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Chapter 1: Preface 

1.1 Abstract 

Glioblastoma (GB) is the most common malignant primary brain tumor. Even with 

aggressive treatment, the median overall survival for GB patients is only 15 months. 

Furthermore, brain metastases develop in roughly 10-20% of all cancer patients. Development 

of brain metastases worsens overall prognosis and limits treatment options. Although promising 

new treatments for both primary and metastatic brain tumors, including gene therapy 

approaches, are constantly under development, brain neoplasms present tremendous 

challenges to effective therapeutic delivery. 

There are three main physical barriers impede effective delivery of systemically 

administered agents into brain tumor tissue: 1.) the blood-tumor barrier (BTB) 2.) the blood-

brain barrier (BBB) and 3.) the brain tissue barrier. The BTB is formed by leaky tumor vessels 

that contribute to high interstitial fluid pressures, limiting convective transport of circulating 

agents into the tissue. Despite areas of high vascular permeability, vessel leakiness varies 

throughout tumors and blood-brain barrier-like properties are retained within certain regions. 

Lastly, the transport of agents that have crossed into the brain tumor tissue compartment is 

limited by steric and adhesive interactions with the extracellular matrix (ECM). 

Focused ultrasound (FUS) is a versatile tool that can be used to overcome the major 

obstacles to effective agent delivery to brain tumors. In this dissertation, we explore two FUS-

based techniques for gene delivery applications in brain tumors and investigate the molecular 

responses to FUS application in brain tumor tissue. First, we develop a multifaceted approach 

for non-invasive, non-viral transfection of brain tumors. For this method, we apply FUS in the 

presence of intravascular microbubbles (MBs) to disrupt the blood-tumor/blood-brain barrier 

(BTB/BBB) and facilitate delivery of non-viral brain-penetrating nanoparticle (BPN) gene 
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vectors, designed to rapidly penetrate the extracellular space and transfect large tissue 

volumes. We show that FUS + MB BTB/BBB disruption permits non-invasive delivery of BPNs 

into brain tumor tissue and results in a roughly 4-fold enhancement in transfection in both a 

primary and secondary brain tumor model. Furthermore, we identify enhanced convective 

transport in the tumor interstitium as a potential key mediator of FUS + MB tumor transfection 

with BPNs. Second, we aim to enhance transfection by utilizing FUS to modulate the tumor 

tissue interstitial space prior to BPN administration, a technique referred to as FUS 

preconditioning. Lastly, given the promise of FUS as a therapeutic delivery strategy for brain 

tumors and the progression of this technique into human clinical trials for patients with brain 

metastases, we investigate the effects of FUS + MB BTB/BBB opening on the brain tumor 

microenvironment in an intracranial melanoma tumor model.  

 

1.2 Preview of This Dissertation 

 In chapter 2 of this dissertation, we will introduce topics related to brain tumors and 

associated delivery challenges. We review the use of FUS + MB for BBB and BTB disruption, 

and FUS-mediated delivery of agents to brain tumors. We will also provide a brief overview of 

studies investigating molecular response to FUS + MB BBB opening in brain tissue. Chapter 3 

will discuss the development of a targeted, non-invasive strategy for brain tumor transfection 

utilizing MRI-guided FUS (MRgFUS) + MB BTB/BBB opening and non-viral brain-penetrating 

nanoparticle (BPN) gene vectors, as well as insights into possible mechanisms bolstering 

efficacy of this approach. In chapter 4, we test whether we can use FUS preconditioning of brain 

tumor tissue prior to FUS + MB BTB/BBB opening enhance BPN-mediated brain tumor 

transfection. Chapter 5 investigates the effects of FUS + MB BTB/BBB opening in an 

intracranial melanoma model, with a focus on the acute inflammatory response. Chapter 6 will 

explore future research questions related to the findings in this dissertation.  
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Chapter 2: Introduction  

 

This chapter contains excerpts from: 

 

Curley CT, Sheybani ND, Bullock TN, Price RJ. Focused Ultrasound Immunotherapy for Central 

Nervous System Pathologies: Challenges and Opportunities. Theranostics 2017; 7(15):3608-

3623. doi:10.7150/thno.21225. *This is an open access article distributed under the terms of the 

Creative Commons Attribution (CC BY-NC) license (https://creativecommons.org/licenses/by-

nc/4.0/). 
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2.1 Clinical Significance 

 Brain tumors represent a diverse group of brain neoplasms. Primary brain tumors result 

from malignant transformation of cells within the brain, while secondary brain tumors arise from 

metastatic spread from tumors outside of the central nervous system (CNS). Glioblastoma (GB) 

is the most common malignant primary brain tumor in adults. Despite aggressive standard-of-

care therapy, the median overall survival for GB patients is only 15 months(1, 2). Secondary 

brain tumors are more common and occur in roughly 10-20% of all cancer patients(3). 

Development of brain metastasis signifies worse prognosis and limits treatment options. 

Promising new treatments for both primary and metastatic brain tumors, including gene therapy 

and immunotherapy approaches, are constantly under development; however, brain tumors 

present tremendous challenges to effective therapeutic delivery. 

 

2.2 The Blood-Brain Barrier and Brain Tumors 

 The blood-brain barrier (BBB) is formed by a continuous layer brain capillary endothelial 

cells that are connected by tight junctions(4). These tight junctions form a barrier to paracellular 

diffusion of substances from systemic circulation. Proper functioning of the BBB is further 

supported by interactions between the endothelial cells with basement membranes, pericytes, 

and astrocytic, forming the neurovascular unit (NVU)(5, 6). Additionally, drug efflux pumps like 

p-glycoprotein are expressed at the blood-brain barrier, where they work to remove substrates 

from the CNS(7). While the blood-brain barrier serves the essential function of maintaining brain 

tissue homeostasis and protecting the parenchyma from neurotoxic substances, it is also a 

major barrier to effective drug development for neurological applications. BBB permeability is 

limited to small, lipophilic molecules, less than 400 Daltons, that can freely diffuse through the 

endothelial membrane(8). Ultimately, the BBB prevents more than 98% of small molecule drugs 

and 100% of large molecule therapeutics from entry into brain tissue via systemic circulation(8). 
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 The development of tumors within the brain parenchyma disrupts normal vascular 

structures, yielding a disrupted blood-brain barrier throughout much of the tumor(9). Tumor cells 

secrete angiogenic factors, such as vascular endothelial growth factor (VEGF), leading to the 

formation of new blood vessels(10). These tumor-associated vessels are abnormal in both 

structure and function, exhibiting large fenestrations and irregular shapes and sizes(11). This 

abnormal vasculature disturbs proper functioning of the BBB throughout much of the brain 

tumor mass and leads to the formation of the blood-tumor barrier (BTB). The BTB and the BBB 

with respect to agent delivery to brain tumors will be discussed in the next section. 

 

2.3 Obstacles to Effective Therapeutic Delivery to Brain Tumors 

Delivery of systemically administered therapeutics to brain tumors is hindered by three 

main physical barriers within the tissue, namely the (1) the blood-tumor barrier (BTB) (2) the 

blood-brain barrier (BBB) and (3) the tissue barrier. First, brain tumor blood vessels make up the 

blood-tumor barrier (BTB), which is characterized by heterogeneously leaky vessels(9). Leaky 

vessels within the tumor bulk create uniformly high interstitial fluid pressure, which equalizes or 

reverses the pressure differential between the blood vessels and the tissue, hindering 

convective transport of agents from the circulation into tissue(12). Second, the blood-brain 

barrier (BBB), which is a significant obstacle to agent delivery in normal brain tissue, also plays 

a role in limiting delivery to brain tumors.  For secondary brain tumors, studies have shown 

varying vascular permeability between, and even within, single metastatic lesions(13). 

Additionally, delivery of therapeutic agents to brain metastases is significantly lower compared 

to peripheral metastases, possibly owing to retention of blood-brain barrier-like properties within 

a subset of vessels(14) In glioblastoma (GB), grade IV glioma, tumor cells invade into normal 

brain tissue where they are supplied by blood vessels with a fully intact BBB and thus shielded 

from systemic therapeutics(15). These invasive cells are left behind following surgical resection 
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and facilitate tumor recurrence after standard treatment(16). Therefore, overcoming the BBB 

around the invasive edges of GB and increasing permeability within brain lesions will be a 

crucial feature of successful treatment strategies.  Third, the adhesive and nanoporous 

extracellular matrix (ECM) limits distribution of agents within the tissue(17). Brain ECM is 

composed of negatively charged glycosaminoglycans and proteoglycans, which can hinder 

tissue distribution of agents via charge interactions. Furthermore, brain tumors have increased 

volume fraction of ECM and tortuosity of extracellular space compared to normal brain tissue, 

which can further obstruct agent movement and dispersal(17). It is possible that insufficient 

delivery and distribution of therapeutics within brain tumor tissue has contributed to the failure of 

many therapeutic approaches; therefore, it is crucial to design therapeutic strategies to 

overcome these obstacles.  

 

2.4 Drug Delivery to Brain Tumors 

2.4.1 Local Drug Delivery Methods 

Given the dismal prognosis for patients with primary and metastatic brain tumors, 

numerous methods have been devised to overcome obstacles to brain tumor therapeutic 

delivery.  One type of approach is the direct application of therapeutics to the tumor or into the 

tumor resection cavity, which circumvents the BTB/BBB by avoiding vascular delivery. For 

example, drug loaded polymer wafers, such as Gliadel, can be implanted into the tumor 

resection cavity and provide a mild survival benefit(18–20). Still, penetration of the drug from the 

implant and into surrounding tissue is restricted and may contribute to limited efficacy of this 

technique(21). Convection-enhanced delivery (CED) is a method that has specifically been 

developed to enhance drug distribution in the tissue compared to traditional injection 

approaches. This technique uses bulk flow to distribute agents reproducibly and homogenously 

throughout larger tissue volumes(22).  Despite preclinical efficacy, CED injections have limited 
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success in clinical trials for treatment of brain tumor patients(23). An additional drawback to 

local delivery methods is that the invasive nature of the procedures precludes its use with drugs 

requiring multiple doses. 

 

2.4.2 Methods for Systemic Drug Delivery 

Noninvasive methods that have been established for delivery of agents across the BBB 

include osmotic BBB disruption, bradykinin-like agents, and receptor targeted nanoparticles; 

however, these methods have a number of disadvantages. Osmotic BBB disruption is achieved 

by intra-arterial administration of a hypertonic solution, such as mannitol(24). This results in 

shrinking of endothelial cells and physical disruption of tight junctions, which allows for 

paracellular transport of agents into the tissue(25). This method, however, is complex and has 

associated toxicities due to widespread BBB disruption(26). Pharmacological BBB disruption 

with bradykinin-like molecules also yield disruption of tight junctions, however, these agents 

have failed to demonstrate therapeutic benefit in clinical trials when used in combination with 

brain tumor therapies(27). Lastly, various nanoparticle formulations have been conjugated to 

ligands to facilitate receptor-mediated entry into brain tissue(28). While agents targeting 

receptors, such as transferrin and folate receptors, can deliver agents across the BBB, the 

fraction of the administered dose that reaches the brain is low. 

 

2.5 Focused Ultrasound for Blood-Brain and Blood-Tumor Barrier Disruption 

Focused ultrasound (FUS) activation of circulating microbubbles (MBs) is now an 

established method for enhanced therapeutic delivery to normal and diseased brain tissues that 

offers numerous advantages over the methods discussed above. For BBB opening, ultrasound 

is applied transcranially and focused into a small region of high energy deposition within the 

targeted brain region. Thus, FUS + MB BBB opening is completely non-invasive and localized to 
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the FUS focal zone. This technique is widely used in conjunction with magnetic resonance 

imaging (MRI), allowing for precise spatial targeting and confirmation of successful BBB 

opening. In preclinical models, FUS + MB BBB opening has proven to be safe, reversible, and 

able to deliver a wide range of therapeutic and imaging agents. Several clinical trials have been 

completed or are underway and include use in patients with Alzheimer’s disease, ALS, and 

brain tumors(29–31).  

 

2.5.1 Mechanism of FUS-Mediated BTB/BBB Disruption 

FUS + MB-mediated BTB and BBB opening occurs due to expansion and contraction of 

microbubbles within blood vessels of the targeted tissue volume. Bubbles in the ultrasound field 

can oscillate in either a stable or inertial manner, depending upon the applied pressure 

amplitude. Inertial cavitation occurs when oscillations lose stability and ultimately lead to rapid, 

violent bubble collapse(32). This can yield a highly localized rise in temperature, acoustic 

streaming, and shock wave formation, and is associated with tissue damage(33). Safe and 

reproducible BBB/BTB opening with FUS and microbubbles is attributed to stable cavitation, 

which is a more predictable mode in which bubbles steadily oscillate in size to produce 

mechanical shear forces, as well as circumferential stresses, on microvessel walls(34). In 

normal brain tissue, this has been shown to yield transient tight junction opening, vascular 

endothelial sonoporation, and enhanced transcytotic capabilities spanning an estimated 4-6 

hour period over which the BBB is open(35–37). Furthermore, FUS + MB BBB disruption 

induces decreased expression of P-glycoprotein, a major BBB drug efflux pump, for up to 72 

hours in sonicated brain tissue(38). 

While FUS + MB-mediated permeabilization of the brain tumor vasculature likely shares 

many features with BBB disruption in normal brain, only a small number of studies have 

specifically investigated mechanisms involved in FUS BTB opening. FUS + MB application in a 
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rat C6 glioma model was found to increase pinocytic vessel density in glioma microvessels. This 

was accompanied by increased mRNA and protein expression of caveolin-1 and caveolin-2, 

implicating increased transcellular vesicle transport and BTB permeabilization(39). FUS + MB 

BTB opening in a breast cancer brain metastasis model was demonstrated to enhance delivery 

and penetration of doxorubicin and an antibody drug conjugate. Using physiologically based 

pharmacokinetic models and high resolution imaging techniques, the investigators concluded 

that a shift from diffusion-dominated to convection-dominated transport facilitated enhanced 

delivery and penetration of the tested therapeutics into tumor tissue(40). Despite the general 

lack of mechanistic studies of FUS + MB BTB/BBB opening in brain tumors, it is apparent that 

this technique does in fact enhance delivery of a wide range of therapeutic molecules to brain 

tumor tissue. Preclinical studies utilizing this approach for drug and gene delivery to intracranial 

tumors will be discussed in forthcoming sections. 

