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Abstract

The blood-brain barrier (BBB), comprised of brain endothelial cells with tight junctions (TJ) 

between them, regulates the extravasation of molecules and cells into and out of the central 

nervous system (CNS). Overcoming the difficulty of delivering therapeutic agents to specific 

regions of the brain presents a major challenge to treatment of a broad range of brain disorders. 

Current strategies for BBB opening are invasive, not specific, and lack precise control over the site 

and timing of BBB opening, which may limit their clinical translation. In the present report, we 

describe a novel approach based on a combination of stem cell delivery, heat-inducible gene 

expression and mild heating with high-intensity focused ultrasound (HIFU) under MRI guidance 

to remotely permeabilize BBB. The permeabilization of the BBB will be controlled with, and 

limited to where selected pro-inflammatory factors will be secreted secondary to HIFU activation, 

which is in the vicinity of the engineered stem cells and consequently both the primary and 

secondary disease foci. This therapeutic platform thus represents a non-invasive way for BBB 

opening with unprecedented spatiotemporal precision, and if properly and specifically modified, 

can be clinically translated to facilitate delivery of different diagnostic and therapeutic agents 

which can have great impact in treatment of various disease processes in the central nervous 

system.
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1. Introduction

The blood-brain barrier (BBB), comprised of brain endothelial cells (BECs) with tight 

junctions (TJ) between them, regulates the extravasation of molecules and cells into and out 

of the central nervous system (CNS)[1, 2]. Although the BBB serves to restrict the entry of 

potentially toxic substances into the CNS in its neuroprotective role, it constitutes a 

permeability barrier that hinders the delivery of many potentially important diagnostic and 

therapeutic agents to the brain[3]. Therapeutic molecules and antibodies that might 

otherwise be effective for diagnosis and therapy cannot cross the BBB in adequate amounts. 

It is believed that BBB excludes from the brain ~ 100% of large-molecule neurotherapeutics 

and more than 98% of all small-molecule drugs[4]. Overcoming the difficulty of delivering 

therapeutic agents to specific regions of the brain presents a major challenge to treatment of 

a broad range of brain disorders such as brain cancers, Alzheimer’s disease (AD), 

Parkinson’s disease, multiple sclerosis, and neurological manifestations of acquired immune 

deficiency syndrome (AIDS)[5–7].

Several strategies have been developed to modulate BBB permeability to systemically 

administered therapeutic drugs. The available strategies for BBB opening may be broadly 

classified as chemical or physical-based BBB disruptions, or drug modifications that 

facilitate passage through an endogenous BBB. For example, osmotic agents can 

temporarily shrink brain endothelial cells and loosen the tight junctions to allow hydrophilic 

substances to diffuse into the brain[8, 9]. Intracarotid infusion of mannitol has been 

clinically used to enhance chemotherapeutic drug penetration of the BBB in patients with 

malignant primary brain tumors or metastases[10]. Because of the technical challenges and 

risk of brain and ocular injury, this approach is used in only a few medical centers. The 

bradykinin agonist, RMP-7, has been extensively studied for increasing BBB permeability 

[11]. RMP-7 (combined with carboplatin) increased the delivery of carboplatin into 

intracranial brain tumors in mouse models[12]. However, it demonstrated unreliable curative 

effects for patients with glioma, and has not been approved for clinical therapy[13]. More 

recently, activation of adenosine receptor (AR) signaling in brain endothelial cells by 

adenosinergic drugs has been reported to increase BBB permeability, enabling both small 

and large molecules to enter the brain[14]. Physical disruption of the BBB is the oldest but 

most invasive method to open BBB. High-intensity focused ultrasound (HIFU) with or 

without microbubbles has been developed to use mechanical effects to disrupt the BBB[15–

19]. Drug modification has also been extensively studied to increase BBB entry. To achieve 

this goal, drug molecules can be modified to be more lipophilic to increase the likelihood of 

BBB penetration[20], or can be packaged in a vector that crosses the BBB by receptor-

mediated endocytosis[21]. However, drug modification is limited by chemical properties of 

individual drugs or receptor expression on endothelial cells in BBB.

Given the lack of a universally successful method of penetrating the BBB to deliver 

therapeutics, there is a great need to develop a translatable method which allows precise 

spatiotemporal control down to microscopic level to facilitate the entry of drugs across the 

BBB for treatment of neurological diseases. Recent reports have demonstrated remote 

activation of engineered cells in vivo by light[22–24], radio waves[22] or ultrasound[25] 

using inducible promoters to control transgene expression. Among them, spatial and 
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temporal control of gene expression has been made through the use of local heat deposition 

via focused ultrasound coupled with the use of thermosensitive promoter[25–27]. A recent 

study also demonstrated the feasibility to locally activate in vivo transgene expression of 

genetically engineered cells by focused ultrasound under MR-guidance (MR-HIFU)[25, 26]. 

