kg)20. As 

shown in Fig. 4a, the bioequivalent dose (i.e. 640 nM) is predicted at a dose of 2×103 G114 

MP-loaded MSCs per 1×106 PCa cells. This means that 2×103 G114-MP-loaded MSCs that 

reach a 200μL tumor (and are distributed across the tumor) containing 1×106 PCa cells, 

would produce an intra-tumoral drug concentration equivalent to that achievable at the MTD 

when pure drug is delivered systemically. At 1×104 to 1×105 G114 MP-loaded MSCs, the 

engineered MSCs are predicted to deliver 5- to 50-times the intra-tumoral G114 

concentration achieved at the systemic MTD (Fig. 4a).

To test these predictions and assess the impact of our cell-based platform on PCa xenograft 

growth, blank or G114 MP-loaded MSCs were co-inoculated subcutaneously with CWR22 

cells into nude athymic mice at doses ranging from 1×103 to 1×105 MSCs per 1×106 PCa 

cells in 200μL matrigel (homogenous distribution of MSCs across the inoculate can be 

assumed since MSCs are mixed with CWR22 cells prior to co-inoculation). CWR22 is a 
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serially-passaged patient-derived xenograft that was selected for evaluation of in vivo 

efficacy because it is an independent model expressing a high concentration of 

enzymatically active PSA [~2.5x more PSA in vivo than LNCaP (477.5 +/− 76.5 vs. 189.33 

+/− 55.26 ng/mL/g tumor, respectively)]43. As shown in Fig. 4b, a dose-dependent 

inhibition of tumor growth was observed with near complete sterilization of the inoculum at 

the highest dose (i.e. 1×105 MSCs per 1×106 PCa cells). At this high dose, median time to 

progression (TTP) was increased >2.1-fold relative to untreated controls and >1.4-fold 

relative to a comparable dose of blank MP-loaded MSCs (Fig. 4c-d). Moreover, co-

inoculation with G114-loaded MSCs (loaded with a total amount of 11.6μg G114 at the 

maximal dose of 1×105 MSCs) did not induce systemic toxicity as indicated by an 

insignificant effect on body weight [<5% change, (Fig. 4e)]. Confirming our theoretical 

prediction (Fig. 4a), these data demonstrate that even at a co-inoculation dose of 1×104 

G114 MP-loaded MSCs to 1×106 PCa cells, our cell-based platform displays an anti-tumor 

effect in PCa xenografts in-vivo.

Discussion

Despite rapid progress in PCa therapy, there is still a major need to develop systemic 

treatments that can effectively target sites of metastatic PCa, which is known to 

preferentially metastasize to the bone1. Standard chemotherapies, while effectively killing 

cancer cells, also result in adverse side effects44,45. Encapsulation of cytotoxic agents in 

micro/nanoparticles has emerged over the last two decades as a promising approach to 

overcome some of the challenges in systemic delivery of such therapeutics9,46. Indeed, 

micro/nanoparticle delivery systems can protect drugs from the harsh in-vivo environment 

post-infusion, improve drug delivery and were also shown in some cases to augment 

therapeutic efficacy and reduce systemic toxicity9,47,48. Nevertheless, targeting particles to 

cancer sites, and especially the bone marrow, remains challenging. While nanoparticle 

targeting to cancer sites mostly relies on the enhanced permeability and retention (EPR) 

effect49, only nanoparticles smaller than 400-500nm are subject to EPR, while bigger MPs 

cannot passively target tumors with high efficiency50. Unfortunately, nanoparticles cannot be 

loaded with high amounts of drug relative to the larger MPs. Furthermore, given the high 

surface area to volume ratio, these nanoparticles are characterized by a significant burst 

release of the drug and rapid clearance from the body51. Hence, the use of cellular carriers of 

microparticles represents a promising strategy for targeted delivery of anti-cancer drugs to 

cancer sites52–55. MSCs in particular represent a promising vector for this approach because 

they are known to be well tolerated by patients18 and to display cancer tropism14–16.

In this study, we report the assembly of MP-loaded MSCs as a cellular therapeutic platform 

to combat PCa. We have previously demonstrated loading of multiple cell types with PLGA 

MPs that encapsulate different agents as a means of controlling cell phenotype36,37,56. 