 

2.5.2 Passive Cavitation Detection for Monitoring and Control of BTB/BBB Opening 

 To enhance safety and reproducibility of FUS + MB BTB/BBB opening, methods of 

acoustic monitoring and feedback control mechanisms have been widely developed and 

implemented. As discussed above, FUS activation of microbubbles can produce safe BBB 

opening or induce tissue damage depending upon production of either stable or inertial 

cavitation of intravascular microbubbles. Passive cavitation detection (PCD) permits monitoring 

of bubble cavitation behavior in real time by quantifying hallmarks of stable cavitation (harmonic, 

subharmonic, and ultraharmonic emissions) and inertial cavitation (broadband noise). Active 

feedback control mechanisms have been developed and applied successfully in both normal 

brain and brain tumor tissue to achieve levels of stable cavitation sufficient for BTB/BBB 

opening but well below the threshold for tissue damaging levels of inertial cavitation. For 

instance, one group has developed a closed-loop control system that enabled delivery of higher 
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doxorubicin doses (liposomal doxorubicin) to 9L gliosarcoma  than in their previous work, and 

maintained safe exposure levels throughout treatment(41). Similar results have been reported in 

an F98 glioma model, in which feedback control allowed for safe delivery of carboplatin at levels 

that reduced tumor growth and increased median overall survival(42). 

 

2.6 Drug delivery to Brain Tumors with FUS + MB BTB/BBB Opening 

2.6.1 Free Chemotherapeutics 

 FUS + MB BTB/BBB opening has been used for delivery of a wide range of 

chemotherapeutics. Temozolomide (TMZ), an oral alkylating agent, is currently part of the 

aggressive standard-of-care treatment protocol for GB; therefore studies have investigated 

whether FUS can improve its delivery and efficacy(43). In a 9L gliosarcoma model, FUS  

+ MB BTB/BBB disruption increased the cerebrospinal fluid (CSF)/plasma ratio and modestly 

improved treatment outcomes, including progression ratio and median survival time(44). Similar 

results were also obtained in U87 xenografts, in which investigators noted a roughly 2.7-fold 

increase in TMZ concentration within tumor tissue. FUS + MB BTB/BBB opening did confer 

therapeutic benefit over TMZ alone, but this effect was dose-dependent and more pronounced 

at lower TMZ doses(45).  In syngeneic mouse models of GBM, FUS + MB facilitated enhanced 

delivery of doxorubicin, conferring a survival benefit and slower disease progression compared 

to doxorubicin alone(46). In a 9L model intratumoral concentrations of doxorubicin were 

enhanced in FUS + MB treated tumors compared to doxorubicin alone at both 1 and 24 hours 

post-treatment, indicating enhanced retention of the drug within tumor tissue(47). Using 

microdialysis to measure intratumoral doxorubicin concentration over time, FUS + MB BTB/BBB 

opening increased drug concentration roughly 10-fold over control tumors at peak 

concentration, which occurred roughly 45 minutes following treatment, followed by a rapid 

decline(48). Furthermore, in addition to increased doxorubicin delivery (roughly seven-fold), 
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FUS + MB BTB/BBB enhanced tissue penetration of the drug in HER2-positve breast tumor 

brain metastasis. Similarly, FUS has also been shown to enhance delivery of bis-

chloroethylnitrosourea (BCNU) and carboplatin to brain tumors(42, 49). 

 

2.6.2 Encapsulated Drugs 

Encapsulation within or conjugation to delivery agents can allow for more precise 

targeting of drugs to diseased tissue, thereby limiting systemic toxicity. To this end, FUS has 

been used in combination with several formulations of chemotherapeutic loaded liposomes, 

nanoparticles, and microbubbles to further improve drug targeting and treatment of brain 

tumors. Numerous studies have utilized FUS + MB for enhanced delivery and efficacy of 

liposomal doxorubicin(40, 41, 50–57). Increased doxorubicin concentrations and a modest 

survival benefit was achieved with a single FUS + MB + liposomal doxorubicin treatment. Later 

studies revealed that efficacy was greatly improved with 3 treatments per week, although signs 

of toxicity were seen in some of these animals. FUS-mediated delivery of cisplatin-loaded 

polymeric nanoparticles to orthotopic F98 tumors decreased tumor invasiveness, slowed 

growth, and improved survival(56). Furthermore, advanced theranostic agents can be used in 

combination with FUS for delivery to brain tumors. For instance, superparamagnetic iron oxide 

(SPIO)-Doxorubicin (DOX)-conjugated MBs facilitated simultaneous MR imaging of the FUS-

mediated particle delivery and release of the chemotherapeutic drug via magnetic targeting(57).  

 

2.6.3 Antibodies 

Focused ultrasound has also been used for delivery of anti-cancer antibodies in studies 

aimed at establishing experimental therapeutic efficacy for treating intracranial tumors. For 

example, the efficacy of HER-2 targeting antibody delivery with FUS has been tested in a brain 

tumor metastasis model of HER-2 positive breast cancer. In this study, some animals received 
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no treatment, while treatment groups included the HER-2 receptor targeting antibodies, 

trastuzumab and pertuzumab, intravenously (i.v.) administered with or without FUS-mediated 

BTB/BBB opening weekly for a 6-week period of time. A subset of animals in the FUS + 

antibody group were classified as responders, characterized by a slower tumor growth rate, 

while there were no responders in the antibody-only group. There was increased survival in the 

FUS + antibody and antibody only groups compared to untreated animals, but no statistically 

significant difference between these two groups. No differences were seen between the 

responders and non-responders by the parameters measured in this study, but elucidating the 

determining factors between these two groups will likely be important if this approach will ever 

be translated to the clinic(58). FUS has also been used for delivery of the anti-VEGFA 

monoclonal antibody, bevacizumab, in an intracranial glioma xenograft model. Weekly 

treatments with FUS, microbubbles, and bevacizumab resulted in decreased tumor growth, 

increased median overall survival, and decreased vessel area compared to untreated, FUS-

only, and bevacizumab-only groups(59). Lastly, FUS + MB BTB/BBB disruption in a model of 

breast cancer brain metastasis increased delivery of the antibody-drug conjugate ado-

trastuzumab emtansine (TDM-1) two-fold, and resulted in enhanced tissue penetration of this 

agent(40). 

 

2.6.4 Immunomodulatory Agents 

Immunomodulatory agents such as cytokines and targeted immune cells have been 

delivered via FUS-mediated BTB/BBB opening for treatment of brain tumors. Intraperitoneal 

administration of interleukin-12 (IL-12) followed by application of FUS and microbubbles resulted 

in an approximately three-fold increase in IL-12 in an orthotopic glioma model compared to 

untreated control mice, whereas mice receiving IL-12 without FUS had a roughly two-fold 

increase. Enhanced delivery of IL-12 with FUS generated the highest CD8+/T-reg ratio, slowed 
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tumor progression, and the greatest survival benefit(60). NK-92 cells are a human natural killer 

cell line that can be modified to target tumor associated antigens, such as HER-2. In an 

intracranial model of HER2-positive breast cancer metastasis, FUS administration generated a 

10-fold increase in HER2-specific NK-92 cell abundance in the FUS-targeted region after i.v. NK-

92 injection when compared to i.v. NK-92 injection without FUS(61). With an aggressive treatment 

regimen consisting of five treatments in the first week, two in the second week, and one in the 

third week, animals in the FUS + NK-92 group showed a reduction in tumor growth and increase 

in survival compared to controls(62). Taken together, the studies reviewed here demonstrate that 

FUS is a versatile tool that facilitates delivery of chemotherapeutic based agents, antibodies, and 

immunomodulatory agents to brain tissue tumors. 

 

2.7 Gene Delivery to Brain Tissue and Brain Tumors with FUS + MB BTB/BBB 

Opening 

 For gene delivery to brain and brain tumor tissue, FUS + MBs has been combined with 

both viral and non-viral gene vectors(63–79). Adeno-associated virus (AAV) is the most widely 

used method of viral transfection, whereas a number of different non-viral vectors have been 

tested, including liposomes, microbubble-plasmid conjugates, and nanoparticles. 

 

2.7.1 Viral Methods for FUS-Mediated Brain Tissue Transfection 

Viral methods have mainly utilized AAV vectors to facilitate expression of reporter genes 

such as LacZ and GFP in the FUS-targeted brain region(63, 64, 72, 73, 75). While some studies 

reported expression in both neurons and glial cells, use of the synapsin promoter enabled 

neuron-specific gene expression(75)(63). Beyond reporter genes, FUS delivery of AAV vectors 

has been used for delivery of α-synuclein targeted shRNA plasmids, which was able to reduce 

α-synuclein protein levels in targeted brain regions of transgenic mice(74). FUS + MB delivery of 
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AAV-GDNF (glial derived neurotrophic factor) gene vectors was able to increase dopaminergic 

neurons and exhibited signs of improved behavioral outcomes in the MPTP mouse model of 

Parkinson’s disease(70). Lastly, FUS + MB AAV mediated gene delivery of the light-sensitive 

protein Channelrhodopsin-2 (ChR2) gene provides proof-of-concept for using FUS as a tool for 

optogenetics(71). 

 

2.7.2 Non-Viral Methods for FUS-Mediated Brain Tissue Transfection 

Non-viral methods for FUS-mediated gene delivery include liposomes, bubble-

conjugated liposomes, targeted and non-targeted cationic bubble-plasmid conjugates, and 

polymeric nanoparticles. FUS + MB BBB opening facilitated luciferase and GDNF gene delivery 

via plasmid containing liposomes(80). This group was able to improve upon their GDNF gene 

delivery system and achieve therapeutic efficacy in an MPTP model of Parkinson’s disease by 

conjugating the plasmid liposomes to microbubbles(79). FUS + MB BBB opening in the 

presence of i.v. plasmid-cationic microbubble conjugates have similarly been demonstrated to 

have superior transfection capability compared to FUS activation of conventional microbubbles 

and free plasmid DNA(69). Additional variations on these non-viral delivery agents include 

bubble liposomes and nanomicrobubbles, both of which have been used in combination with 

FUS + MB BBB opening for gene delivery to the brain(81, 82). Our group has previously 

developed a non-viral approach for brain tissue transfection via FUS + MB-mediated delivery of 

polymeric brain-penetrating nanoparticles (BPNs), as will be discussed in forthcoming 

sections(83). 

 

2.7.3 Methods of FUS-Mediated Brain Tumor Transfection 

There are a small number of studies that have demonstrated FUS-mediated gene 

delivery to intracranial C6 glioma tumors, using both viral and non-viral gene vectors. FUS + MB 
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BTB/BBB opening facilitated delivery of an Adenovirus vector for expression of the thymidine 

kinase gene and resulted in increased survival with the application the prodrug ganciclovir(84). 

FUS applied in the presence of folate conjugated DNA-loaded cationic microbubbles for delivery 

of luciferase reporter gene resulted in a 4.7-fold increase in expression compared to direct 

injection of the plasmid in C6 intracranial tumors(77). Additionally, the folate component 

facilitated uptake and expression, with a 1.5-fold increase in expression when using folate 

containing microbubbles(77). VEGFR2-targeted cationic bubble-plasmid conjugates were used 

for delivery of luciferase reporter genes as well as thymidine kinase therapeutic gene. This 

delivery system yielded significantly increased median survival compared to gene delivery via 

direct injection(65). Lastly, FUS utilized with an shRNA liposome complex conjugated to 

microbubbles was able to silence the targeted gene, decreasing tumor growth and increasing 

median overall survival(66). 

 

2.7.4 FUS + MB BBB Opening for Delivery of Non-Viral Brain-Penetrating Nanoparticles 

Our group has previously developed a non-viral gene delivery approach for transfection 

of brain tissue using focused ultrasound and polymeric “brain-penetrating” nanoparticle (BPN) 

gene vectors(83, 85, 86). BPNs are non-viral gene vectors designed to maximize distribution in 

brain tissue, and thus offer many advantages over other gene carriers. Generally, polymeric non-

viral gene vectors have an increased loading capacity, lower cost, and greater ability to tailor 

physiochemical properties than viral gene carriers. Additionally, non-viral vectors alleviate 

concerns of pre-existing immunity to naturally occurring viral vectors that could reduce efficacy, 

as well as safety issues. Furthermore, the dense polyethylene glycol (PEG) coating on our brain-

penetrating non-viral gene vectors facilitates increased spreading in brain tissue compared to 

conventionally PEGylated nanoparticles, resulting in enhanced vector distribution and 

transfection volume in both healthy brain and brain tumor tissues(85, 87). We have demonstrated 
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safety and efficacy of this FUS-mediated BPN delivery for transfection of normal brain tissue(83). 

We have also proven therapeutic efficacy in a rat model of Parkinson’s disease (PD), in which we 

were able to achieve durable and therapeutic levels of GDNF transgene expression, thereby 

leading to restored dopamine levels and dopaminergic neuron content, and reversed behavioral 

indicators of PD-associated motor dysfunction(86). In chapter 3 of this dissertation, we develop 

this gene delivery approach for use in primary and secondary brain tumor models and investigate 

several key factors in delivery and transfection. 

 

2.8 FUS Modulation of the Tissue Interstitial Space 

Ultrasound has been shown to have effects on brain tissue that can enhance dispersion 

of agents within the extracellular space, both with and without intravascular microbubbles.  

Ultrasound application to ex vivo brain slices yielded increases in extracellular and perivascular 

spaces measured by TEM imaging, and increased movement of subsequently injected 

nanoparticles(88). Additionally, transcranial FUS applied to rat brains immediately prior to 

injection of non-adhesive nanoparticles significantly increased distribution in the tissue(89). 

Furthermore, it has been demonstrated that application of ultrasound to brain tissue with 

intravascular microbubbles prior to injection of AAV-GFP vectors produced a 3-fold increase in 

transfection volume(90). There has also been evidence that FUS modulation of tumor 

extracellular space can contribute to favorable delivery and distribution of agents in the tissue. 

Pulsed-high intensity focused ultrasound (HIFU) significantly increased uptake, penetration, and 

efficacy of an intravenously administered monoclonal antibody therapeutic in a flank tumor 

xenograft model(91, 92). In a different study, pulsed HIFU application improved delivery of 

systemically administered chitosan nanoparticles increased roughly 2.5-fold, enhanced 

nanoparticle penetration, and was associated with increased blood flow, ECM remodeling, and 
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decreased collagen content in flank tumor xenografts(93). Further, application of pulsed FUS in 

flank tumors prior to direct injection of naked plasmid DNA increased uptake(94).  