Furthermore, transcranial magnetic resonance-guided focused ultrasound (tcMRgFUS) 

technology has been used in clinical trial for the non-invasive treatment of various brain 

disorders such as essential tremor, and neuropathic pain proving that it is clinically possible 

to precisely deliver heat to target areas of the brain non-invasively[28–30].

Due to their capacity to migrate to disease sites, stem cells are emerging as feasible vehicles 

to therapeutically target different diseases in the central nervous systems and other sites[31–

34]. One major challenge that limits the translational potential of stem cells as therapeutic 

vehicles is the fact that in addition to migrating towards the targeted diseased sites, stem 

cells are also attracted towards normal areas in the body that may be harmed if the stem cells 

non-selectively deliver or express highly toxic therapies[35].

We propose to use a combination of stem cell delivery, heat-inducible gene expression and 

mild heating with HIFU to remotely permeabilize BBB with unprecedented spatiotemporal 

precision. We propose to administer stem cells engineered to express pro-inflammatory 

factors that will permeabilize the BBB but only trigger their expression after heating with 

non-invasive image-guided HIFU. With this approach, the permeabilization of the BBB will 

be limited to where selected pro-inflammatory factors will be secreted secondary to HIFU 

activation, which is in the vicinity of the engineered stem cells and consequently both the 

primary and secondary disease foci. If successful, this degree of spatial and temporal 

precision in BBB permeabilization will be unprecedented. Our proposed approach can 

potentially be used as a remote controlled spatiotemporally precise platform technology for 

selectively permeabilizing the BBB which can be used to facilitate diagnosis and treatment 

of many CNS diseases.

2. Materials and methods

2.1. Animals

8-week old adult male athymic nude rats (~ 240 g, Harlan, Indianapolis, IN, USA) were 

used. All animal experiments were performed in compliance with the Institutional Animal 

Care and Use Committee (IACUC) at the Wake Forest University School of Medicine.

2.2. Lentiviral plasmids

The 400 bp minimal human HSP70B promoter was a kind gift from Dr. Chrit Moonen of 

Université Victor Ségalen, France[27]. The heat-inducible gene expression system was 

custom made from lentivrial plasmids by Gentarget (San Diego, CA). The lentivrial plasmid 

containing a rous sarcoma virus promoter (RSV) and dual fusion marker RFP-Blasticidin, 

was used as the backbone for cloning. The HSP70 sequence was ligated into the lentiviral 

plasmid, and the green fluorescence protein (GFP) or human TNFα codon sequence were 

cloned under HSP70 promoter to produce heat-inducible plasmids (Fig. 1A). The sequence 

verified constructs were packaged as lentiviral vectors in HEK293-TLV cells by using 
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lentiviral packaging plasmids. The produced lentivector has a titer around 1 ×107 IFU/ml 

measured by ELISA assay.

2.3. Cell culture and in vitro studies

Human bone marrow mesenchymal stem cells (MSCs, Lonza, Walkersville, MD) were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal 

bovine serum (FBS). Jurkat cells and B16F10 cells were cultured in RPMI1640 medium 

supplemented with 10% FBS. Mouse neuron stem cells (NSCs) were cultured in the 

NeuroCult™ NS-A proliferation medium according to manufactuer’s instruction (Stemcell 

Technologies Inc., Vancouver, Canada).

For gene transduction, 20 μl of lentiviral particles (mixed with polybrene at a 1:1 ratio) were 

placed in the media of cells in a 24-well plate and centrifuged (1200 RPM at 32°C) for 60 

minutes and subsequently placed overnight under normal cell culture conditions (37°C/5% 

CO2). After 24 h, the medium was replaced and cells were incubated at 37°C for a further 48 

h. Stable transfected cells were selected with 100 μg/ml blasticidin. For validation and 

optimization of heat-induced gene expression in vitro, stable transfected cells placed in 

Eppendorf tubes were precisely heated at 37°C–45°C and for different durations using a 

PCR cycler. The cells were then placed in 24-well plate in 6 replicates and incubated at 

37°C in a 5% CO2 incubator for recovery. Luciferase activity was measured 14 h after 

heating induction by adding D-luciferin using a microplate reader (Biotek Instruments, 

USA). Bioluminescence imaging was also performed using taken using a Xenogen IVIS 100 

imaging system. To validate TNFα expression after heat induction, MSCs engineered with 

HSP70(F-Luc-2A-TNFα) were induced at 43°C for up to 20 minutes and incubated at 37°C 

for 14 h. Cell culture supernatants were collected, centrifuged for 10 min at 3000 g to 

remove floating cells and debris, and stored at −80°C. Supernatants were analyzed for TNFα 

by ELISA using a human TNFα ELISA kit according to the manufacturer’s instructions 

(Thermo Scientific, IL, USA). The plates were read on a plate reader (Biotek Instruments, 

USA) at 450 nm (reference filter 550 nm) within 30 minutes. The luciferase activity was 

measured after adding D-luciferin. The minimum detectable concentration of TNFα was 2.0 

pg/ml.