Specifically, we have shown that MSCs can be loaded with dexamethasone (Dex)-loaded 

PLGA MPs, eventually trigerring release of Dex to affect the adjacent microenvironment36. 

We have also shown that Budesonide-loaded PLGA MPs enhance MSC immunomodulatory 

impact and that iron oxide nanoparticle-loaded PLGA MPs can be used to track MSCs37,57. 

Unlike the small molecules we previously encapsulated, in this study we developed an 

approach to successfully encapsulate a peptide-conjugated prodrug (M.W. = 1684 g/mole) in 
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PLGA MPs that were then loaded into MSCs. Thereby, expanding the range of molecules 

that can be incorporated and delivered via this cell-based platform. MP internalization was 

followed by cellular release of the intact and functional prodrug (Fig. 2d), which displayed 

preferential killing of PSA-secreting cancer cells in-vitro (Fig. 3a-b). To further improve the 

selectivity of our platform, a PSA-activated prodrug was used as the cytotoxic payload rather 

than a standard chemotherapy agent to enhance selective toxicity to cells within the tumor 

microenvironment. This is because enzymatically active PSA is only present in the ECF of 

the tumor in men with advanced PCa24. Though PSA is used as a serum biomarker in men 

with PCa, it is enzymatically inactive in the blood due to incorrect processing or inhibition 

by ubiquitous serum protease inhibitors, such as α1-AC and α2M24. Therefore, upon 

translating this platform for systemic administration, the prodrug will be selectively cleaved 

and thus activated only within the tumor microenvironment, potentially reducing systemic 

toxicity as a result of MSC trafficking to non-tumor tissue.

A further advantage of utilizing a thapsigargin-based prodrug (i.e. G114) in this platform 

stems from the non-selective toxicity of the parent compound and active drug moiety 

following PSA-mediated hydrolysis of the peptide substrate19,20,22. This inherent toxicity to 

all cells is derived from targeting a critical intracellular process (i.e. calcium homeostasis) 

essential to the viability of all cell types independent of AR expression and cell cycle 

status19,20,28,29,31. This latter point is particularly relevant to PCa, which is known to have a 

low proliferative index20. Additionally, PSA-mediated liberation of the active toxin the ECF 

of the tumor microenvironment leads to a ‘bystander effect’ that kills neighboring cells as a 

result of the non-selective mechanism of action of the active drug moiety. This has important 

implications for overcoming tumor heterogeneity and targeting advanced late-stage 

metastatic castration-resistant disease in which the emergence of AR-negative 

neuroendocrine or “small cell” phenotypes have been observed in a rare subset of patients. 

Importantly, up to one-half of these patients display a ‘mixed’ phenotype with features of 

both small cell and adenocarcinoma with elevated PSA levels58–61, suggesting the tumor 

remains heterogeneous even in this advanced setting with a subset of cells maintaining 

sufficient AR activity and PSA expression to drive a ‘bystander effect’.

As shown in Fig. 1, we accomplished relatively high drug loading (>13%) and encapsulation 

efficiency (>88%). Furthermore, the encapsulated drug displayed sustained release from 

MPs and MP-loaded cells in-vitro, and is efficiently activated by PSA-secreting PCa cells, 

resulting in selective toxicity of G114 MP-loaded MSCs against PSA-expressing cells in-
vitro. Moreover, co-inoculation of G114 MP-loaded MSCs with CWR22 PCa cells at a high 

effector-to-target ratio (1×105 G114 MP-loaded MSCs to 1×106PCa cells) nearly eliminated 

tumor growth over the course of the assay and more than doubled TTP with dose-dependent 

responses observed at lower MSC/PCa ratios (Fig. 4). The inhibition of tumor growth 

exhibited by blank-MP-loaded MSCs (which was still significantly lower than the impact of 