We recently demonstrated an increase in BPN-mediated transfection with application of 

FUS prior to direct injection of the nanoparticles by convection-enhanced delivery (CED) in rat 

brain tissue(95). Given this result, we then developed an ultrasound preconditioning approach in 

which FUS was applied (in the absence of microbubbles) to the targeted tissue prior to FUS + 

MB-mediated delivery of reporter gene-BPNs across the BBB. FUS pre-conditioning followed by 

FUS + MB BBB opening resulted in a 5-fold enhancement in reporter gene transfection 

compared to BBB opening alone. Our results suggested that the achieved increase in 

transfection is due to modulation of the brain parenchyma rather than modulation of subsequent 

BBB opening. This study established that FUS preconditioning is a safe and effective method 

for enhancing FUS-mediated transfection of brain tissue using non-viral gene vectors(95). 

Chapter 4 of this dissertation will explore the use of FUS preconditioning prior to FUS + MB 

BTB/BBB opening for intracranial tumor transfection. 

 

2.9 FUS Immunomodulatory Effects in the Brain  

Most studies of FUS-mediated BBB opening have focused on using this approach to 

deliver therapeutic agents to the brain; however, it has also come to be appreciated that the 

procedure itself may exert some immune-related effects. In particular, two different studies have 

evaluated the molecular effects of focused ultrasound BBB opening in rat brains. The first profiled 

changes in RNA and protein expression at acute time points following FUS BBB opening. Here, 

increases in both HSP70 and proinflammatory cytokines were measured within 24 hours. An 

increase in ionized calcium binding adaptor molecule 1 (Iba1) was also reported, indicating 

microglial activation, and macrophages from the periphery were found in the sonicated region at 

six days post-treatment(96). Previously, macrophages had only been detected in the brain after 



25 
 

sonicating at higher pressures that induced intracerebral hemorrhage; however, it should be noted 

that their analysis was limited to 24 hours following FUS(97). The second study looked more 

specifically at RNA expression in brain endothelial cells following FUS-mediated BBB opening. At 

six hours post sonication, there was an upregulation of pro-inflammatory chemokine and cytokine 

genes and a downregulation of BBB related transporter genes, which mostly returned to baseline 

by 24 hours(98). Both studies found increases in glial fibrillary acidic protein (GFAP) indicative of 

astrocyte activation.  

 Interestingly, FUS-mediated opening of the BBB with microbubbles, independent of the 

delivery of a drug and/or therapeutic gene, exerts beneficial effects in mouse models of 

Alzheimer’s disease. Indeed, ultrasound treatment has shown reduced plaque load in two studies 

utilizing different transgenic mouse models(99, 100). In both studies, the treated region displayed 

increased markers of microglial activation and greater localization of amyloid beta (Aβ) within 

microglia, suggesting that ultrasound was able to facilitate phagocytic uptake of Aβ, thereby aiding 

plaque clearance. In the APP23 model, functional tests indicated memory restoration in treated 

mice(99). A phase one clinical trial has been completed in Alzheimer’s patients, demonstrating 

safety and feasibility of FUS and microbubble BBB opening this population(29).  

One study has also demonstrated that FUS and microbubble application in brain tumors 

has immunomodulatory effects. Glioma tumors receiving three FUS treatments over a period of 

5 days exhibited an increase in the CD8+/T-reg ratio, a metric commonly correlated with improved 

patient outcome(60). Beyond this study, there is currently a gap in knowledge about how FUS + 

MB BTB/BBB opening alters the brain tumor immune microenvironment. Given the current 

progression of FUS + MB BTB/BBB opening into clinical trials for patients with metastatic brain 

tumors and the appeal of using this approach in combination with traditional and immune based 

therapies, it is crucial to understand how this FUS-mediated BTB/BBB opening modulates the 

brain tumor tissue at a molecular level. Chapter 5 of this dissertation aims to uncover the effects 
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of FUS + MB BTB/BBB on the immune microenvironment in a model of melanoma brain 

metastasis. 

 

2.10 The Cancer Immunity Cycle and the Role of Dendritic Cells in Anti-Tumor 

Immunity 

 The findings in chapter 5 will be discussed in the context of generation of an anti-tumor 

immune response; therefore, the tumor immunity cycle and the role of dendritic cells in this 

process will be briefly reviewed in this section. 

 

2.10.1 Cancer Immunity Cycle 

 To generate an antitumor immune response, first tumor neoantigens are released from 

the tumor and captured by antigen-presenting cells (APCs), primarily dendritic cells (DCs). 

Additional immunogenic signals, such as proinflammatory cytokines, pathogen-associated 

molecular patterns (PAMPs), and damage-associated molecular patterns (DAMPs), are required 

to activate dendritic cells for productive interactions with T cells. Absence of these signals 

generates tolerance. Dendritic cells can then present these antigens via major histocompatibility 

(MHC) class I or class II molecules to T cells, normally in the tumor draining lymph node. Mature 

dendritic cells prime T cells that are specific for the presented antigens, thereby generating 

effector T cells precisely targeted for tumor antigens. These activated T cells can then traffic to 

the tumor site, where they recognize their cognate antigen on the MHC I molecules of tumor cells 

and kill the target cells. Tumor cell killing by cytotoxic T cells releases additional antigens which 

can support further T cell activation. In an established tumor, mechanisms have developed to 

disrupt this process and allow the tumor to escape immune detection(101). Ultimately, in chapter 

5 of this dissertation, we discuss the effects of FUS + MB BTB/BBB opening on intracranial 

melanoma tumors in terms of how FUS-induced alteration of the tumor microenvironment could 
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interface with several steps of the cancer immunity cycle, namely antigen capture and 

presentation, APC priming of T cells, and T cell trafficking and infiltration.  

 

2.10.2 The Role of Dendritic Cells in Anti-Tumor Immunity 

In Chapter 5 of this dissertation, much of the discussion revolves around the dendritic 

cell (DC) population. As discussed above, DCs are professional antigen-presenting cells and act 

as a bridge between the innate and adaptive immune system. Dendritic cells in peripheral tissue 

exist in an immature form, in which they primarily endocytose materials and accumulate 

antigens. Immature DCs are poor antigen presenters and may even contribute to tolerance. 

Molecules such as PAMPs and DAMPs activate pattern recognition receptors on dendritic cells, 

providing a maturation stimulus. Upon maturation, DCs downregulate endocytosis and activate 

machinery involved in antigen processing and presentation. Generation of MHC-peptide 

complexes becomes more efficient and these molecules have increased stability on the cell 

surface. Furthermore, DCs upregulate chemokine receptors such as CCR7, inducing migration 

to lymph nodes. Lastly, the expression of T cell costimulatory molecules and immunostimulatory 

cytokines are increased in the DCs, equipping them for activation of T cells(102). 
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3.1 Abstract 

The delivery of systemically administered gene therapies to brain tumors is exceptionally 

difficult due to the blood-brain (BBB) and blood-tumor (BTB) barriers. Additionally, the adhesive 

and nanoporous tumor extracellular matrix hinders therapeutic dispersion. Here, we first 

developed the use of magnetic resonance (MR) image-guided focused ultrasound (FUS) and 

microbubbles (MBs) as a platform approach for transfecting brain tumors by targeting the 

delivery of systemically administered “brain-penetrating” nanoparticle (BPN) gene vectors 

across the BTB/BBB. Next, using an MRI-based transport analysis, we determined that, after 

FUS-mediated BTB/BBB opening, mean interstitial flow velocity magnitude doubled, with “per 

voxel” flow directions changing by an average of 60⁰. Finally, we observed that FUS-mediated 

BTB/BBB opening elicited a >100% increase in the dispersion of directly injected BPN through 

tumor tissue. We conclude that FUS-mediated BTB/BBB opening yields markedly augmented 

interstitial tumor flow that, in turn, plays a critical role in enhancing BPN transport through tumor 

tissue.    
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3.2 Introduction 

Glioblastoma (GB) is the most common malignant primary brain tumor. Even with 

aggressive treatment, the median overall survival for GB patients is only 15 months(1, 2). 

Further, brain metastases develop in roughly 10-20% of all cancer patients(3). Promising new 

treatments for both primary and metastatic brain tumors, including gene therapy approaches, 

are constantly under development; however, brain neoplasms present tremendous challenges 

to effective therapeutic delivery. Indeed, the delivery of systemically administered gene 

therapies to brain tumors is impeded by significant physical barriers(103). First, while blood 

vessels within both primary and metastatic tumors may be leaky, this feature creates high 

interstitial fluid pressures that hinder convective transport of systemically administered gene 

therapies from the bloodstream and into the tissue(9, 12). This is referred to as the blood-tumor 

barrier (BTB)(9). Second, when considering GB specifically, the blood-brain barrier (BBB) 

becomes a large obstacle to effective treatment because tumor cells invade into surrounding 

healthy tissue where the BBB remains intact(8, 15). Lastly, the transport of agents that have 

crossed into the brain tumor tissue compartment is limited by steric and adhesive interactions 

with the extracellular matrix(17). 

Magnetic Resonance Image (MRI)-guided focused ultrasound (FUS) with circulating 

microbubbles (MBs) is a non-invasive approach for safe and reversible opening of the BTB and 

BBB. Indeed, it is now well-known that FUS application in the presence of intravascular MBs 

increases vascular permeability, which facilitates the delivery of systemically administered 

agents into brain tissue(35, 36, 104). Clinical trials utilizing FUS and MBs for BTB/BBB opening 

for Alzheimer’s disease and brain tumors(29, 31) have been performed, with many others 

planned or underway. Preclinical work has established BTB/BBB opening with FUS and MBs as 

an effective method of delivery for antibodies, chemotherapies, and nanoparticles in both 

normal and diseased brain tissue(53, 56, 83, 86, 105–108). For gene delivery, FUS + MBs has 
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been combined with both viral and non-viral gene vectors. Viral methods have mainly utilized 

AAV vectors, while non-viral methods include bubble-conjugated liposomes, as well as targeted 

and non-targeted cationic bubble-plasmid conjugates(63, 65–67, 74, 77, 78). Our group has 

previously developed a non-viral gene delivery approach for transfection of brain tissue using 

focused ultrasound and polymeric “brain-penetrating” nanoparticle (BPN) gene vectors, an 

approach that may offer advantages over other methods (83, 85, 86). The first major component 

of this study entailed testing whether combining MR image-guided FUS + MB-mediated 

BTB/BBB opening with BPN could elicit effective targeted brain tumor transfection.   

The second major component of this investigation entailed determining how FUS + MB-

mediated BTB/BBB opening affects both tumor interstitial fluid flow and BPN transport through 

tumor tissue. Because abnormal tumor vasculature contributes to high interstitial fluid pressure, 

pressure gradients across vessel walls are normally minimized, thereby limiting convective 

transport(9, 12). However, recent evidence indicates that FUS + MB-mediated BTB/BBB 

opening could, in addition to augmenting the delivery of agents across the BTB/BBB, improve 

the penetration of therapeutics through both normal brain(90) and tumor tissue(40). To examine 

whether BTB/BBB opening with FUS and MBs affects interstitial transport in models of GB and 

brain metastases, we analyzed the spatiotemporal evolution of gadolinium transport via 

examination of a timed series of T1 contrast-enhanced MR images(109). Next, after establishing 

how FUS + MB-mediated BTB/BBB opening affects interstitial transport, we used a convection-

enhanced delivery (CED) approach to assess the relative influence of BTB/BBB opening on 

BPN delivery versus its influence on BPN transport through tumor tissue. In summary, our 

results indicate that BTB/BBB opening with FUS and MBs does indeed facilitate brain tumor 

transfection with BPN and provide evidence that a significant component of tumor transfection 

may be attributed to the augmented convective transport of BPN through the interstitial space.  
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3.3 Results 

3.3.1 Focused Ultrasound and Microbubbles Facilitates the Delivery of Brain-Penetrating 

Nanoparticles Across the Blood-Tumor/Blood-Brain Barriers. 

We first tested whether the activation of MBs with FUS could target the delivery of systemically 

administered BPN to primary brain tumors under MR image-guidance. Luciferase plasmid-

bearing-BPN (Luc-BPN) made with Cy5-labeled plasmid DNA (particle diameters of ~50 nm) 

were i.v. injected into athymic nude mice with U87mg brain tumors. The BTB/BBB was opened 

in and around tumors via MB activation with 1 MHz pulsed FUS (0.45 MPa and 0.55 MPa PNP; 

measured in water), applied in an 8-spot grid. Acoustic emissions were assessed by passive 

cavitation detection during BTB/BBB opening. Roughly 6 hours following treatment, whole brain 

and tumor samples from each animal were imaged for Cy5 fluorescence. Representative 

fluorescent images are shown in Figures 1A (whole brain) and 1B (dissected tumor). For whole 

brain images, fluorescence was measured using an ROI drawn to encompass the entire FUS-

treated region, thus measuring delivery to the tumor and surrounding tissue.  Quantification from 

whole brain samples (Figure 1C) showed significant increases in Cy5 signal in 0.45 MPa and 

0.55 MPa FUS+MB treated brains compared to those receiving only an intravenous injection of 

BPN and MBs. Quantification of Cy5 signal from tumor samples (Figure 1D) showed a 

significant increase in the 0.55 MPa treatment group compared to BPN only. The 0.45 MPa 

group showed a trend towards an increase over BPN only, however this was not statistically 

significant. Figure 1E-G show confocal images of tumor tissue sections with the cy5-BPN signal 

is shown in red with and tumor microvessels (BS-I Lectin) shown in green. Figure 1G shows 

enhanced delivery and penetration of cy5-BPN into tumor tissue with 0.45 MPa FUS, in 

comparison to tumors receiving no treatment and cy5 BPN only, seen in Figure 1E and 1F, 

respectively. Acoustic emissions at the sub-harmonic (Figure 1H), 2nd harmonic (Figure 1I), and 
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3rd harmonic (Figure 1J) were all significantly higher with 0.55 MPa FUS when compared to 0.45 

MPa FUS. There were no differences in inertial cavitation at the two pressures (1K).    

 

3.3.2 Brain-Penetrating Nanoparticle-Mediated Transgene Expression is Markedly 

Enhanced in Brain Tumors Treated with Focused Ultrasound and Microbubbles.  

We next tested whether BPN that had been delivered across the BTB/BBB with FUS and MBs 

were able to elicit significant tumor transgene expression. Luc-BPN were injected i.v. 

immediately prior to FUS + MB BTB/BBB opening of U87mCherry and B16F1cOVA brain 

tumors. Luciferase transgene expression was analyzed using ex vivo bioluminescence imaging 

of tumors 3 days post-treatment. Representative ex vivo bioluminescence images of 

U87mCherry tumors are shown in Figure 2A. In addition to the standard total flux 

bioluminescence measurement, average radiance was also quantified to ameliorate any 

possible influence of tumor size variability on transgene expression measurements. In both the 

U87mCherry and B16F1cOVA tumor models, FUS + MB BTB/BBB opening elicited significant 

~4-fold increases in both total flux and average radiance compared to mice receiving i.v. Luc-

BPN alone (Figure 2B-2E). There were no differences in either total flux or average radiance 

between the 0.45 MPa and 0.55 MPa PNP FUS groups. 