2.4. Intracranial stem cell implantation

Rats were anesthetized with an i.p. injection of ketamine (50 mg/ml) and xylazine (2.6 mg/

ml), and placed in a small animal stereotaxic apparatus affixed with a microinjector unit 

(Harvard Apparatus, Holliston, MA). A 1-cm-long midline incision was made in the scalp, 

beginning midway between the eyes and terminating behind the lambda. A 3 mm burr hole 

was created with a surgical drill (Harvard Apparatus, Holliston, MA) 1.5–2 mm right of the 

midline and 0.5–1 mm posterior to the coronal suture through the scalp incision. For stem 

cell injections, a 10 μl syringe (Hamilton Co., Reno, NV) with a 30-gauge needle was 

mounted onto the injection pump and the needle positioned directly over the bregma. The x, 

y, and z axis coordinates were all set to zero. The needle was then positioned at the entry 

point, 0.5 mm posterior and 3.0 mm lateral of the bregma to the right. The needle was 

slowly inserted into the right ventricle to a depth of 4 mm below the surface of the skull, and 

the MSCs (1.0 × 106 cells in 5 μL of PBS) were injected at a rate of 1μl/min. The needle was 
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left in place for 4 min and then retracted at a rate of 1 mm/min to prevent the reflux of stem 

cells. Incisions was sutured following tumor cell implantation (Suture: Suture with Needle 

Prolene™ Polypropylene, Monofilament Size 6-0 18 Inch Blue P-1 Nonabsorbable; Pattern-

standard pattern-stitches are placed on the surface using the above suture material). 

Following surgery, ketoprofen (5 mg/kg) was subcutaneously administered every 8 hours for 

the first 2–3 days following surgery.

2.5. Bioluminescence image acquisition and analysis

Bioluminescence imaging was performed with a highly sensitive, cooled charge coupled 

device camera mounted in a light-tight specimen box (IVIS 100 imaging system, Xenogen, 

USA). To validate HIFU-induced gene expression in vivo, MSCs-HSP70(F-Luc-2A-GFP) 

were stereotactically implanted into the brains of athymic nude rats (1 × 106 cells per rat). 

Gene expression was induced by MRI-guided HIFU for 15 minutes. 8 and 48 hours after 

HIFU induction, rats were injected intraperitoneally with the substrate D-luciferin (150 

mg/kg in phosphate-buffered saline) and anesthetized with isofluorane (1–3%). 

Bioluminescence imaging (BLI) was also performed using taken using a Xenogen IVIS 100 

imaging system. The anesthetized rats were placed onto a warmed stage inside the light-tight 

camera box with continuous exposure to isofluorane (1–2%). The data acquisition time was 

60s. The low levels of light emitted from the bioluminescent regions were detected using an 

IVIS camera system, integrated, digitized and displayed. Regions of interest (ROIs) from 

displayed images were defined, analyzed and processed using Living Image software 

(Caliper Life Sciences).

2.6. HIFU treatment

The HIFU treatment was conducted with a customized MRI/MR thermometry-guided 

preclinical HIFU unit (RK-100, FUS Instruments Inc., Toronto, Ontario, Canada) to deliver 

ultrasound energy to the rat brain for pHSP70 induction. The system can deliver ultrasound 

exposures ranging from high-power continuous sonications (thermal coagulation) to pulsed 

sonications for applications such as transcranial therapy, drug delivery and activation. The 

system probe is a spherically focused ultrasound transducer with a center frequency of 

1MHz and a focal spot size around 1–2mm in diameter and 5–6mm in length. The probe is 

mounted on a MR-compatible computer-controlled three-axis positioner to allow for 

precisely focusing on the targeted site. The probe is immersed in a tank full of degassed and 

deionized water for acoustic coupling. Prior to the HIFU treatment, the focal spot is 

registered with the MR coordinates with a method already established[15]. During 

treatment, the focused spot was placed against the rat right superior cranium (site of the stem 

cell injection) on the bed of the Siemens Skyra 3T scanner. The rat was rest supine in a 

degassed and deionized water disk on a gel pad with ultrasound transparent film on the 

bottom. Continuous ultrasound exposure (0.9W) was performed to the rat brain to heat the 

targeted site to approximately 43°C, a temperature that is non-toxic to brain tissue but 

induces genes expression under the HSP70 promoter. The acoustic intensity around the 

focused spot and the HIFU induced temperature change is controlled and monitored in near 

real-time by using MR-thermometry. The HIFU output power might be tuned a little bit 

based on the temperature feedback from MR thermometry to reach and maintain around the 

desired temperature during the treatment.
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2.7. MRI and MR Thermometry