G11-MP-loaded MSCs at the same dose) may be attributed to PLGA-induced inflammatory 

activation of macrophages62 or the previously reported anti-angiogenic effect of MSCs in 

other relevant cancer models63,64. An indirect effect on tumor growth via the 

microenvironment is supported by the in vitro data demonstrating the blank MPs themselves 

did not have any direct toxicity to the PCa cells (Fig. 3).
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Collectively, these data suggest that this MSC-based platform could deliver and activate 

therapeutically effective amounts of the prodrug if a sufficient number of cells infiltrated the 

tumor. Recently, Pessina et al. showed that MSCs pretreated with paclitaxel (PTX) releases 

the active PTX molecule inside microvesicles65,66. PTX-loaded MSCs (PTX-MSCs) were 

also shown to retain tropism towards cancer cells and display anti-cancer activities in a few 

cancer models67–69. While further strengthening the potential of using MSCs as drug 

delivery vehicles for cancer treatments, those studies use MSCs for delivery of the highly 

cytotoxic and non-specific PTX, known for its adverse effects when used in chemotherapy 

treatments of patients. The pretreatment approach, while simple, is short-lived and does not 

utilize a polymeric platform to encapsulate the drugs, thus lacking the platform flexibility of 

loading cells with different drug candidates (i.e., limited only to drugs that are spontaneously 

uptaken by cells upon pretreatment) and does not enable any control over the drug release 

kinetics.

Looking ahead, future studies will focus on successfully translating this cellular platform for 

systemic targeted delivery of anti-cancer drugs to sites of PCa metastasis. A key aspect 

towards achieving therapeutic efficacy of this platform would be to maximize the number of 

systemically infused drug-doped MSCs that reach sites of PCa metastasis. To accomplish 

this goal, bioengineering the cells for improved targeting to tumor sites will be used. For 

instance, incubating MSCs in conditioned supernatant from irradiated cancer cells can 

enhance tumor targeting by upregulating the expression of multiple chemokine receptors, 

including CCR270. HIF1-dependent upregulation of CXCL12 and CXCR4 in MSCs using 

preconditioning regimens including hypoxia, cobalt chloride and estrogen increase MSC 

trafficking to injured tissue71–74. Furthermore, we intend to explore multiple cell 

bioengineering approaches previously established in our laboratory such as surface chemical 

modification, mRNA transfection and small molecule pretreatment75,76 to express homing 

ligands on the cell surface and maximize targeting of systemically infused cells to sites of 

PCa metastasis. Finally, other cell types that internalize particles and display tropism to sites 

of cancer may also be used for drug delivery using the described PLGA MPs38.

A second strategy to further enhance the efficacy of this cell-based platform as a systemic 

treatment is to use a more selective and potent cytotoxic agent, thereby delivering 

therapeutically effective drug concentrations at lower ratios of infiltrating cells. An example 

of one such agent is the bacterial pore-forming pro-toxin, proaerolysin, which induces cell 

lysis at low picomolar concentrations77–79. We have previously engineered the pro-toxin to 

be selectively activated by PSA using site-directed mutagenesis to replace the wildtype furin 

activation site with a PSA-selective peptide sequence79,80. While PSA-activated 

proaerolysin has proven to be very effective as a local therapy for benign prostatic 

hyperplasia (BPH)81,82, its usefulness as a systemic therapy is limited due to intrinsic 

limitations related to GPI-anchor binding and its mechanism of action, which prevent 

therapeutic concentrations from being achieved in target tissue following IV administration. 

These factors make it a promising candidate for further development as part of a cell-based 

delivery platform.

In this study, we report the development of G114 MP-loaded MSCs as a cellular drug 

delivery platform. This cellular platform releases significant amounts of prodrug and 
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selectively induces death of PSA-secreting LNCaP cells in-vitro as well as inhibits tumor 

growth following co-inoculation in CWR22 xenografts. This study provides proof-of-

principle evidence that MSCs can be used as ‘Trojan Horse’ delivery vehicles to overcome 

limitations related to systemic delivery of cytotoxic agents. Importantly, this hypothesis is 

the subject of an ongoing Phase 0 pre-prostatectomy clinical trial (NCT01983709) designed 

to quantify the number of systemically infused allogeneic human bone marrow-derived 

MSCs to sites of PCa, which will provide the baseline bounded conditions for the eventual 

clinical translation of the platform. Overall, MP-loaded cells emerge as promising 

candidates for the potential systemic treatment of metastatic PCa.