 

3.3.3 Interstitial Fluid Transport in Brain Tumors is Augmented by the Application of 

Focused Ultrasound and Microbubbles.  

For a subset of mice [n=4 per group x 2 tumor types (U87 mCherry and B16F1cOVA) x 2 PNPs 

(0.45 MPa and 0.55 MPa) = 16 total], we utilized MRI to analyze the effect of  BTB/BBB opening 

with FUS and MBs on gadolinium transport, both to and within, U87mCherry and B16F1cOVA 

intracranial tumors(109). To first assess BTB/BBB disruption following FUS + MB treatment, 
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mean grayscale intensity was calculated from pre-FUS and post-FUS T1-weighted contrast 

enhanced MR images [Figures 3A (U87) and 3D (B16F1cOVA)]. Tumors were visible in the pre-

FUS images via gadolinium leakage from tumor vessels, which allowed MR image-targeting of 

the treatment. Contrast enhancement was apparent in all post-FUS MR images, indicating 

successful disruption of the BTB/BBB. As expected, mean grayscale intensity within tumors (i.e. 

ROI referred to as “BTB” and defined by enhancing region in pre-FUS image) significantly 

increased following FUS + MB treatment, as shown in Figure 3B for U87 tumors and Figure 3E 

for B16F1cOVA tumors. Additionally, there was a significant increase in mean grayscale 

intensity in the entire FUS-treated region (i.e. ROI referred to as “BTB+BBB” and defined by 

enhancing region in the post-FUS image) in U87 and B16F1cOVA tumors (Figure 3C and 3F). 

Of note, opening the BTB/BBB with 0.55 MPa PNP FUS did not confer a detectable increase in 

contrast enhancement when compared to 0.45 MPa PNP FUS. 

Pre- and Post-FUS T1–weighted contrast enhanced MR image sequences were then 

used to assess changes in interstitial fluid flow and diffusion. Representative MR imaging series 

in the U87mCherry tumor model are shown in Figure 4A. These images were input into the 

post-processing algorithm and an ROI in each animal was chosen to encompass the tumor and 

a portion of surrounding brain tissue. The algorithm solves for maps of flow velocity magnitude 

and direction, as well as diffusion coefficient. Figure 4B illustrates pre- and post-FUS flow 

velocity magnitude maps obtained from the imaging series. Flow velocities are plotted for each 

voxel within the selected ROI in Figure 4C, showing a shift towards a higher velocity magnitude 

following FUS BTB/BBB opening in this tumor. Data from all animals showed a roughly two-fold 

increase in mean flow velocity magnitude following BTB/BBB opening with FUS and MBs at 

both 0.45 MPa and 0.55 MPa PNPs (Figures 4D). In U87mCherry tumors, intravoxel velocity 

direction changed by about 60 degrees on average following BTB/BBB opening at both tested 

FUS pressures (Figure 4E, F, G). For the B16F1cOVA model, representative T1-weighted MR 

images, flow velocity magnitude maps, and flow velocity voxel plots are shown in Figure 5A, 5B, 
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and 5C respectively. We found a roughly two-fold increase in mean flow velocity magnitude at 

both FUS pressures (Figure 5D). In B16F1cOVA tumors, intravoxel velocity direction changed 

by about 70-80 degrees on average following BTB/BBB opening at both tested FUS pressures 

(Figure 5E, F, G). 

 

3.3.4 Blood-Tumor Barrier Opening with Focused Ultrasound and Microbubbles 

Augments Brain-Penetrating Nanoparticle Dispersion Through Brain Tumors.  

Finally, we tested whether modulation of interstitial flow with FUS and MBs during BTB/BBB 

opening could significantly affect BPN dispersion through brain tumor tissue. To this end, we 

performed FUS + MB-mediated BTB/BBB opening in intracranial U87mCherry tumors 

immediately prior to the convection-enhanced delivery (CED) of BPN bearing the ZsGreen 

reporter gene (i.e. ZsGreen BPN). Representative images showing ZsGreen transfection 

volume in the CED only and FUS + MB BTB/BBB + CED groups are shown in Figure 6A. We 

found a roughly 2-fold enhancement in transfection volume in tumors treated with FUS + MB 

BTB/BBB opening prior to CED when compared to those receiving the CED injection only 

(Figure 6B), indicating that FUS+MB-mediated BTB/BBB opening does indeed substantially 

augment BPN dispersion through tumor tissue. 

 

3.4 Discussion 

The goals of this investigation were (i) to determine the efficacy of BTB/BBB opening 

with FUS and MBs as a means for targeted brain tumor transfection with systemically 

administered BPN and (ii) to ascertain whether modulation of the physical tumor 

microenvironment in conjunction with BTB/BBB opening promotes intratumor BPN transport. 

Under MR image-guidance, BTB/BBB opening with FUS and MBs elicited a mean 4-fold 

increase in U87 and B16F1cOVA brain tumor transfection over BPN alone, with some tumors 
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exhibiting as much as a 16-fold increase in transfection. A T1 contrast enhanced MRI-based 

analysis of gadolinium transport revealed that interstitial flow in brain tumors increased by an 

average of 2-fold after BTB/BBB opening, with most voxels also experiencing a marked shift 

(i.e. mean change of 60⁰) in interstitial flow direction. BPN that were injected directly into U87 

tumors after BTB/BBB opening dispersed far more easily through tumor tissue (i.e. more than a 

doubling of transfection volume), providing strong evidence that modulation of the physical 

tumor microenvironment by FUS+MB-mediated BTB/BBB opening enhances BPN distribution 

throughout tumors after they have been delivered from the bloodstream. In all, this is the first 

study to demonstrate the successful MR image-guided transfection of both primary and 

metastatic brain tumors using non-viral gene vectors in combination with FUS and MBs, as well 

as the first to use an MRI-based analysis to generate spatial maps of interstitial fluid flow 

changes in response to BTB/BBB opening with FUS and MBs. Our finding that augmented 

interstitial flow plays a key role in dispersing a non-bioadhesive therapeutic through tumor tissue 

offers the enticing possibility that this understudied secondary effect of BTB/BBB opening with 

FUS and MBs can be leveraged to further improve therapeutic outcomes.               

 The brain-penetrating nanoparticles utilized here are non-viral gene vectors designed to 

maximize distribution in brain tissue, and thus offer many advantages over other gene carriers. 

Generally, polymeric non-viral gene vectors have an increased loading capacity, lower cost, and 

greater ability to tailor physiochemical properties than viral gene carriers. Additionally, non-viral 

vectors alleviate concerns of pre-existing immunity to naturally occurring viral vectors that could 

reduce efficacy, as well as safety issues. Furthermore, the dense PEG coating on our brain-

penetrating non-viral gene vectors facilitates increased spreading in brain tissue compared to 

conventionally PEGylated nanoparticles, resulting in enhanced vector distribution and 

transfection volume in both healthy brain and brain tumor tissues(85, 87). Our group has 

previously demonstrated safety and efficacy of this FUS-mediated BPN delivery for transfection 
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of normal brain tissue(83). We have also proven therapeutic efficacy in a rat model of 

Parkinson’s disease, in which we were able to achieve durable and therapeutic levels of GDNF 

transgene expression, thereby leading to restored dopamine levels and dopaminergic neuron 

content, and reversed behavioral indicators of PD-associated motor dysfunction(86).  

The use of FUS and BPN to achieve gene expression in brain tumors described here 

represents a new strategy for brain tumor gene delivery that can overcome many of the 

challenges associated with more conventional methods. First, this approach is noninvasive, 

offering an advantage over direct injection methods for delivering gene vectors into brain tumor 

tissue. While some groups have achieved transfection of brain tumors following systemic 

administration of gene vectors, many rely upon the enhanced permeability and retention (EPR) 

effect for delivery into the tumor tissue. Use of the EPR effect alone can be ineffective due to 

the heterogeneous vascular permeability and high interstitial fluid pressures that characterize 

the BTB(9, 12). Additionally, in GB, invasive cells infiltrate into normal brain tissue and reside 

behind the BBB. Thus, they cannot be reached by therapeutics delivered via the EPR effect(15). 

MB activation with FUS has the ability to transiently permeabilize vessels to overcome the BBB 

and BTB, and allows for precise spatial targeting of the tumors as well as surrounding tissue 

where invasive cells reside. While the tumors used in this study are not invasive, we designed 

our treatment approach to target the entire tumor as well as the surrounding edges, which will 

be a crucial factor for therapeutic efficacy in invasive models of GB. On average, we achieved a 

4-fold increase in ex vivo bioluminescence in mice treated with FUS + MB BTB/BBB opening 

and Luc-BPNs compared to those receiving only an i.v. injection of Luc-BPN. We saw similar 

efficacy in both the U87 and B16F1cOVA tumor models, representing primary and secondary 

brain tumors, respectively, suggesting that this approach is applicable across tumor models. 

The lower PNP used in this study (0.45 MPa) was chosen based on previous studies 

from our group(83, 86), wherein we safely delivered similar-sized BPN across the BBB in rats 
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(160g-200g b.w.) using the same albumin-shelled MB formulation and the same 1.1 MHz FUS 

system. In those studies, detailed histological examinations of brain tissue revealed no signs of 

damage when applying 0.6 MPa PNP FUS (measured in water). It is known that, at frequencies 

in the range of 1.0 to 1.25 MHz, the middle region of the skull reduces FUS transmission no 

more than 20% for rats weighing between 160 and 200 g(110). This translates to an estimated 

non-derated PNP of 0.48 MPa in the rats. Thus, even if FUS attenuation by the skull in mice 

(measured to be 18% for 1.5 MHz FUS(111)) is not considered, the 0.45 MPa PNP used here is 

still below the known safety threshold we have previously established for these MBs in 

combination with this FUS system. If considering skull attenuation in mice, this PNP is well 

below the safety threshold.   

From that baseline PNP of 0.45 MPa, we then chose to test whether increasing PNP 

could improve BPN delivery and transfection, as previous studies have shown enhanced size 

and volume of BBB opening with increasing PNP(112, 113). A PNP of 0.55 MPa was chosen for 

this purpose because, while it clearly enhances acoustic signatures associated with stable 

cavitation [i.e. subharmonic (Figure 1H), 2nd harmonic (Figure 1I), and 3rd harmonic (Figure 1J)] 

in our system, it does not elicit a detectable increase in broadband signal associated with inertial 

cavitation, which could indicate the onset of microvascular and/or tissue damage (Figure 1K). 

Nonetheless, when considering BPN delivery (Figures 1A, 1B, 1C, and 1D), tumor transfection 

(Figure 2), BTB/BBB opening (Figure 3), and interstitial fluid flow (Figures 4 and 5), we 

surprisingly observed no statistically significant differences between the 2 PNPs. Clearly, both of 

the tested pressures generate responses sufficient to (i) deliver ~50 nm-sized BPNs across the 

BTB/BBB and into the tissue and (ii) alter interstitial transport to promote BPN-mediated 

transfection (see forthcoming discussion). It is possible that, at least in the context of these 

specific experiments, our assays were insufficiently sensitive to detect differences between 0.45 

MPa and 0.55 MPa and/or that these differences in MB activation simply had no appreciable 
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impact on key delivery metrics (Figures 2-5). Further studies would be needed to determine the 

PNP below 0.45 MPa at which BPN delivery and transfection are compromised and whether 

further increasing BPN above 0.55 MPa yields improved delivery.      

It is well established that activating MBs with FUS in the brain yields enhanced vascular 

permeability, however, there is now mounting evidence that modulation of the interstitial space 

is also an important factor facilitating agent delivery and distribution in targeted tissues. Very 

recent work using high resolution imaging techniques coupled with physiologically based 

pharmacokinetic modelling (PKPB) demonstrated that FUS + MB BTB opening caused a shift 

from diffusion-dominated to convection-dominated transport in intracranial tumor tissue(40). 

Here, we explored how FUS + MB BTB opening alters the transport of agents in our intracranial 

tumor models and how this may aid in our ability to transfect brain tumor tissue with our non-

viral gene vectors. Utilizing an MRI-based technique to assess transport of gadolinium contrast 

agent, we measured a roughly two-fold increase in flow velocity magnitude after FUS-mediated 

BTB/BBB opening, consistent with recent PKPB-derived results (40). We postulate that the 

increase in flow velocity magnitude is due to a post-BTB/BBB opening increase in near-wall 

pressure, which would then drive fluid flow into the tissue. Beyond increased fluid velocity 

magnitude, we also saw a roughly 60-degree change in interstitial flow direction. This is 

consistent with increased mixing within the interstitial space, which could yield more frequent 

contact between BPN and cells within the tumor, potentially allowing for enhanced uptake. 

This MRI-based analysis provides us with a framework for understanding FUS-induced 

changes in transport of gadolinium in the tumor interstitial space; however, agent size and 

physiochemical properties play a significant role in determining transport dynamics. As 

diffusivity within a tissue is dependent, in part, upon particle size, BPN will have a smaller tissue 

diffusivity as compared to gadolinium chelates. Thus, with limited diffusivity, the movement of 

larger BPN  (~50 nm) through the tissue would be dominated by convection and sensitive to 
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changes in interstitial flow velocity, a concept illustrated by the Péclet number (Pe = Vi*L/D, 

where v is the velocity, L is the characteristic length in the direction of interest and D is the 

diffusion coefficient). Conversely, the smaller gadolinium chelates (~0.75 nm) are likely to be 

transported via both diffusion and convection independent of the interstitial flow velocity 

magnitude. While it follows that spatiotemporal regions with lower calculated velocities may 

have a lower distribution of BPN, testing this hypothesis would require assessing BPN delivery 

and transfection with more spatially precise approaches that allow for comparisons to interstitial 

flow maps.  

The observation that gadolinium flow through tumor interstitial space is increased as a result 

of MB activation with FUS led us to experimentally test whether FUS + MB BTB/BBB opening 

also significantly alters transport of our larger (50 nm) BPN gene vectors. We found that FUS + 

MB-mediated BTB/BBB opening of intracranial U87mCherry xenograft tumors immediately prior 

to CED injection of BPN resulted in a two-fold enhancement in transfection volume compared to 

CED injection alone. Of note, this result is consistent with a previous study wherein BBB 

opening with FUS and MBs enhanced the spread of AAV vectors(90) in normal brain tissue. 