The MRI scans were conducted with a customized surface coil (RK-100, FUS Instruments 

Inc., Toronto, Ontario, Canada) attached to a 3T Siemens Skyra scanner (Siemens AG, 

Erlangen, Germany) to provide image guidance, temperature monitoring, and visualization 

of enhanced BBB permeabilization after HIFU treatment. Image guidance was based on T2-

weighted images acquired by MRI using 3D dual echo steady-state sequences (echo time 

(TE)/repetition time (TR)= 5.7/17ms, 10cm field of view (FOV), 256 × 256 matrix size, 88 

slices, 0.39×0.39 mm2 in-plane resolution, 0.4mm slice thickness, and 5 min. scan time). 

The temperature monitoring was performed based on MR thermometry using a 2D gradient 

echo sequence[36](baseline temperature: 37.2°C, TE/TR=8.7/30ms, 10cm FOV, 128 × 128 

matrix, 5 slices, 6/8 partial Fourier factor, 0.78 × 0.78mm2 in-plane resolution, 2.5 mm slice 

thickness, and 14.5 s temporal resolution). A reference phase image was acquired prior to 

HIFU treatment and the temperature was estimated by calculating the phase difference 

between the present phase during heating and the reference phase in the treatment area. 

Another area outside the treatment area was also chosen to correct the magnetic field drift 

during the HIFU treatment. The temperature maps covering the treatment area were updated 

and monitored in every time frame (14.5 sec). Contrast-enhanced T1-weighted MRI images 

were acquired using a spoiled gradient echo sequences (TE/TR=6/13.5ms, 10cm FOV, 256 

× 256 matrix size, 104 slices, 0.39mm in-plane resolution, 0.4mm slice thickness, and 6min 

scan time) to verify the change of BBB permeability in the treated site after HIFU treatment. 

A gadolinium-based MRI contrast agent, Magnevist (Gd-DTPA; 0.125 mmol/kg), which has 

been commonly used in previous studies to verify the permeability of brain through blood-

brain barrier [15], was injected via tail vein in order to detect a region where brain 

permeability was changed.

2.8. Cryosectioning of frozen brain tissue for fluorescence microscopy

After confirmation of BBB opening by contrast-enhanced T1-weighted MRI image, a 

mixture of fluorescent PLGA nanoparticles (Phosphorex, Inc., MA) with different sizes was 

intravenously injected via tail vein 2 days after HIFU induction. The PLGA nanoparticles 

with average diameter at 100 nm are labeled as red (652/668 nm, Ex/Em) and the PLGA 

nanoparticles with average diameter at 300 nm are labeled as green (445/500 nm, Ex/Em). 

24 hours after systemic nanoparticle injection, rats were euthanized and perfused with 

saline. The brain was removed and frozen in OCT embedding medium (Sakura, Torrance, 

CA, USA) at −80°C. Before sectioning the frozen tissue, brain tissue blocks were transferred 

to a cryotome cryostat (e.g., −20°C) and allowed to equilibrate to the temperature of the 

instrument. The tissue sections (10 μm thickness) were placed on poly-L-lysine-coated glass 

slides. Frozen sections of thickness were prepared with a cryotome and immediately 

examined under the fluorescence microscope.

2.9. Statistical analysis

In vitro experiment was performed three to five times and the data are plotted as mean 

values ± standard error of means. For performing in vivo experiments, rats were assigned 

into different groups without any bias and each group consisted of four to six rats. Two-

sample t-test was used to statistically analyze the gene expression (MSCs-HSP70(F-Luc-2A-
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GFP)) between the animals treated by HIFU (N=4) and those that were not treated by HIFU 

(N=4). The in vivo data of MRI guided HIFU induced BBB opening by MSCs with TNFα 

expression were statistically analyzed in the region of interest by a one-way ANOVA 

between the HIFU-treated animals (N=6) and the two control groups, namely HSP70-F-Luc-

TNFα without HIFU treatment (N=4) and the HSP70-F-Luc-GFP with HIFU treatment 

(N=4). The statistical significance was calculated by the Tukey’s method. Data were 

expressed as mean ± SEM, and difference were considered significant at p < 0.05.