METHODS

Creation of G114 MPs

A double emulsion approach was used to prepare G114-loaded PLGA MPs by modifying a 

previously established protocol38. Briefly, 50mg of PLGA [10kDa (50:50)], the 

encapsulating polymer, was dissolved into 5mL of Dichloromethane (DCM), the organic 

solvent. Drug solution was prepared by dissolving G114 in Dimethyl sulfoxide (DMSO) and 

ultrapure H2O. The PLGA-DCM solution was then homogenized, with dropwise addition of 

the drug solution. The emulsion was then homogenized two more times – once with 1% 

PVA solution and then once with 0.3% PVA solution. The resultant emulsion was allowed to 

evaporate for 4 hours to remove the organic solvent component. After evaporation, the 

remaining PVA was removed via washing. The MP solution was centrifuged (3500rpm; 20 

min) to pellet the MPs and the supernatant containing PVA was aspirated. The pellet was 

then resuspended in distilled water for the next wash. This was repeated 3 times. For the 

final wash the pellet was resuspended in a small volume of ultrapure water, frozen at −80°C 

and then lyophilized.

MP Size and Charge Determination

Dynamic light scattering was used to determine mean particle size and size polydispersity. 

1mg of MPs was suspended into 2mL of ultrapure water and placed into plastic cuvettes. 

The suspension was then sonicated and size measurements were performed using the 

Zetasizer (Malvern Instruments). The same solution used for particle size determination was 

then transferred to a zeta potential cuvette and analyzed via the Zetasizer.

Calculating drug loading and encapsulation efficiency in G114 MPs

MPs (1mg) were lysed overnight using 2mL of NaOH-SDS. The solution was then subjected 

to a microBCA assay according to manufacturer instructions (Thermo Scientific). Plates 

were read using an Epoch Microplate Spectrophotometer (Bio-Tek). Using the standard 

curve of the free drug, the concentration of drug in the lysed MPs was extrapolated and used 

to calculate the drug loading in the G114-MPs (mass of drug out of total MP mass) and the 

encapsulation efficiency (amount of drug successfully encapsulated out of initial amount of 

drug used in the fabrication process).

Levy et al. Page 9

Biomaterials. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cell Culture

Human bone marrow-derived MSCs were obtained from Rooster Bio, Inc. (Frederick, MD). 

LNCaP and MDA-MB-231 cells were obtained from ATCC (Manassas, VA). MSCs were 

cultured in hMSC High Performance Media (Rooster Bio) according to manufacturer’s 

recommendations to achieve sufficient numbers of cells for in vivo studies as previously 

described83. LNCaP were cultured in RPMI-1640 medium supplemented with 10% FBS, 

1% L-glutamine, and 1% penicillin-streptomycin. MDA-MB-231 cells were cultured in 

DMEM supplemented with 10% FBS, 1% L-glutamine, and 1% penicillin-streptomycin. All 

cells were cultured in a 5% CO2, 95% air humidified incubator at 37°C.

Loading MSCs with MPs

For MP internalization into MSCs, MPs were resuspended in MEM-α media (1% FBS) at 

0.1mg/mL and sonicated to disrupt potential aggregates. MSCs were then incubated with the 

MP solution for 15h, and then washed 3 times with PBS to remove any MP residues prior to 

performing the different assays described (i.e., imaging, supernatant collection, co-culture 

with cancer cells or XTT assay to assess MSC viability).

Assessing MP Internalization into MSCs via Flow Cytometry and Confocal Microscopy

To assess MP internalization by MSCs, MPs loaded with DiI (vibrant membrane dye, 

Invitrogen) were fabricated using the double emulsion process. These particles were then 

internalized into MSCs overnight. The cells were washed with PBS, trypsinized and 

centrifuged (3500rpm, 5 min). The cell pellet was then resuspended in 200uL PBS 

(supplemented with 0.1% BSA). An Accuri C6 flow cytometer was used to determine the 

presence of fluorescent cells, indicating cell interaction with the dye-loaded MPs.

Confocal Microscope was used to confirm MPs were successfully internalized into MSCs. 

MSCs were loaded with DiI MPs as described and then washed and trypsinized. After 

centrifugation and supernatant aspiration, cells were resuspended in 100uL of PBS with 

1μg/mL Hoechst and 5μL/mL Cholera toxin for nuclear and membrane staining, 

respectively. Cells were incubated in the staining solution on ice for 15 minutes and then 

placed onto fibronectin-coated glass slides and allowed to adhere for 5 min at 37°C. Next, 

cells were fixed in 4% paraformaldehyde. Olympus FV1200 confocal microscopy was then 

used to image the cells and the MPs.