Importantly, the ability of FUS+MB-mediated BTB/BBB opening to promote the spread of BPN 

supports the concept that enhanced interstitial fluid velocity facilitates the penetration of BPN 

through tumor tissue, contributing to tumor transfection.  

Finally, we note that the MR image-targeted, noninvasive gene delivery approach described 

here represents a platform that can be combined with many other established and experimental 

approaches to generate innovative treatment strategies with the potential for superior efficacy. 

For example, immunotherapies hold much promise for long-lasting therapeutic responses in 

treatment of extracranial malignancies. The delivery of BPN carrying immunomodulatory genes 

to brain tumors with FUS and MBs could be used to shift the balance from an 
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immunosuppressive to an immunostimulatory tumor microenvironment to promote an antitumor 

immune response(114).  
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3.5 Materials and Methods 

3.5.1 Tumor Implantation.  

U87mg tumor cells or U87mg cells that had been stably transfected with an mCherry reporter 

gene (i.e. U87mCherry) were implanted into 6-8-week-old male athymic nude mice purchased 

from Charles River. B16F1cOVA cells were implanted in 8-10-week-old C57BL6 mice, which 

were also purchased from Charles River. Mice were anesthetized with a mixture of Ketamine 

(40 mg/kg; Zoetis, Kalamazoo, MI) and Dextomitor (0.2 mg/kg, Zoetis, Kalamazoo, MI) in 0.9% 

sterile saline and situated on a stereotaxic frame. Buprenorphine was administered 

subcutaneously. The surgical site was prepared with alternating scrubs of alcohol and iodine 

and an incision was made at the midline of the scalp. A drill was used to create the burr hole 

located 2 mm to the right and 0.5 mm anterior to the bregma. A 10 µl Hamilton syringe with a 

26-gauge needle was loaded with tumor cells (1.5 x 108 U87 cells/ml, 2.0 x 108 B16F1cOVA 

cells/ml). The needle tip was lowered to a depth of 4 mm below the skull surface and then 

withdrawn 1 mm to a final depth of 3 mm. A total volume of 2 µl of tumor cells (3 x 105 

U87mCherry and U87mg cells or 4 x 105 B16F1cOVA cells) were injected over 4 minutes. After 

one additional minute, the needle was slowly removed from the brain. The incision was closed 

with sutures and animals were given Antisedan to reverse the anesthesia. 

 

3.5.2 Brain-Penetrating Nanoparticle Fabrication and Characterization.  

BPN were prepared as previously described(85). Briefly, methoxy-polyethylene glycol-N-

hydroxysuccinimide (mPEG-NHS, 5 kDa, Sigma-Aldrich, St. Louis, MO) was conjugated to 25 

kDa branched PEI (Sigma-Aldrich) to yield PEG-PEI copolymers, as previously described(85, 

87, 115). Nuclear magnetic resonance (NMR) analysis was conducted to confirm PEG to PEI 

molar ratio of 50, a ratio previously shown to provide sufficient shielding of the BPN positive 

surface charge(85); 1H NMR (500 MHz, D2O): δ 2.48-3.20 (br, CH2CH2NH), 3.62-3.72 (br, 
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CH2CH2O). The green fluorescent reporter ZsGreen-expressing plasmids driven by the CMV 

promoter was purchased from Clontech Laboratories Inc. (Mountainview, CA). The luciferase-

expressing plasmid driven by human β-actin promoter (i.e. pBAL) was produced and provided 

by Copernicus Therapeutics (Cleveland, OH). Mirus Label IT Tracker Intracellular Nucleic Acid 

Localization Kit (MirusBio, Madison, WI) was used to fluorescently tag plasmids with Cy5 

fluorophores. BPN were formed by dropwise addition of 10 volumes of labeled or unlabeled 

plasmids (0.2 mg/mL) to 1 volume of a swirling polymer solution at an optimized nitrogen to 

phosphate (N/P) ratio of 6. BPN formulations were engineered by condensation of plasmids by 

a mixture of non-PEGylated PEI (25%) and PEG-PEI (75%). For IVIS imaging, Cy5-labeled 

plasmids were used to assemble fluorescently-labeled BPN. The plasmid/polymer solution was 

incubated for 30 minutes at room temperature to spontaneously form BPN. The, BPN were 

washed twice with 3 volumes of ultrapure distilled water, and re-concentrated to 1 mg/ml using 

Amicon Ultra Centrifugal Filters (100,000 MWCO; Millipore Corp., Billerica, MA). Plasmid 

concentration was determined via absorbance at 260 nm using a NanoDrop ND-1000 

spectrophotometer (NanoDrop Technologies, Wilmington, DE).  Lastly, the hydrodynamic 

diameters as well as polydispersity index (PDI) and ζ-potentials of BPN were measured by 

dynamic light scattering and laser Doppler anemometry, respectively, in 10 mM NaCl solution at 

pH 7.0 using a Nanosizer ZS90 (Malvern Instruments, Southborough, MA).  

 

3.5.3 Blood-Tumor/Blood-Brain Barrier Opening with MR Image-Guided FUS and 

Microbubbles.  

FUS treatments were applied 5 days after B16F1cOVA implantation and 7 days after 

U87mCherry or U87mg implantation. Mice were anesthetized with a mixture of Ketamine (40 

mg/kg; Zoetis, Kalamazoo, MI) and Dextomitor (0.2 mg/kg, Zoetis, Kalamazoo, MI) in 0.9% 

sterile saline and tail veins were cannulated to allow for multiple intravenous injections. The MR-
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guided FUS system (RK-100, FUS Instruments) sat directly on the patient table of a clinical 3T 

MRI scanner (Siemens Prisma). Mice were placed supine on the MR-guided FUS system with 

the skull sonically coupled to a 1.1 MHz spherically focused ultrasound transducer (with a 550 

kHz hydrophone mounted in the center for passive cavitation detection) immersed in a 

degassed water bath. For the general treatment procedure, MultiHance gadolinium contrast 

agent (Bracco Diagnostics) was administered intravenously and a pre-FUS T1-weighted 

contrast-enhanced MR image of the entire brain was acquired using a custom-built 3-cm loop 

receive RF coil and three-dimensional spoiled gradient echo pulse sequence. Pulse-sequence 

parameters for all T1-weighted images were identical: TR/TE = 12/4.35 ms, flip angle = 25°, 

readout bandwidth = 300 Hz/Px, FOV = 38×77×36 mm, resolution = 0.3 mm isotropic, total time 

per image = 3:04.    

Eight target spots were chosen from this pre-sonication MR image to cover the entire tumor and 

surrounding tissue. To open the BTB/BBB, albumin-shelled MBs (1 x 105/gram body weight; 

manufactured as previously described) (116) and luciferase plasmid-bearing BPN (Luc-BPN or 

Cy5 labeled Luc-BPN; 1 µg/gram body weight) were intravenously injected and FUS was 

applied to the targets using 0.45 MPa or 0.55 MPa PNP (measured in water). FUS was applied 

in 10 ms pulses with a 2 s pulsing interval (i.e. 0.5% duty cycle) for a total of 2 minutes. Animals 

were then re-injected with gadolinium contrast agent and post-sonication T1-weighted contrast-

enhanced MR images were acquired to confirm BTB/BBB opening. Following treatment, mice 

were given Antisedan to reverse the anesthesia. 

In a subset of the Luc-BPN delivery cohort (n=4 per group x 2 tumor types x 2 PNPs = 16 total, 

referred to as “TM” for transport mice), this general procedure was varied to include additional 

MR imaging for transport analysis as described below. 
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3.5.4 MR Imaging for Transport Analysis.  

TM were imaged with MRI using an alternative protocol to permit interstitial tumor transport 

analysis. For these animals, a three-dimensional T1-weighted MR image was acquired 

immediately prior to the injection of the contrast agent to obtain the baseline signal intensity in 

the tissue. The contrast agent was then intravenously injected and a series of four T1-weighted 

contrast-enhanced MR images were obtained. Following FUS BTB/BBB opening (described 

previously), a T1-weighted MR image was again acquired to obtain baseline signal intensity for 

post-FUS measurements. The contrast agent was injected intravenously and a second series of 

four T1-weighted contrast-enhanced MR images was acquired.  

 

3.5.5 MR Image Analysis for Grayscale Intensity.  

For TM, the first T1-weighted MR image in the pre- and post-FUS contrast enhanced imaging 

series was analyzed for grayscale intensity of gadolinium enhancement. Two different ROIs 

were analyzed, one encompassing the entire FUS-targeted region, referred to as “BTB+BBB”, 

and one encompassing only the tumor, referred to as “BTB”. Mean pixel grayscale intensity was 

quantified within each of these ROIs in the pre-FUS and post-FUS images for each animal.  An 

equivalent ROI was chosen on the contralateral side, and the grayscale intensity was subtracted 

as background. 

 

3.5.6 Transport Analysis.  

We analyzed the spatiotemporal evolution of gadolinium transport in tumors using a recently 

described approach(109). Briefly, for each pre-FUS and post-FUS imaging series, the acquired 

images were loaded into the post-processing algorithm.  The pre-contrast image was subtracted 

from the post-contrast series to remove background signal. For each animal, the ROI was 
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chosen to encompass the entire enhancing region from the pre-FUS images as well as a portion 

of surrounding non-enhancing tissue, and the same ROI was used to analyze pre and post-FUS 

sequences. The tissue slice analyzed in the algorithm corresponded to the coordinate that was 

targeted for FUS BTB/BBB opening. The spatiotemporal evolution of solute concentration, in 

this case gadolinium, can be approximated by a differential equation dependent upon input 

velocity and diffusion coefficient. Using the gadolinium signal intensity over time acquired in the 

T1-weighted MR images, the algorithm solves the inverse problem to estimate diffusion 

coefficients and interstitial fluid velocities within the selected ROI. Using this technique, we 

obtained spatial maps of fluid velocity magnitude and direction and diffusion coefficient for the 

selected ROI before and after FUS + MB BTB/BBB opening. 

 

3.5.7 Passive Cavitation Detection.  

Acoustic emissions were detected with a 2.5 mm wideband unfocused hydrophone mounted in 

the center of the transducer. Acoustic signal was captured using a scope card (ATS460, Alazar, 

Pointe-Claire, Canada) and processed using an in-house built MATLAB algorithm. Acoustic 

emissions at the fundamental frequency, harmonics (2f, 3f, 4f), sub harmonic (0.5f), and ultra-

harmonics (1.5f, 2.5f, 3.5f) were assessed by first taking the root mean square of the peak 

spectral amplitude (Vrms) in each frequency band after applying a 5 kHz bandwidth filter, and 

then summing the product of Vrms and individual sonication duration over the entire treatment 

period. Inertial cavitation was assessed by summing the product of Vrms and individual 

sonication duration for all remaining emissions (broadband) over the entire treatment period. 
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3.5.8 Cy5 Ex Vivo Fluorescence Imaging and Confocal Imaging.  

Roughly 6 hours following BTB/BBB with FUS and MBs for delivery of Cy5-labeled Luc-BPN 

delivery to U87mg tumors, mice were euthanized via intraperitoneal injection of Euthasol. Brains 

were removed and imaged on the IVIS Spectrum for Cy5 fluorescence signal using the 640/680 

excitation/emission filter set and auto exposure settings. Tumors were then immediately 

removed and imaged using the same settings. For whole brain images, an identical circular ROI 

was used for every sample. For tumor images, the ROIs were drawn around the tumor edges 

for each sample to encompass the entire tumor. Cy5 fluorescence was quantified for both whole 

brain and tumor samples using described ROIs and reported as radiant efficiency. Brain tumor 

tissue was stored at -80 °C immediately following imaging on the IVIS spectrum. Tissues were 

then fixed in 4% paraformaldehyde, dehydrated in 30% sucrose, and frozen in OCT. Frozen 

tissues were cut into 5 µm sections using a cryostat (1905, Leica, Buffalo Grove, IL), mounted 

onto slides, and stained with BS-I Lectin-488. Sections were imaged using a Nikon Eclipse 

TE2000 confocal microscope (Nikon, Melville, NY) under 60x magnification. 

 

3.5.9 Ex Vivo Bioluminescence Imaging.  

Three days following BTB/BBB with FUS and MBs for Luc-BPN delivery, mice were given an 

intraperitoneal injection of D-luciferin (Gold Biotechnology, St. Louis, MO) at a dose of 150 

mg/kg. Five minutes later, mice were euthanized via intraperitoneal injection of Euthasol, and 

the tumor tissue was harvested. Tumors were incubated in a 1 mg/ml solution of D-luciferin for 3 

minutes, and bioluminescence imaging was performed on the IVIS Spectrum using a 3-minute 

exposure time. Using the Living Image software, ROIs were drawn around the tumor edges to 

encompass the entire tumor sample. Photon flux was quantified and reported as total flux and 

average radiance.  
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3.5.10 Convection-Enhanced Delivery of ZsGreen Brain-Penetrating Nanoparticles After 

Blood-Tumor/Blood-Brain Barrier Opening with Focused Ultrasound and Microbubbles. 

U87mCherry tumor cells were implanted 16 days prior to treatment as previously described. The 

day 16 time point was chosen so that the tumors would be easier to target with our CED 

injections. Mice were anesthetized with a mixture of Ketamine (40 mg/kg; Zoetis, Kalamazoo, 

MI) and Dextomitor (0.2 mg/kg, Zoetis, Kalamazoo, MI) in 0.9% sterile saline. Buprenorphine 

was administered subcutaneously. Tail veins were cannulated in a subset of mice to facilitate 

intravenous injection of microbubbles and mice were situated in a stereotaxic frame (Stoelting, 

Wood Dale, IL). For mice receiving FUS + MB BTB/BBB opening, heads were ultrasonically 

coupled to a 1 MHz single element FUS transducer (Olympus, Center Valley, NJ) with degassed 

ultrasound gel. The transducer was positioned so that the focus coincided with the location of 

the tumor in the right striatum. Albumin-shelled microbubbles were intravenously injected (1 x 

105 microbubbles/gram) and FUS was applied at a 0.45 MPa PNP with a 0.5% duty cycle (10 

ms, every 2 seconds, for 2 minutes). Note that this BTB/BBB opening protocol is identical to that 

used to deliver Luc-BPN under MR image-guidance. Immediately following sonication, the CED 

procedure commenced. To prepare for CED, heads were cleaned with alternating wipes of 

alcohol and iodine. A midline scalp incision was made to expose the skull and a drill was used 

to create a burr hole at the appropriate location to target the tumor. A Neuros syringe (Neuros 

1705, Hamilton, Reno, NV) containing a 33g needle and a 1 mm step was inserted at 1 mm/min 

to the appropriate depth (coordinates determined from T1-weighted MR images acquired one 

day prior to CED injections). The infusion rate was set to 0.33 µl/min using a frame-mounted 

syringe pump (UMP3, World Precision Instruments, Sarasota, USA). A total of 19 µg ZsGreen-

BPN in 20 ul 0.9% NaCl was injected. Five minutes following the completion of the injection, the 

needle was slowly removed at 1 mm/min and the burr hole was filled with sterile bone wax. 
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3.5.11 Confocal Imaging and Quantification of ZsGreen Transfection Volume. 