3. RESULTS

3.1. In vitro validation and optimization of heat-induced gene expression

To demonstrate heat-activated gene expression, we first constructed a lentiviral plasmid 

expression system for heat-activated gene expression and optimized the gene expression 

using different cell lines. The lentiviral plasmid construct (pLenti-HSP70(F-Luc-2A-GFP)-

RSV(RFP-BSD)) consists of the heat-inducible HSP70 promoter driving expression of 

firefly luciferase (F-Luc) and green fluorescence protein (GFP), and the RSV promoter 

driving expression of two screening markers: red fluorescent protein (RFP) and blasticidin 

selection marker (BSD) (Fig. 1A). The construct was packaged into lentiviral particles and 

transduced into human mesenchymal stem cells (MSCs) as indicated by the red fluorescence 

(Fig. 1B). To validate heat-induced gene expression, we heated the engineered MSCs 

(MSCs-HSP70-(F-Luc-2A-GFP)) at 43 °C for 20 minutes. The heat-induced MSCs 

demonstrated obvious green GFP fluorescence as compared to the non-heated controls (Fig. 

1B). To optimize the induction temperature and duration of time, we heated MSCs at 

different temperatures (between 42 and 45°C) for different lengths of time, and measured 

the luciferase activity. As expected, luciferase activity of MSCs-HSP70(F-Luc-2A-GFP) 

was tightly dependent on temperature and induction time. Induction at 43°C for 15 minutes 

produced a peak of 16-fold increase in luciferase activity compared to the control incubated 

at 37 °C (Fig. 1C). Heat-induced gene expression system of pLenti-HSP70(F-Luc-2A-GFP)-

RSV(RFP-BSD) was also validated with other cell lines. We transduced the heat-inducible 

construct into different cells (Jurkat cells, B16F10 cells, and mouse neuron stem cells 

(NSC)) and tested their heat-induced gene expressions (Supplementary Fig. 1). At 37°C, the 

control temperature, luciferase activity in all the cell lines was at background levels, while 

heat induction between 42°C–44°C led to significant luciferase activity increase to various 

extent which was dependent on induction time. All cell lines demonstrated a peak 

bioluminescence signal within a period of induction time. However, there was a large 

discrepancy in the magnitude of luciferase activity and peak induction time between cell 

lines. For example, the highest luciferase activity was seen with Jurkat cells and B16F10 

cells for 30 minutes and 40 minutes of heat induction time (Supplementary Fig. 1A and 1B), 

while 15 minutes of heat induction led to peak luciferase activity for MSCs (Fig. 1C). 

Compared with the baseline levels at 37°C, peak luciferase activity was 8-folds for Jurkat 

cells, 28-folds for B16F10 cells, and 6-folds for NSCs cells at 43°C heating. The heat 

inducible gene expression was also confirmed by fluorescence microscopic observation; all 

the cell lines with HSP70-driven GFP demonstrated strong green fluorescence after heat 

induction (Supplementary Fig. 1).
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3.2. In vivo validation of MRI-guided HIFU induced gene expression by MSCs after 
intracranial implantation

We tested the gene expression efficiency of engineered MSCs induced by MRI-guided 

HIFU after intracranial implantation. We stereotactically implanted engineered MSCs 4.0 

mm deep into the right frontal lobe of athymic nude rats through a burr hole. 3 days after 

implantation, the rats were placed supine onto the HIFU device which is in a 3Tesla 

Siemens Skyra MRI scanner. The MSCs location was identified with T2-weighted MRI 

images obtained with a 3D dual-echo steady-state sequence and was used to guide the HIFU 

treatment (Fig. 2A, upper left panel). HIFU was focused on the MSCs location through 

acoustic coupling media and the intracranial temperature was monitored in near real-time 

using MR thermometry to allow for feedback controlling of the HIFU treatment (Fig. 2A, 

upper right panel). As expected, HIFU treatment led to robust F-Luc expression, in 

contrast to the control that had the same number of MSCs cells with reported construct but 

was not heated by HIFU (Fig. 2B). Quantification of bioluminescence signal in regions of 

interest at 8 and 48 h after HIFU treatment revealed 38-fold and 25-fold increase in 

bioluminescence signal intensity compared to the untreated controls (Fig. 2C). This result is 

consistent with the in vitro findings and demonstrates that MRI-guided HIFU is capable of 

inducing gene expression of engineered MSCs after intracranial implantation.