MSC immunophenotyping

MSC surface expression of the cell membrane markers, CD44, CD73, CD90, CD105, CD45 

and HLA-DR upon cell incubation with blank MPs or G114-MPs was examined via flow 

cytometry using fluorescently-conjugated antibodies for the indicated markers.

Release Kinetics studies

To assess drug release from G114-MPs, MPs (2.5mg) were suspended in 1.25 mL MEM-α 

media (supplemented with 10% FBS). Tubes were placed in a 37°C shaker and at each time 

point, tubes were centrifuged (15min, 3500rpm) to pellet out the MPs, with 1mL of the 

supernatant then carefully extracted and replaced with 1mL of fresh media. LCMS was then 
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used on the extracted supernatant to determine the concentration of the released drug at each 

time point.

To assess drug release from G114-MP-loaded MSCs, cells (5×104/well in a 6 well plate) 

were incubated with G114-MPs (15h, 0.1mg/mL in 1% FBS-supplemented MEM-α media), 

washed and then fresh 10% FBS-supplemented MEM-α media was applied. At each time 

point, media was collected and replaced with fresh media. G114 concentration at each time 

point was measured via LCMS. Importantly, no differentiation was observed over the course 

of the study in response to serum supplementation.

Effect of MP-loaded MSCs on cancer cell viability

Following MP loading into MSCs (5×104/well in a 12 well plate) as described, the media 

was changed into full RPMI media (10%FBS, 1% L-Glutamine, 1% Penicillin-

Streptomycin), in which MP-loaded MSCs were cultured for 3 days. Media was then 

transferred onto LNCaP or MDA-MB-231 cancer cells (5×104/well in a 12 well plate). After 

3 days of incubation, XTT was performed to determine cancer cell viability in response to 

supernatant from MP-loaded MSCs. For co-culture experiments, transwell inserts (0.4μm 

pore size polycarbonate membrane in a 12 well plate) were coated with fibronectin 

(20ng/mL) and MSCs were then seeded onto the inserts (5×104 cells/transwell). In parallel, 

LNCaP or MDA-MB cancer cells were plated in a 12 well plate (5×104/well). Following 24h 

(allowing MSCs to attach), MPs were loaded into the MSCs as described. Next, MSC-

loaded transwell inserts were placed onto wells already seeded with the cancer cells. MSCs 

were co-cultured with the cancer cells for 3 days and the impact of G114-MP-loaded MSCs 

on cancer cell viability was measured via XTT.

Determination of pro- and active drug concentrations by LCMS

Calibration standards consisting of prodrug G114 (MW = 1684), L12ADT (MW = 890), and 

12ADT (MW = 777) are prepared as 10x final concentration in 50% acetonitrile/water 0.1% 

formic acid (FA). The process was performed on ice with chilled reagents in 1.5 mL 

microfuge tubes. Five microliters of these respective standards were added into 50 μL 

control mouse plasma or homogenized tissue along with 5 μL of the Internal Standard (IS)[1 

μM S12ADT (MW= 864)], deproteinated with 150 μL acetonitrile/0.1% FA, and then 

centrifuged. Five microliters of IS was added to 50 μL plasma or tissue homogenate samples 

from treated mice and these samples were processed as above. The resulting supernatants 

were analyzed by liquid chromatography coupled to an electrospray triple quadrupole mass 

spectrometer (1100 series HPLC Agilent, API 3000 Mass Spec; ABSciex) according to 

previously described methods84. The turbo ion spray nebulizer settings included nebulizer 

gas set at 10 mL/min and ion spray potential of 5500 V. The drying gas temperature was set 

at 450°C and its flow at 800 mL/min. A linear gradient elution HPLC method was used to 

separate G114 from the active drugs L12ADT or 12ADT and IS with a mobile phase 

composed of 5% acetonitrile/water/0.1% FA (solvent A) and 100% acetonitrile/0.1% FA 

(solvent B). The initial conditions were 60% solvent A/40% solvent B at a flow rate of 0.25 

mL/min. The injection volume was 10 μl, and at 1 min post-injection, a linear gradient raised 

the mobile phase composition to 100% solvent B by 7 min with a return to initial conditions 

at 9 min. Separation was carried out using a 150 × 2.1 mm, 3.5-micron reversed phase 
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column (Waters Xterra, pn 186000410). Detection was performed in positive MRM 

(Multiple Reaction Monitoring) mode looking for the transition pairs of G114 (M/Z= 

843/136), L12ADT (891/216), 12ADT (778/198) and IS (865/216). The respective retention 

times for these compounds were 7.25, 8.05, 7.85, and 7.77 min. The calibration range of the 

standards in both control plasma and tissues was 0.001-10 μM. Linear regression analysis 

was used to generate best-fit lines, from which peak areas of samples were converted to 

concentration of the respective analyte.