Approximately 48 hours following CED of ZsGreen BPN, mice were euthanized and 

transcardially perfused with 10 ml of 2% heparinized 0.9% saline followed by 10 ml of Tris-

Buffered Saline with 0.1 g/L calcium chloride. Brains were removed, rapidly frozen to -80⁰C, and 

cut into 100 µm sections using a cryostat (1905, Leica, Buffalo Grove, IL). Every other section 

within 2-3 mm of the injection site was collected on a slide and mounted with permanent 

mounting medium (P36970, Invitrogen, Carlsbad, USA). Sections were imaged using a Nikon 

Eclipse TE2000 confocal microscope (Nikon, Melville, NY) under 4x magnification. Multiple 

images were taken and stitched together in montages to capture the entire injection site. 

Volume of transfected tumor tissue was quantified from these images using a MATLAB script 

similar to previous studies(87). Briefly, background fluorescence was subtracted and images 

were thresholded at 5% of the maximum intensity. The total volume of transgene expression 

was calculated by multiplying the area of distribution from each slice by the slice thickness and 

summing values for each slice. 

 

3.5.12 Statistical Analysis.  

A detailed description of statistical methods for each experiment is provided in corresponding 

figure legend. 
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3.8 Chapter 3 Figures 
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Figure 3.1. MR Image-Guided Delivery of I.V. Administered Brain-Penetrating Nanoparticles 
(BPN) to U87 Gliomas and Surrounding Brain Tissue with Focused Ultrasound. 
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Figure 3.1 (cont.). MR Image-Guided Delivery of I.V. Administered Brain-Penetrating 
Nanoparticles (BPN) to U87 Gliomas and Surrounding Brain Tissue with Focused Ultrasound. 
A: Fluorescence images of whole brains with U87 tumors after treatment. B: Total fluorescence 
radiant efficiency in whole brains with U87 gliomas. Means ± S.E.M. Means ± S.E.M. *P=0.047 and 
**P=0.0047 vs. BPN only group. One-way ANOVA followed by Dunnett’s multiple comparisons tests. 
C: Fluorescence images of excised U87 tumors after treatment. Tumors are ~2-3 mm in diameter. D: 
Total fluorescence radiant efficiency in excised U87 gliomas. Means ± S.E.M. **P=0.026 vs. BPN 
only group. One-way ANOVA followed by Dunnett’s multiple comparisons tests. E, F, G: Confocal 
images of BPN (Cy5; red) with respect to tumor microvessels (BS-I Lectin; green) showing enhanced 
delivery and penetration into tumor tissue with 0.45 MPa FUS.  H, I, J, K: Passive cavitation analyses 

for sub-harmonic (H; *P=0.0014), 2
nd

 harmonic (I; *P<0.0001), 3
rd
 harmonic (J, *P=0.026), and inertial 

(K; n.s.) emissions. Unpaired t-tests. 



53 
 

 

 

 

 

 

 

 

  

  

A. 

B
P

N
+
 

FUS
-
 FUS

+
 FUS

+
  

Luminescence x 10
3
 (p/sec/cm

2
/sr) 

2.0 4.0 6.0 8.0 10.0 

Figure 3.2. MR Image-Guided Transfection of Brain Tumors with I.V. Administered Brain-

Penetrating Nanoparticles (BPN) and Focused Ultrasound. A: Bioluminescence images of U87 
tumors 3 days after treatment. Tumors are ~2-3 mm in diameter. B, C: Scatter plots of 
luciferase expression in U87 gliomas, presented as Total Flux (B) and Average Radiance (C). 

Means ± S.E.M. *P=0.004, **P=0.040, +P=0.006 and ++P=0.040 vs. BPN. D, E: Scatter plots 
of luciferase expression in intracranial B16F1ova melanomas, presented as Total Flux (D) and 

Average Radiance (E). Means ± S.E.M. *P=0.020, **P=0.016, +P=0.027, and ++P=0.040 vs. 
BPN. Significance assessed in all graphs by One-way ANOVA followed by Tukey’s t-tests.  
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Figure 3.3. Blood-Tumor (BTB) and Blood-Brain (BBB) Barrier Opening after 

Application of MR Image-Guided FUS as Assessed by T1-Weighted Contrast MRI. A: 
Pre- and post-FUS T1-weighted contrast MR images of U87 gliomas. B, C: Bar 
graphs of pre- and post-FUS mean grayscale levels in BTB (B) and BTB+BBB (C) 
ROIs, denoted by yellow arrows in panel A. Paired data points are denoted by 

common colors and shapes. Bars=S.E.M. *P=0.0005, **P=0.0001, +P=0.003, and 
++P=0.0004 vs. “Pre” at same peak-negative pressure. D: Pre- and post-FUS T1-
weighted contrast MR images of B16F1ova melanomas. E, F: Bar graphs of pre- and 
post-FUS mean grayscale levels in BTB (E) and BTB+BBB (F) ROIs. Bars=S.E.M. 

*P=0.017, **P=0.0018, +P=0.018, and ++P=0.0053 vs. “Pre” at same peak-negative 
pressure. Significance assessed in all graphs by Two-way RM ANOVA followed by 
Sidak’s multiple comparison tests.  
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Figure 3.4. Blood-Tumor Barrier Opening with MR Image-Guided FUS Markedly Alters Interstitial Flow 

Velocity in U87 Gliomas. A: Pre- and post-FUS (0.55 MPa) T1-weighted contrast MR image sequences 
used for interstitial flow analyses. Gd=gadobenate dimeglumine contrast agent (Multihance®) 
administration. B: Flow velocity magnitude map derived from the MR images in A. C: Distribution of pre- 
and post-treatment voxel flow velocity magnitudes from B. Red lines denote medians. D: Plot of and mean 
flow velocity magnitudes, pre- and post-treatment, with 0.45 MPa and 0.55 MPa FUS. Paired data points 

are denoted by common colors and shapes. Bars=S.E.M. +P=0.006, and ++P=0.023 vs. “Pre” at same 
peak-negative pressure. Significance assessed by Two-way RM ANOVA followed by Sidak’s multiple 
comparison tests. E, F: Velocity direction changes in individual tumors due to BTB opening with 0.45 MPa 
(E) and 0.55 MPa (F) FUS. Each data point represents one voxel. G: Mean velocity direction changes. 
Significance tested by unpaired t-test.     
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Figure 3.5. Blood-Tumor Barrier Opening with MR Image-Guided FUS Enhances Interstitial Fluid Velocity In 

Intracranial B16F1cova Melanomas. A: Representative pre- and post-FUS (0.45 MPa) T1-weighted contrast 
MR image sequences used for interstitial flow analyses. Gd=gadobenate dimeglumine contrast agent 
(Multihance®) administration. B: Flow velocity magnitude map derived from the MR images in A. C: 
Distribution of pre- and post-treatment voxel flow velocity magnitudes in B. Red lines denote medians. D: Plot 
of mean flow velocity magnitudes, pre- and post-treatment, with 0.45 MPa and 0.55 MPa FUS. Paired data 

points are denoted by common colors and shapes. Bars=S.E.M. +P=0.004, and ++P=0.005 vs. “Pre” at same 
peak-negative pressure. Significance assessed by Two-Way RM ANOVA followed by Sidak’s multiple 
comparison tests. E, F: Velocity direction changes in individual tumors due to BTB opening with 0.45 MPa 
(E) and 0.55 MPa (F) FUS. Each data point represents one voxel. G: Mean velocity direction changes. 
Significance tested by unpaired t-test.  
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Figure 3.6. BTB Opening with FUS and MBs Augments the 
Penetration of Brain-Penetrating Nanoparticles through 

U87 Gliomas. A: Confocal images of ZsGreen transgene 
expression (green) in mCherry-expressing U87 gliomas 
(red). B: Graph of ZsGreen transfection volumes. 
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Chapter 4: Investigation of Focused Ultrasound 

Preconditioning for MRgFUS-Mediated BPN Transfection of 

Intracranial Tumors 
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4.1 Abstract 

 Brain tumors present a unique challenge for noninvasive gene delivery approaches, 

specifically due to the blood-tumor barrier (BTB), Blood-brain barrier (BBB), and a dense, 

electrostatically charged extracellular matrix (ECM).  In the previous chapter of this dissertation, 

we have demonstrated that focused ultrasound (FUS) and microbubble (MB) BTB/BBB opening 

facilitates delivery of non-viral brain-penetrating nanoparticle gene vectors (BPN) into brain 

tumor tissue, enabling significant transfection of intracranial tumors compared to the enhanced 

permeability and retention effect (EPR). FUS applied at higher duty cycles and pressures 

immediately before FUS + MB BBB opening in rat brain tissue has proved effective for 

enhancing transfection over BBB opening alone up to 5-fold. Here, we demonstrate that a 

similar preconditioning approach in intracranial U87 xenograft tumors was not effective in 

enhancing transfection achieved by FUS + MB BTB/BBB opening. The preconditioning 

parameters tested here generated mild to moderate tissue heating, but did not significantly 

enhance transfection, BTB/BBB opening as measured by acoustic emissions and gadolinium 

delivery, or interstitial transport properties within treated tissue. 
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4.2 Introduction 

 Gene delivery to brain tumors is difficult for many reasons. Specifically, a number of 

physical barriers impede effective delivery of systemically administered gene vectors into the 

tissue(103). First, leaky vessels in the tumor core contribute to elevated interstitial fluid pressure 

(IFP) and limited convective transport into the tissue, forming the BTB(9, 117). Second, despite 

BBB dysfunction throughout much of the tumor, vessel permeability is spatially heterogenous 

and some tumor vessels are thought to retain BBB-like character(12). Furthermore, invasive 

tumor cells, such as those characteristic of highly invasive glioblastoma (GB), are supplied by 

normal brain capillaries with intact BBB(8, 15). Lastly, the tumor tissue itself limits therapeutic 

distribution in the tissue due to the dense lattice of electrostatically charged extracellular matrix 

(ECM) proteins hindering agent transport(17). In this study, we explore the use of focused 

ultrasound to overcome both vascular and tissue barriers for non-viral, non-invasive gene 

delivery to brain tumors.  

Focused ultrasound (FUS) activation of circulating microbubbles (MBs) is a noninvasive 

technique for safe, targeted, and reversible opening of the BBB(35, 36, 104, 118). Clinical trials 

have demonstrated successful BBB opening with FUS and MBs in human patients suffering 

from Alzheimer’s disease, brain tumors, and ALS(29–31). Preclinically, FUS has been used for 

the delivery of a wide range of agents, including antibodies, chemotherapeutic drugs, as wells 

as both viral and non-viral gene vectors, to both normal and diseased brain tissue(56, 83, 86, 

106). Our group has developed a non-viral gene delivery approach for brain transfection using 

MR image guided-FUS (MRgFUS) + MBs and plasmid-bearing brain-penetrating nanoparticles 

(BPNs). We have demonstrated reporter gene transfection of both normal brain and brain tumor 

tissue using this approach(83, 95). Additionally, we have confirmed therapeutic utility of this 

approach in a 6-OHDA Parkinson’s disease model, in which we were able to reverse behavioral 

manifestations of disease progression(86). 
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In addition to vascular permeabilization, ultrasound has been shown to have effects on 

brain tissue that can enhance dispersion of agents within the extracellular space, both with and 

without intravascular microbubbles.  Application of ultrasound to ex vivo brain slices yielded 

increases in extracellular and perivascular spaces measured by TEM imaging, as well as 

increased movement of subsequently injected nanoparticles(88). Transcranial FUS applied to 

rat brains immediately prior to injection of non-adhesive nanoparticles generated significantly 

increased particle distribution in the tissue(89). Furthermore, it has been demonstrated that 

application of ultrasound to brain tissue with intravascular microbubbles prior to injection of 

AAV-GFP vectors resulted in a 3-fold increase in transfection volume(90). Similarly, we recently 

demonstrated an increase in BPN-mediated transfection with application of FUS prior to direct 

injection of the nanoparticles by convection-enhanced delivery (CED)(95). Given this result, we 

then developed an ultrasound preconditioning approach in which FUS was applied (in the 

absence of microbubbles) to the targeted tissue prior to FUS + MB-mediated delivery of reporter 

gene-BPNs across the BBB. FUS pre-conditioning followed by FUS + MB BBB opening resulted 

in a 5-fold enhancement in reporter gene transfection compared to BBB opening alone. Our 

results suggested that the achieved increase in transfection is due to modulation of the brain 

parenchyma rather than modulation of subsequent BBB opening. This study established that 

FUS preconditioning is a safe and effective method for enhancing FUS-mediated transfection of 

brain tissue using non-viral gene vectors(95).   

There has also been evidence that FUS modulation of tumor extracellular space can 

contribute to favorable delivery and distribution of agents in tumor tissue. Pulsed high intensity 

focused ultrasound (HIFU) significantly increased uptake, penetration, and efficacy of an 

intravenously administered monoclonal antibody therapeutic in a flank tumor xenograft 

model(91, 92). In a different study, pulsed HIFU application improved delivery of i. v. 

administered chitosan nanoparticles increased roughly 2.5-fold, enhanced nanoparticle 
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penetration, and was associated with increased blood flow, ECM remodeling, and decreased 

collagen content in flank tumor xenografts(93). Further, application of pulsed FUS in flank 

tumors prior to direct injection of naked plasmid DNA increased uptake(94). While these studies 

attribute increased agent delivery and penetration to FUS-induced mechanical stresses on the 

tissue, others have found increased delivery of therapeutic agents using FUS hyperthermia. In a 

4T1 breast cancer model of brain metastasis, hyperthermia treatments yielded tissue 

temperatures in the 42-43 °C range, which increased uptake of systemically administered 

liposomal doxorubicin and inhibited tumor growth(119, 120).  Ultimately, the thermal and 

mechanical effects of FUS treatments are not mutually exclusive, and thus it is difficult to 

attribute tissue bioeffects to a particular mechanism without more extensive treatment 

characterization.  