3.3. MRI-guided HIFU treatment for BBB opening by MSCs with inducible TNFα expression

Following the validation of MRI-guided HIFU induced gene expression by MSCs, we 

replaced the heat-inducible GFP reporter gene with TNFα sequence to construct heat-

inducible TNFα expression system (pLenti-HSP70(F-Luc-2A-TNFα)-RSV(RFP-BSD)) 

(Fig. 3A). The construct was packaged in lentiviral particles and successfully transduced 

into MSCs as indicated by the red GFP fluorescence (Fig. 3B). The engineered MSCs were 

heated in a PCR thermal cycler. After heat induction, the luciferase activity of the 

engineered MSCs was measured by bioluminescence imaging and the TNFα expression was 

detected by ELISA. We detected strong luciferase activity for MSCs-HSP70(F-Luc-2A-

TNFα) (Fig 3C), and Elisa measurement revealed a high TNFα level (up to 700 ng/ml) in 

the cell supernatant after induction at 43° for 10 min, indicating the induced MSCs robustly 

expressed secretable TNFα (Fig 3D).

Next, we intracranially implanted the MSCs-HSP70(F-Luc-2A-TNFα) into the right frontal 

lobe of athymic nude rats. 3 days after implantation, HIFU was applied under MRI guidance 

and temperature was monitored in near real-time by MR thermometry (Fig. 4A). 1 day after 

HIFU induction, rats were imaged for bioluminescence (BLI) after being anesthetized and 

injected i.p. with D-luciferin. We detected strong luciferase activity in rat brains implanted 

with MSCs-HSP70(F-Luc-2A-TNFα) or MSCs-HSP70(F-Luc-2A-GFP) treated by HIFU, 

while rats implanted with MSCs-HSP70(F-Luc-2A-TNFα) without HIFU treatment showed 

background luciferase activity (Fig. 4B), indicating successful gene expression by HIFU 

induction. Contrast-enhanced T1-weighted MRI images were acquired 2 days after HIFU 

treatment to verify the change of BBB permeability in the treated site. Small molecule 

Magnevist (Gd-DTPA; 0.125 mmol/kg) was used as the contrast agent for brain 

permeability and injected into the rats by tail vein. Enhancement was observed in the 

targeted regions of the rat brain implanted with MSCs-HSP70(F-Luc-2A-TNFα) construct 
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and treated with HIFU. In contrast, rats implanted with MSCs-HSP70(F-Luc-2A-TNFα) 

without HIFU treatment and rats implanted with MSCs-HSP70(F-Luc-2A-GFP) with HIFU 

treatment did not demonstrate significant contrast enhancement on T1-weighted images 

(Fig. 4C). Analysis of the T1-weighted images revealed a 3-fold contrast-enhancement in 

the target regions compared to the controls (Fig. 4D, and Supplementary Fig. 2). After 

confirming BBB opening by contrast enhanced T1-weighted MRI images, a mixture of 

fluorescent poly(lactic-co-glycolic acid) (PLGA) nanoparticles with different sizes 

corresponding to different fluorescent labels were administered intravenously into the rats 2 

days after HIFU induction. The frozen sections were prepared and immediately examined 

under the fluorescence microscope. We observed that both red fluorescence and green 

fluorescence (Fig. 4E) extravagated into the brain, indicating that that both 100nm and 

300nm PLGA nanoparticles successfully crossed the BBB after HIFU induced TNFα 

production by MSCs and penetrated to the brain tissue at the HIFU-exposed MSCs. As 

expected, we didn’t find obvious nanoparticle accumulation in brain for control groups.

Discussion

In this study we have provided evidences that a combination of stem cell delivery, heat-

inducible gene expression and mild heating with MRI guided HIFU can be used to remotely 

permeabilize BBB with high spatiotemporal precision and biologic selectivity. We 

demonstrated that MR-thermometry enabled HIFU can be safely used to intracranially heat 

the implanted engineered MSCs and induce transient TNFα expression, leading to focal 

BBB permeabilization allowing for penetration of small molecular MRI contrast agent 

(Magnevist) and up to 300 nm size nanoparticles of PLGA into the brain. A major advantage 

of this approach over using HIFU with or without microbubbles for BBB permeabilization is 

the fact that our approach relies on the combination of physical energy deposition and a 

subsequent biologic response. As a result even though a much larger volume of the brain 

will be mildly heated by HIFU, the BBB permeabilization will be much more focused and 

occurred only where the activated engineered stem cells are located. Another advantage of 

our proposed approach is that there is no need to have a priori knowledge of where the 

disease foci are in determining the volume for HIFU heating. This is because although the 

volume to be heated by HIFU can be designed to include all the potential sites of disease, 

the only places where the BBB will be selectively permeabilized are at the locations of the 

engineered stem cells which have migrated to the diseased sites. In contrast, previous 

methods that attempted to open the BBB with the physical disruptions caused by HIFU 

require precise knowledge of where the disease foci are located. If the locations of disease 

foci are unknown or only partially known with current imaging technologies or by other 

means, the volume of BBB permeabilization required to include all the potential sites of 

disease will be much larger than needed, which may lead to more potential side effects, in 

contrast to our approach that will only effectively open the BBB at the site of disease.