In-vivo efficacy studies

All animal studies were performed in accordance with protocols reviewed and approved by 

the Animal Care and Use Committee of the Johns Hopkins University School of Medicine. 

A male athymic nude mouse bearing the CWR22 PCa xenograft was euthanized with an 

overdose of CO2. Using sterile instruments the tumor was excised and transferred to a sterile 

petri dish. The tumor was minced in PBS with two scalpel blades and digested into a single 

cell suspension using a tumor dissociation kit (Miltenyi) and gentleMACS dissociator 

(Miltenyi). Viable cells were determined via trypan blue exclusion. 1×106 CWR22 cells 

were resuspended with MSCs (untreated, blank MP-loaded or G114 MP-loaded) at doses 

ranging from 1×103 to 1×105 MSCs/1×106 CWR22 in 200μl Matrigel/HBSS (50/50). Cell 

suspensions were inoculated subcutaneously into recipient 6wk old male athymic nude mice. 

This was repeated in two independent experiments with 4 animals/group/experiment, the 

second set of which had bilateral tumors for a total of 12 tumors/group. Body weight and 

tumor measurements were made 3x/week using calipers, and the tumor volume (cm3) was 

calculated using the following formula: 0.5236 × L × W × H. Tumor-bearing animals were 

defined as having a measurable tumor ≥0.05cc for 2 consecutive measurements, and time to 

progression (TTP) was defined as ≥50% tumor-bearing animals. The mice were euthanized 

by CO2 overdose at the end of the study in accordance with the approved protocol.

Statistical Analysis

Linear mixed effect models were used to model the changes in tumor size over time and to 

compare each treatment group with untreated controls in terms of tumor growth rate. Time-

by-group interaction was tested and a significant interaction would imply that the rate of 

tumor growth is different in two groups. Log transformation was applied to the tumor size 

outcome when fitting these models so that the time curves were linear. Furthermore, at each 

time point, non-parametric Wilcoxon exact test was used to compare the tumor sizes 

between treatment groups. Time to tumor progression was defined as the time from tumor 

inoculation to the point when tumors grew to >0.05 cc. Kaplan-Meier curves were plotted to 

describe time to tumor progression, and log rank tests were used to compare between 

treatment groups. All tests were two-sided and p values p values < 0.05 were considered to 

indicate statistical significance. The analysis was performed using SAS software (version 

9.4, Cary, NC).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Properties of G114-loaded PLGA MPs
(a) G114 pro-drug and its PSA-induced cleavage into the active toxin Leu-12ADT (μ 

denotes a morpholino cap, which is incorporated to prevent aminopeptidase hydrolysis and 

activation). (b) Physical and loading properties of G114-loaded MPs. To determine drug 

loading in the G114-MPs (mass of drug out of total MP mass) and the encapsulation 

efficiency (amount of drug encapsulated in MPs out of the initial amount of drug used in the 

MP production process), MPs were lysed overnight using NaOH-SDS, and G114 levels were 

measured using a microBCA assay). (c) SEM images of empty and G114-loaded MPs (top 

panels: X7840, scale bar is 2 μm, bottom panels: X14320, scale bar is 1 μm). (d) Release 

kinetics of G114 from G114-loaded PLGA MPs (2.5mg MPs incubated in 10% FBS-

supplemented 1mL MEM-α, media replaced at indicated time points and analyzed via 

LCMS).
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Figure 2. PLGA MPs are internalized by MSCs, followed by sustained release of intact G114 
from G114-MP-loaded cells
(a) MSCs were incubated with PLGA MPs (blank MPs or G114-MPs at 0.1mg/mL for 16h), 

followed by assessment of cell viability via XTT (*p<0.05 vs. untreated control, one-way 