The goal of this study was to test whether a FUS preconditioning approach could be 

utilized to improve upon intracranial tumor transfection achieved with BPNs and FUS + MB 

BTB/BBB opening. Based on our previous studies in rats, we tested two different FUS 

preconditioning protocols and found no improvement in transfection compared to FUS + MB 

BTB/BBB opening alone, as measured by ex vivo bioluminescence of tumor tissue. At the 

higher pressure tested for FUS preconditioning, we observed significantly more heating, as well 

as a trend towards decreased gadolinium delivery, signifying the unsuitability of this particular 

protocol. We saw no differences in the acoustic emissions quantified for the BTB/BBB opening 

procedure in any of the groups. The magnitude of gadolinium delivery was similar in the 

BTB/BBB only and 1.5 MPa preconditioning group. Lastly, MRI-based evaluation of pre- and 

post-FUS interstitial fluid velocity indicated no changes in tumors receiving FUS preconditioning.  

While preconditioning has proven effective for enhancing transfection in normal brain tissue, 

additional studies are needed to identify parameters to successfully translate this approach to 

brain tumor tissue. 
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4.3 Results 

4.3.1 U87 Brain Tumor Transfection Levels with and without FUS Preconditioning. 

First, we tested whether FUS preconditioning prior to FUS + MB BTB/BBB opening enhances 

transfection in an intracranial U87 glioma model. Roughly two weeks following intracranial tumor 

implantations, mice received FUS + MB BTB/BBB opening (0.45 MPa) and i.v. luciferase 

plasmid BPN (Luc-BPN) with or without preceding application of FUS preconditioning (3 MPa 

with a 1% duty cycle or 1.5 MPa with a 2.25% duty cycle, 10-minute duration), or i.v. Luc-BPN 

only. Acoustic emissions were assessed by passive cavitation detection from the built-in 

hydrophone during BTB/BBB opening.  Three days following treatment, tumor tissue was 

harvested and ex vivo bioluminescence was performed. Representative ex vivo 

bioluminescence images from all groups is shown in Figure 1A. Quantification of 

bioluminescence signal from tumor samples is presented as total flux and average radiance in 

Figure 1B and 1C, respectively.  All FUS-treated groups have a significantly higher total flux and 

average radiance than the BPN only group (~5-9-fold increase), but there is no difference in 

bioluminescence signal between either FUS preconditioning group and the BTB/BBB opening 

only group. Preconditioning performed in day 7 tumors showed a roughly 4-fold increase in 

transfection over BPN only, consistent with magnitude of transfection achieved with FUS + MB 

BTB/BBB opening in our previous study in chapter 3 of this dissertation (Figure S2). 

 

4.3.2 MR Thermometry Measurements During FUS Preconditioning.  

MR thermometry imaging was performed for a total of 16 minutes for all preconditioned animals 

to obtain temperature measurements. Imaging was started 2 minutes prior to initiation of FUS 

preconditioning, which lasted for 10 minutes, and continued for 4 minutes following the end of 

sonication. Thermometry images were analyzed to obtain the temperature rise for the sonication 

regions over time. Figure 2A and 2B show the average temperature profile over time within the 
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sonicated region for a representative animal treated with the 1.5 MPa and 3 MPa FUS 

preconditioning protocols, respectively. Plateau temperature rise, calculated as the average of 

all temperature measurements for the final 2/3 of the sonication, was roughly 3.0 and 5.5 ⁰C for 

the 1.5 MPa and 3 MPa preconditioning groups, respectively (Figure 2C). Thermal dose 

[cumulative equivalent minutes at 43⁰C (CEM43)] was calculated using the average temperature 

rise in the FUS-treated region over the entire 10-minute sonication, and is shown in Figure 2D.  

 

4.3.3 Acoustic Emissions During BTB/BBB Opening with and without Preconditioning. 

Acoustic emissions were quantified from passive cavitation signals collected by a hydrophone 

mounted in the center of the FUS transducer, shown in Figure 3. No significant differences were 

seen in acoustic emissions at the second harmonic (Figure 3A), fourth harmonic (Figure 3B), 

sub-harmonic (Figure 3C), or in the broadband signal (Figure 3D) for any of the FUS-treated 

groups, suggesting similar bubble activity during BTB/BBB opening in all groups. 

 

4.3.4 Grayscale Intensity Analysis of BTB/BBB Opening in Animals with and without 

Preconditioning. 

Pre-FUS and Post-FUS T1-weighted gadolinium-enhanced MR images were analyzed to obtain 

grayscale intensity in the FUS-treated region. Representative pre and post-FUS MR images are 

shown in Figure 4A. Grayscale intensity quantification was performed for all animals in the Luc-

BPN cohort using two different ROIs, BTB and BTB/BBB. The BTB ROI refers to the enhancing 

region on the pre-FUS image, which corresponds to the tumor. The BTB/BBB ROI refers to the 

enhancing region on the post-FUS region, and therefore encompasses the entire FUS-treated 

region and is composed of tumor and surrounding normal brain tissue. Pre- and post-FUS 

grayscale intensity measurements for the BTB ROI is shown in Figure 4B. There is a significant 
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increase in the grayscale intensity in the post-FUS images in the BTB/BBB only group and the 

1.5 MPa preconditioning group. Pre- and post-FUS grayscale intensity measurements for the 

BTB/BBB ROI is shown in Figure 4C. There is a significant increase in the grayscale intensity in 

the post-FUS images in the BTB/BBB only group and the 1.5 MPa preconditioning group. For 

the 3 MPa preconditioning group there is a trend towards increased post-FUS signal, but the 

increase is not statistically significant(p=0.166). For each treated animal, post-FUS grayscale 

intensity for the BTB/BBB ROI is increased compared to pre-FUS grayscale intensity, indicating 

successful BTB/BBB opening. Due to the differences in timing between pre-FUS and post-FUS 

imaging in BTB/BBB opening only and preconditioning groups (10-minute delay between pre-

FUS gad imaging and post-FUS gad imaging), we did not directly compare Post/Pre-FUS ratios 

of the BTB only and preconditioned groups. We did, however, compare the Post/Pre FUS 

grayscale intensity ratio of the two preconditioned groups, shown in Figure S1. There was a 

trend towards decreased gadolinium delivery in the 3 MPa group for both the BTB and 

BTB/BBB ROI, though this was not statistically significant. 

 

4.3.5 Transport Analysis in Tumors with and without FUS Preconditioning.  

For a subset of animals from the Luc-BPN cohort (n=3, one from each treatment group), and a 

separate set of animals (n=8), additional pre and post-FUS MR imaging was performed to 

enable analysis of interstitial gadolinium transport. Representative pre-FUS and post-FUS T1-

weighted MR imaging series are shown in Figure 5A.  Images were loaded into the transport 

analysis algorithm, and the corresponding pre-contrast image was subtracted to remove 

baseline tissue signal. Pixels within the specified ROI, which included the tumor and adjacent 

normal brain tissue, were analyzed to generate flow velocity magnitude maps, as shown in 

Figure 5B.  The bar graphs in Figure 5C and 5D show mean and median flow velocity 

magnitudes, respectively, for each animal both pre- and post-FUS treatment. FUS treatment 
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was a significant source of variation identified by a two-way repeated measures ANOVA for 

mean (p= 0.0046) and median (p=0.0037) flow velocity magnitude. There was a trend towards 

an increase in post FUS mean and median flow velocity magnitude for all groups, however this 

was only statistically significant for the post-FUS mean velocity magnitude of the 1.5 MPa 

preconditioning group. Ratios of Post FUS to Pre FUS mean and median flow velocity 

magnitudes are shown in Figure 5E and 5F, respectively. There are no significant differences in 

flow velocity magnitude ratios between the groups, suggesting no difference in alteration of flow 

velocity magnitude between the BTB/BBB only and preconditioning groups.  

 

4.3.6 Sensitivity Analysis of Transfection Data.  

We performed an effect size analysis using the means and standard deviations of our raw 

bioluminescence data. The 3 MPa group was excluded from this analysis, as significant tissue 

heating likely obviates it from translation. A one-way ANOVA between the 3 considered groups 

yields a significant p value of 0.0192. Post-hoc testing using Tukey’s multiple comparison’s test 

to compare the BBB only group to each of the other groups, reveals a significant difference 

between IV NP and BBB only (p= 0.0114) but no difference between BBB only and the 1.5 MPa 

preconditioning group (p= 0.2026) (Figure S2A). Since no difference was detected between the 

BBB only and preconditioning group, we were interested in determining the minimum detectable 

effect size that we were able to detect in the context of our experimental design.  Therefore, we 

used the Gpower program to calculate the sample size, n, required for the detection of a range 

of effect sizes for a t-test between the BBB only group and the 1.5 MPa group, with the 

significance level of 0.05 corrected for multiple comparisons( a = 0.05/2 = 0.025)(121). The 

relationship between sample size and detectable effect size between these two groups is shown 

in Figure S2B.  With a total n of 10 (5 in each group), we were able to detect and effect size of d 

= 2.3 or larger in our study.  Using the BBB only group mean and the pooled standard deviation 
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of these two groups, we calculated the mean differences and fold changes corresponding to 

effect size(122).  Given the results of the sensitivity analysis, our study was able to detect a 

minimum of 1.9-fold change in bioluminescence of the 1.5 MPa preconditioning group over 

BTB/BBB opening only.   

 

4.4 Discussion 

 The goal of this study was to test whether FUS preconditioning applied prior to FUS + 

MB BTB/BBB opening for BPN delivery can be used to enhance transfection of intracranial 

tumor tissue. We tested two different preconditioning protocols and found no differences in ex 

vivo bioluminescence between tumors treated with preconditioning prior to BTB/BBB opening 

and those receiving BTB/BBB opening alone. The 1.5 MPa preconditioning protocol led to only 

mild tissue heating of roughly 3.0 °C, however, tissue heating was significantly increased in the 

3 MPa preconditioning group. Despite mild to moderate heating of the tissue, we found no 

differences in BTB/BBB opening between any of the groups assessed via acoustic emissions. 

Grayscale intensity analysis of gadolinium delivery validated successful BTB/BBB opening in all 

groups, but suggested less delivery in the 3 MPa preconditioning group. FUS-induced increases 

in interstitial convection have been implicated in increased delivery and penetration of agents 

into tissues.  Thus, we quantified pre- and post-FUS fluid velocity magnitude using an MRI-

based method, and found no differences between any of the treatment groups. 

 It is possible that there is an effect of FUS preconditioning on intracranial tumor 

transfection that is too small to detect in the context of our experimental design. For this reason, 

we have performed sensitivity analysis to determine our limits of detection for this study. We 

found that, given the described parameters, we were able to detect a minimum of about a 1.9-

fold change between the BBB only and 1.5 MPa preconditioning group. This is roughly 

equivalent to the fold-increase achieved in normal rat brain with preconditioning at the lower 
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pressure in our previous study, and thus we believe a reasonable target effect size for this 

study(95). However, it is possible that a true effect of preconditioning does exist here that can 

only be detected with increased sample sizes, shown in S2. Due to the large variability in our 

measurements, S2 illustrates that we are nearing the minimum detectible effect size that would 

be practical with respect to resources. With a doubling of current group sizes, we could detect a 

smaller 1.5-fold change between these two groups, however increasing group sizes any further 

only yields minimal gains in detectible effect size. Ultimately, the data presented in this study 

showed no trend towards improved transfection with FUS preconditioning, and we chose not to 

pursue more experimentation with these particular preconditioning parameters. While we 

acknowledge that there may be a small preconditioning effect that is detectable with the addition 

of more animals, we conclude that no more than a 1.9-fold increase in transfection compared to 

BBB only can be achieved with the 1.5 MPa preconditioning protocol. 

 The FUS preconditioning parameters tested in this study were chosen to recapitulate the 

parameters utilized successfully in normal rat brain tissue. In the rat study, we applied either 2 

MPa or 4 MPa peak negative pressure at a 2.25% duty cycle for 10 minutes.  Here, we aimed to 

achieve similar mechanical displacement of the tissue without causing significant tissue heating. 

Therefore, due to the thinner mouse skull, which results in less attenuation, we reduced the 

peak negative pressures for mice by 25% to 1.5 MPa and 3 MPa(110). We also reduced the 

duty cycle to 1% in the 3 MPa group to try to minimize heating. MR thermometry shows that the 

targeted tissue reached a plateau temperature rise of roughly 3.0 °C for the 1.5 MPa 

preconditioning group and about 5.5 °C for the 3 MPa preconditioning group, which corresponds 

to an average CEM43°C of 0.15 and 3.7, respectively. The temperature rise and CEM43°C 

values for the 1.5 MPa group falls between the temperature rises seen at 2 and 4 MPa in 

normal rat brain tissue, indicating similar level of tissue heating(95). However, we saw a 

significantly higher temperature rise and CEM43°C in the 3 MPa preconditioning group despite 
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lowering the duty cycle to 1%. This observed temperature rise was much higher than expected, 

likely due to the larger treatment volume utilized here, which was 8 FUS target spots compared 

to only 3 spots in the previous rat study. 

 The unexpected magnitude of brain tissue heating achieved with the 3 MPa 

preconditioning protocol raises concerns about safety and renders this particular protocol 

unsuitable for use in the desired application. Indeed, one of four animals in this group reached a 

plateau temperature rise of 6.4 degrees Celsius, corresponding to a CEM43 °C of 7.6, as seen 

in Figure 2C and 2D. This is above the threshold for thermal damage previously identified in dog 

brain tissue(123). Additionally, this animal had the lowest bioluminescence measurements and 

post-FUS gadolinium measurements out of all of the animals receiving FUS treatment, 

suggesting a possible adverse effect of the heating on agent delivery and tumor transfection. 

Furthermore, there was no statistically significant increase in grayscale intensity for either of the 

measured ROIs (BTB only or BTB+BBB) following FUS BTB/BBB opening in the 3 MPa group, 

Figure 4B and 4C. There was a trend towards a decreased post FUS to Pre FUS grayscale 

intensity ratio in the 3 MPa preconditioning group compared to the 1.5 MPa preconditioning 

group (Figure S1 A and B), however, this was not statistically significant. 

 Although we did not see any improvement in transfection with the FUS preconditioning 

parameters tested here, we achieved a roughly 5-9-fold increase in transfection in all groups 

compared to the BPN only group. This is higher than what we reported in Chapter 3 for FUS + 

MB BTB/BBB opening for BPN delivery. This difference is likely due to differing timepoints 

between the previous and current studies. Here, treatments were performed more than two 

weeks following tumor implantation, whereas the previously reported results were from tumors 

treated only one week after implantation. We chose to treat later-stage tumors in this study to 

increase the total volume of tumor tissue, since we hypothesized that FUS modulates the tissue 

extracellular space. Previous work examining FUS + MB-mediated drug delivery during tumor 



70 
 

progression found that FUS + MB BTB/BBB opening only increased BTB permeability in early 

stage tumors, as measured by the transfer coefficient of a gadolinium contrast agent, Ktrans(50). 