Mesenchymal stem cells ( MSCs) have become valuable candidates for cell-based therapy 

for different CNS diseases including neurodegenerative disease and brain cancer and are 

compelling to be considered as vehicles for delivery of diagnostic and therapeutic 

agents[37]. The benefits of using MSCs clinically include easy accessibility and isolation 

from bone marrow as well as ease of in vitro expansion in cell culture[38]. MSCs have 
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demonstrated preferential incorporation into sites of tumor development and injury [33, 39]. 

Furthermore, MSCs have been genetically engineered for enhanced target homing and 

improved secretome, so that they can be more effectively targeted to sites of inflammation to 

achieve therapeutically relevant concentrations of biological agents [40–43]. TNFα is a 

multifunctional cytokine that plays a key role in apoptosis and cell survival as well as in 

inflammation and immunity[44]. Previous studies demonstrated that TNFα can act 

synergistically with cytostatic drugs and radiation for tumor therapy. Because it has been 

implicated in a wide spectrum of other diseases, the current use of TNFα in cancer is limited 

to regional administration for treatment of advanced soft tissue sarcomas and metastatic 

melanomas[45]. Several studies have demonstrated that TNFα activates and enhances BBB 

permeability [46–49]. Spatiotemporal control of TNFα expression in brain represents a 

promising way to focally permeabilize BBB while avoiding its systemic toxicity. The 

promoter for the heat shock protein 70 gene has been extensively used as a heat-inducible 

promoter to control therapeutic gene expression in tissues[25, 50]. The kinetics of heat 

shock protein induction and thermo-tolerance development has been well studied[50, 51]. 

We engineered MSCs using heat-inducible HSP70 expression system (Fig 1.). The gene 

expression activity driven by HSP70 promoter was found to be tissue specific and dependent 

on induction temperature and duration of induction time which are consistent with our 

observations (Fig. 1 and Supplentary Fig. 1).

High-intensity focused ultrasound (HIFU) has been used clinically to locally heat and ablate 

tissues. Focused ultrasound can concentrate acoustic energy to a focal spot of a few 

millimeters in diameter or larger sizes depending on the applications. Generally, a micro-

bubble contrast agent needs to be systemically administered prior to ultrasound treatment for 

permeabilizing the BBB. The mechanical forces from oscillation of circulating bubbles 

driven by focused ultrasound change the array of endothelial cells in the blood vessel wall, 

thus transiently increasing the permeability of the BBB. MR-guided focused ultrasound has 

also been used to locally activate gene expression driven by HSP70 promoter in vivo. 

Furthermore, transcranial HIFU has been used in clinical trials to precisely heat or ablate 

targeted areas in the brain. In particular, there is already a commercially available clinical 

HIFU system (InSightec, Inc.) that is being used to transcranially treat various brain 

disorders including essential tremors, Parkinson’s disease and brain cancer. In the process 

described in this study HIFU is only used to heat local regions of the brain to around 43°C 

for gene activation (Fig. 2 and Fig. 4). Therefore, we are not constrained to only treating 

focal areas, a restriction that may limit the treating volume for reaching ablation 

temperatures (55°C). Heating tissues to around 43°C only requires a fraction of the energy 

needed for ablation and has been demonstrated to be possible over large volumes in 

preclinical and clinical settings. Since the mild heating that is required for our technology to 

work is much lower than that required for ablation the commercially available clinical HIFU 

system can be adapted quite easily for translating our technology into the clinic. It is 

noteworthy that the heat-inducible gene expression of engineered MSCs demonstrated good 

response to a relatively broad range of induction temperature from 42 to 44°C (Fig. 1). The 

good tolerance of gene expression to temperature variability will reduce the challenge of 

applying our technology in clinical practice and is beneficial for clinical translation of our 

technology. For the safety of our technology, 15–30 minutes heating dose at non-toxic 
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temperatures (42°C–44°C) used in our in vivo studies is the treatment parameter set 

optimized in our in-vitro studies to maximally activate the gene expression of several 

different cell lines including engineered MSC and Jurkat cells. The peak temperature and 

deposited thermal doses for gene induction are much lower than the safety thresholds to 

damage brain tissue. A previous study found that the thermal dose threshold for brain tissue 

damage was 48.0–50.8°C and 12.3–40.1 equivalent minutes [52]. Since the thermal dose 

used in our studies were much less than the published threshold dose for causing damage in 

brain tissue we do not expect any brain tissue damage in our study.