ANOVA using Tukey’s HSD, error bars represent SD). (b-c) DiI-loaded PLGA MPs, with 

similar properties to prodrug MPs, were incubated (0.1mg/mL) overnight with MSCs and 

flow cytometry analysis (b) and confocal microscopy (c) were performed to detect MP 

uptake and internalization by MSCs (red (DiI) - MPs, green (cholera toxin) - cell membrane, 

blue (Hoechst) - cell nucleus). (d) To assess drug release from G114 MP-loaded MSCs, 

MSCs (5×104/well in a 6 well plate) were incubated with G114 MPs (0.1mg/mL MPs for 

15h) and media (10% FBS-supplemented MEM-α) was collected at indicated time points 

and analyzed by LCMS for the presence of the intact G114 pro-drug and the free active 

toxins (L12ADT/12ADT).
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Figure 3. G114 released by G114 MP-loaded MSCs is effective in preferentially killing PSA-
secreting PCa cells
(a) PSA secretion by LNCaP PCa cells and MDA-MB-231 breast cancer cells (5×104 MSCs 

in 24h). (b) Following incubation of MSCs (5×104 cells) with G114 MPs (0.1mg/mL, 

16hours), media was replaced, collected after 72h and then applied on LNCaP PCa cells and 

MDA-MB-231 breast cancer cells for 72h. Cancer cell viability was then tested via XTT (n.s 

– LNCaP vs. MDA-MB statistically insignificant. *p<0.05 supernatant from G114-MP MSC 

treatment statistically significant vs. other indicated treatments, one-way ANOVA using 

Tukey’s HSD, error bars represent SD). (c) MP-loaded MSCs (5×104 cells) were co-cultured 

in a transwell system (0.4μm) in the presence of LNCaP or MDA-MB-231 cells (5×104 

cells) for 72h, followed by XTT analysis to assess cancer cell viability (n.s – LNCaP vs 

MDA-MB statistically insignificant. *p<0.05 co-culture with G114-MP MSCs statistically 

significant vs. other indicated groups, one-way ANOVA using Tukey’s HSD, error bars 

represent SD).
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Figure 4. In-vivo activity of G114 MP-loaded MSCs
(a) The predicted bioequivalent dose of G114 MP-loaded MSCs vs. intravenously (IV) 

administered G114 at the maximum tolerated dose (MTD). (Right) Based upon the G114 

release kinetics, the predicted intra-tumoral concentration of G114 delivered at different 

doses of MSCs co-inoculated with 1×106 PCa cells (in a 200μL volume) was calculated 

(ranging from 1×103 to 1×105 G114 MP-MSCs per 1×106 PCa cells). The intra-tumoral 

concentration of G114 when delivered intravenously (IV) at the MTD (i.e. 7 mg/kg) is 640 

nM21. (Left) The predicted fold increase in the intra-tumoral concentration of G114 

produced at these MSC doses over that achieved when G114 is delivered IV at the MTD. 

The bioequivalent dose (i.e. 640 nM) is predicted at a dose of 2×103 G114 MP-loaded MSCs 

per 1×106 PCa cells. 5- to 50-times more G114 is predicted to be delivered at the 1×104 and 

1×105 MSC doses, respectively, than can be achieved at the systemically-administered 

MTD. (b) 1×106 CWR22 PCa cells were co-inoculated with blank- or G114 MP-loaded 

MSCs at the indicated doses in 200μl Matrigel/HBSS (50:50) into male athymic nude mice. 

Tumor volume was measured 3x/wk. Figure is the composite of two independent 

experiments (*p < 0.005 relative to untreated control, ^p < 0.05 relative to Blank MP-loaded 

MSC). (c) The probability of tumor-free survival over time. (d) G114 MP-loaded MSCs 

improve time to progression (TTP) in-vivo. The median number of days post-inoculation 

required to reach the TTP endpoint. TTP defined as ≥50% of animals in a group bearing a 

tumor (≥0.05cc). Fold improvement relative to the untreated control and the 1×105 dose of 

blank MP-loaded MSC groups were calculated (^NE: not estimable. Median time was not 

reached because less than half of the mice developed tumors under this condition. *p = 

0.012; **p = 0.003; ***p < 0.0001).(e) Percent change in baseline body weight following 

the different treatments (all treatments had an insignificant effect on body weight).
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Scheme 1. 
Mesenchymal stem cells doped with drug-loaded PLGA microparticles as a potential cell-

based treatment for prostate cancer.
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