The Enhanced permeability and retention (EPR) effect is a major advantage of using 

nanoparticles for drug delivery. However, for EPR to work in the brain the BBB has to be 

permeable to the nanoparticles in the diseased tissues. Although some diseases are 

associated with increased permeability of the BBB but this is usually not uniform throughout 

the diseased tissues making it difficult to deliver nanoparticles to all diseased tissues. Our 

data showed that our approach can permeabilize the BBB for delivery of nanoparticles at 

least up to 300 nm in size (Fig. 4D). This demonstrates that our strategy is well designed to 

couple with the EPR effect of nanoparticle therapy by focally permeabilizing the BBB in the 

regions of the disease foci even when the disease itself does not cause increased BBB 

permeability to occur.

Though MSCs were intracranially injected into brain in this study, our long-term objective is 

to deliver the engineered stem cells into brain by systemic administration for BBB opening 

and for the treatment of brain diseases such as GBM. Systemic injected stem cells can sense 

the signals from GBM in the brain pass through BBB and migrate specifically to a brain 

tumor mass [53, 54]. Due to the existence of BBB, the low numbers of stem cells 

transmigrated into the brain across BBB may not be enough for a successful stem cell-based 

therapy. Our next step is to use HIFU to drive the production of a pro-inflammatory factor 

by the MSCs in the GBM tumor region, which will increase BBB permeability and further 

increase stem cell trafficking and accumulation at the tumor site. This process, the controlled 

amplification of stem-cell trafficking, may be repeated to serially amplify the effect, 

hopefully to the point at which the therapeutic payload carried by the stem cells achieves 

sufficient concentration to be effective.

In summary, we have developed a remote controlled cell-based therapeutic platform that 

offers unprecedented capabilities to (i) spatially and temporally control therapeutic 

expression; (ii) precisely and non-invasively permeabilize BBB; and (iii) leverage the EPR 

effect of nanotheranostics. This therapeutic platform can be modified to facilitate delivery of 

different diagnostic and therapeutic agents which can have great impact in treatment of 

GBM, other brain neoplasms and other disease processes in the central nervous system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
In vitro validation of heat-induced gene expression in MSCs cells. A) Schematic 

representation of the heat-inducible lentiviral plasmid construct pLenti-HSP70(F-Luc-2A-

GFP)-RSV(RFP-BSD). B) HSP70-driven GFP expression by MSCs after exposure to 43°C 

for 15 minutes. Red: RFP fluorescence (545nm/620nm, Ex/Em); Green: GFP fluorescence 

(475nm/510–525nm, Ex/Em). C) Representative bioluminescence images and luciferase 

activity of MSCs-HSP70(F-Luc-2A-GFP) after exposure to different induction times and 

different temperatures.
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Fig. 2. 
MRI-guided HIFU-induced transgene expression of engineered MSCs in rat brain. A) MRI 

T2-weighted image of the rat brain (upper left panel), MRI temperature map (color-coded) 

superimposed on the anatomical MRI image (upper right panel), and a typical time course of 

the temperature evolution during HIFU induction (lower panel). B) HSP70 driven reporter 

expression after HIFU treatment by bioluminescence imaging. C) Quantitation of BLI 

signal. Region of interest (ROI) were drawn over the brain sites and photon flux was 

quantitated and graphed at 8 and 48 hours after HIFU treatment.
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Fig. 3. 
Heat-induced gene expressions by MSCs engineered with HSP70-driven F-Luc and TNFα 

genes. A) Schematic representation of the heat-inducible lentiviral plasmid construct pLenti-

HSP70(F-Luc-2A-TNFα)-RSV(RFP-BSD). B) Representative fluorescent images of MSCs 

transduced with pLenti-HSP70(TNFα-Luc). C) Heat-activated luciferase expression of 

MSCs-HSP70(F-Luc-2A-TNFα). D) Heat-induced TNFα expression of MSCs-HSP70(F-

Luc-2A-TNFα).
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Fig. 4. 
MRI-guided HIFU activation of TNFα production by MSCs to permeabilize BBB. MSCs-

HSP70(F-Luc-2A-TNFα) or MSCs-HSP70(F-Luc-2A-GFP) were stereotactically implanted 

into the brains of athymic nude rats (1 × 106 cells per rat). A) Temperature map of the 

injection area when heated by HIFU under guidance of MRI to induce TNFα expression 3 

days after cell implantation. B) The luciferase expression by bioluminescence after luciferin 

injection 1 day after HIFU induction. C) T1-weighted MRI images after intravenous 

injection of the MRI contrast agent (Magnevist, 0.125 mmol/kg) by tail vein 2 days after 

HIFU induction. D) Quantification of the signal intensity of T1-enhanced contrast in the 

region of interest in the brains of rats after systemic injection of MR contrast agent. E) BBB 

opening for nanoparticle penetration. Red: red fluorescence-labeled PLGA nanoparticles. 

Green: green fluorescence labeled PLGA nanoparticles. The brain blood vessels were 

indicated by white arrows.
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