However, this study also assessed doxorubicin concentration following delivery of liposomal-

doxorubicin (~100 nm), and found that FUS + MB BTB/BBB disruption was able to increase 

doxorubicin concentration by at least two-fold at all treatment time points, suggesting that FUS 

can enhance delivery of larger drug carriers regardless of tumor stage and size(50). Contrary to 

these findings, our MR contrast-based measurements show similar post-FUS increases in 

grayscale intensity as the smaller tumors treated in chapter 3 of this dissertation, suggesting 

that FUS-induced BTB permeability (even to small MR contrast agents) is independent of tumor 

size. This differential finding may be driven by differences in the tumor models as well as in the 

MRI-based measurement method. Here, our ability to transfect these larger tumors with BPNs 

at a similar (or greater) level is consistent with the finding that FUS-mediated delivery of 

liposomal-doxorubicin was independent of tumor size/stage. In this study, the observed trend 

towards enhanced transfection in these larger tumors could be due to a number of factors, for 

instance increased vessel density, and may depend heavily on the particular tumor model. 

Future studies will be needed to investigate this further. 

Our group has previously identified FUS-induced increased interstitial fluid velocity in 

brain tumors as a potential key mechanism for enhanced BPN-mediated transfection, as shown 

in chapter 3 of this dissertation. For this reason, we assessed whether preconditioning of brain 

tumor tissue prior to FUS + MB BTB/BBB opening alters the magnitude of post-FUS velocity 

increase. We found that all FUS treatment groups exhibited a similar trend towards increased 

post-FUS flow velocity magnitude, regardless of whether they received preconditioning prior to 

BTB/BBB opening. This suggests that the FUS preconditioning protocols tested here are not 

differentially affecting fluid flow compared to BTB/BBB opening alone. We acknowledge that the 

post-FUS fluid velocity increases seen here are modest in comparison to our previously 
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reported FUS-induced doubling of interstitial fluid velocity. This could be an artifact of 

differences between the two studies, or could have a basis in tumor physiology at different time 

points. Here, our imaging protocol consisted of only 3 post contrast T1-weighted MR images, 

compared to 4 used in our previous study. The decreased number of time steps analyzed in the 

algorithm reduces the resolution of the measurements. Additionally, the images for transport 

analysis used in this study were acquired 2-3 weeks following tumor implantations, meaning the 

tumors were significantly larger than those analyzed in our previous study. As previously 

mentioned, it has been demonstrated that Ktrans measurements of BTB permeability in FUS-

treated tumors were dependent on tumor size, so perhaps FUS-mediated changes in interstitial 

transport of gadolinium are similarly tumor size-dependent(50). If this is the case, contributing 

factors could include increased vessel leakiness and degree of BBB disruption, and elevated 

interstitial fluid pressure (IFP) in larger tumors. (50)(124). Future studies should determine 

whether smaller magnitude of FUS-mediated increase in flow velocity seen here is due to 

increased tumor volumes or is an artifact of differences in image acquisition. 

Despite previous success in normal brain tissue, we were unable to utilize FUS 

preconditioning to enhance BPN-mediated transfection of intracranial tumors receiving 

subsequent FUS + MB BTB/BBB opening with the tested parameters. There are numerous 

differences in this current study that may contribute to this outcome. Here, we are using mice 

instead of rats as our animal model, and are testing the approach in a tumor model as opposed 

to normal brain tissue. Despite compensating FUS parameters for skull attenuation, differences 

in skull thickness, brain size and geometry, as well as tissue morphology and mechanical 

properties may contribute to varied bioeffects at the focus of the two tissues. Furthermore, there 

may be differences in how the tissues respond to the same level of mechanical and/or thermal 

perturbation. For instance, expression level or even localization of certain mechanosensitive ion 

channels may be altered in tumor tissue, impeding the normal physiological response. An in-
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depth characterization of the tissue bioeffects and mechanism of FUS preconditioning in rat 

brain tissue will be necessary to begin to interrogate differential tissue responses. Ultimately, 

FUS preconditioning is still a desirable method to enhance transfection of brain tumor tissue, but 

further work is needed to devise an effective protocol.  
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4.5 Materials and Methods 

4.5.1 Tumor Implantation. 

U87mCherry tumor cells (U87mg cells that had been stably transfected to express the mCherry 

reporter gene) were implanted into 6-8 week old male athymic nude mice purchased from 

Charles River, as previously described in chapter 3. Briefly, mice were anesthetized with a 

mixture of ketamine (40 mg/kg; Zoetis, Kalamazoo, MI) and Dextomitor (0.2 mg/kg, Zoetis, 

Kalamazoo, MI) in 0.9% sterile saline and buprenorphine was administered. Mouse heads were 

stabilized on a stereotaxic frame and the surgical site was prepared with alternating scrubs of 

alcohol and iodine. A midline scalp incision was made and a burr hole was drilled 2 mm to the 

right and 1 mm anterior to the intersection of the bregma and midline of the skull. U87mCherry 

tumor cells were loaded into a 10 µl Hamilton syringe, which was then placed in the burr hole 

and lowered to a depth of 4 mm below the skull and withdrawn 1 mm, for a final depth of 3 mm 

below the skull surface.  A total volume of 2 µl of cell suspension (1.5 x 108 cells/ml, 3 x 105 cells 

total) was injected over the course of 4 minutes. The needle was slowly removed after one 

additional minute. Mice were sutured and moved to a heating pad for recovery. Anesthesia was 

reversed with Antisedan. 

 

4.5.2 BPN Characterization. 

BPN were prepared as previously described(85). Briefly, methoxy-polyethylene glycol-N-

hydroxysuccinimide (mPEG-NHS, 5 kDa, Sigma-Aldrich, St. Louis, MO) was conjugated to 25 

kDa branched PEI (Sigma-Aldrich) to yield PEG-PEI copolymers, as previously described(85, 

87, 115). Nuclear magnetic resonance (NMR) analysis was conducted to confirm PEG to PEI 

molar ratio of 50, a ratio previously shown to provide sufficient shielding of the BPN positive 

surface charge(85); 1H NMR (500 MHz, D2O): δ 2.48-3.20 (br, CH2CH2NH), 3.62-3.72 (br, 

CH2CH2O). The luciferase-expressing plasmid driven by human β-actin promoter (i.e. pBAL) 
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was produced and provided by Copernicus Therapeutics (Cleveland, OH). BPN were formed by 

dropwise addition of 10 volumes of labeled or unlabeled plasmids (0.2 mg/mL) to 1 volume of a 

swirling polymer solution at an optimized nitrogen to phosphate (N/P) ratio of 6. BPN 

formulations were engineered by condensation of plasmids by a mixture of non-PEGylated PEI 

(25%) and PEG-PEI (75%). The plasmid/polymer solution was incubated for 30 minutes at room 

temperature to spontaneously form BPN. The, BPN were washed twice with 3 volumes of 

ultrapure distilled water, and re-concentrated to 1 mg/ml using Amicon Ultra Centrifugal Filters 

(100,000 MWCO; Millipore Corp., Billerica, MA). Plasmid concentration was determined via 

absorbance at 260 nm using a NanoDrop ND-1000 spectrophotometer (NanoDrop 

Technologies, Wilmington, DE).  Lastly, the hydrodynamic diameters as well as polydispersity 

index (PDI) and ζ-potentials of BPN were measured by dynamic light scattering and laser 

Doppler anemometry, respectively, in 10 mM NaCl solution at pH 7.0 using a Nanosizer ZS90 

(Malvern Instruments, Southborough, MA). 

 

4.5.3 FUS Preconditioning and BTB/BTB Opening 

 FUS preconditioning and BTB/BBB opening treatments were applied 16 days after U87mCherry 

implantation. Mice were anesthetized with a mixture of Ketamine (40 mg/kg; Zoetis, Kalamazoo, 

MI) and Dextomitor (0.2 mg/kg, Zoetis, Kalamazoo, MI) in 0.9% sterile saline and tail veins were 

cannulated to allow for multiple intravenous injections. Mice were positioned supine on an MR-

guided FUS system (RK-100, FUS Instruments), which was placed on the patient table of a clinical 

3T MRI scanner (Siemens Prisma). Mouse skulls were sonically coupled to a 1.1 MHz spherically 

focused ultrasound transducer immersed in a degassed water bath. For the general treatment 

procedure, MultiHance gadolinium contrast agent (Bracco Diagnostics) was administered 

intravenously and a pre-FUS T1-weighted contrast-enhanced MR image of the entire brain was 

acquired using a custom-built 3-cm loop receive RF coil and three-dimensional spoiled gradient 
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echo pulse sequence. Pulse-sequence parameters for all T1-weighted images were identical: 

TR/TE = 12/4.35 ms, flip angle = 20°, readout bandwidth = 300 Hz/Px, FOV = 38×77×36 mm, 

resolution = 0.3 mm isotropic, total time per image = 4:05.  

Eight target spots were chosen from this pre-sonication MR image to cover the entire tumor and 

surrounding tissue. In animals receiving FUS pre-conditioning, FUS was applied to the target 

spots at either 1.5 MPa with a 2.25% duty cycle (45 ms pulses every 2 seconds) or 3 MPa with a 

1% duty cycle (20 ms pulses every 2 seconds) for a total of 10 minutes. Similar to our previous 

reports, we intravenously injected albumin-shelled MBs (1 x 105/gram body weight; manufactured 

as previously described) (116) and luciferase plasmid-bearing BPN (Luc-BPN; 1 µg/gram body 

weight) and FUS was applied to the targets using 0.45 MPa PNP (measured in water) to open 

the BTB/BBB. The FUS pulsing protocol consisted of 10 ms pulses with a 2 s pulsing interval (i.e. 

0.5% duty cycle) for a total of 2 minutes. Gadolinium contrast agent was re-injected and post-FUS 

T1-weighted contrast-enhanced MR images were acquired to confirm BTB/BBB opening. 

Following treatment, mice were removed to a heating pad and given Antisedan to reverse the 

anesthesia. 

The standard MR imaging procedure was varied in some mice (referred to as Tm) to acquire 

additional pre- and post-FUS MR images for transport analysis, as described below. Tm consisted 

of three animals from the Luc-BPN delivery cohort (one from each group), as well as a separate 

cohort of mice receiving BTB/BBB opening with or without preconditioning 19 days following tumor 

implantation. 

 

4.5.4 MR Thermometry. 

MR single-slice PRF-shift-based thermometry images were acquired starting two minutes prior to 

initiation of FUS preconditioning procedure and continued until 4 minutes after the end of FUS 
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preconditioning sonication. The imaging slice was oriented axially with respect to the brain, and 

centered at the axial coordinate corresponding to the center of the region targeted for FUS 

treatment. Pulse sequence parameters for the thermometry imaging were as follows: TR/TE = 

78/9.0 ms, flip angle = 40°, readout bandwidth = 80 Hz/Px, in-plane FOV = 96×96 mm, in-plane 

resolution = 0.75×0.75 mm, slice thickness = 2 mm, time per frame = 10 s. Temperature rise over 

time for each animal was obtained by taking the average temperature rise of all the sonicated 

pixels in each thermometry image obtained during the 10-minute preconditioning procedure.  The 

plateau temperature rise for each animal was then calculated by averaging the temperature rise 

values from the final 7:30 of the sonication period. CEM43 was calculated from mean of the pixel 

averaged temperature rise values over the entire 10-minute treatment period. 

 

4.5.5 MR Imaging for Transport Analysis. 

For Tm, the general MR imaging protocol was varied to obtain images for interstitial tumor 

transport analysis. Briefly, the baseline signal intensity in the tissue was obtained via a three-

dimensional T1-weighted MR image, which was acquired immediately prior to the injection of 

the contrast agent. Following intravenous administration of the contrast agent, a series of three 

T1-weighted contrast-enhanced MR images were obtained. Following FUS BTB/BBB opening 

(described previously), the same imaging procedure was repeated, first obtaining a T1-weighted 

MR image prior to reinjection of contrast to obtain baseline signal intensity for post-FUS 

measurements. The contrast agent was injected intravenously and a second series of three T1-

weighted contrast-enhanced MR images was acquired. All T1-weighted images collected for this 

purpose used pulse sequence parameters identical to those of the three-dimensional spoiled 

gradient-echo T1-weighted sequence described above. 
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4.5.6 Quantification of Grayscale Intensity from MR Images. 

 For Luc-BPN cohort, the pre- and post-FUS contrast enhanced MR images were analyzed for 

grayscale intensity of gadolinium enhancement. Analysis was performed on the MR image slice 

corresponding to the slice targeted for FUS treatment. Two different ROIs were analyzed, one 

encompassing the entire FUS-targeted region, referred to as “BTB+BBB”, and one 

encompassing only the tumor, referred to as “BTB”. Mean pixel grayscale intensity was 

quantified within each of these ROIs in the pre-FUS and post-FUS images for each animal.  An 

equivalent ROI was chosen on the contralateral side, and the grayscale intensity was subtracted 

as background. 

 

4.5.7 Transport Analysis. 

We analyzed the gadolinium transport in tumors similarly to the previous chapter.  Briefly, each 

of the acquired MR imaging series were loaded into the post-processing algorithm. Background 

signal was removed by subtracting the pre-contrast image from the corresponding post-contrast 

series. A unique ROI was chosen for each animal to perform both pre- and post-FUS transport 

analyses. ROIs were chosen to include the entire enhancing tumor region from pre-FUS 

images, as well as surrounding brain tissue immediately adjacent to tumor. Analysis was 

performed on the MR tissue slice corresponding to the coordinate which was targeted for FUS 

BTB/BBB opening. The input value for time per slice for each MR imaging series was obtained 

by dividing the total time of image acquisition for the series by the number of images in the 

series. As previously described, the algorithm utilized here uses changes in gadolinium signal 

intensity throughout the images to estimate diffusion coefficients and interstitial fluid velocities 

within the selected ROI.  We performed this transport analysis on tumors receiving FUS 

BTB/BBB opening both with and without our specified preconditioning protocols.  
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4.5.8 Passive Cavitation Detection Analysis.  

Acoustic emissions were quantified during the 2-minute FUS + MB BTB/BBB opening protocol 

for Luc-BPN mice. Emissions were detected with a 2.5 mm wideband unfocused hydrophone 

mounted in the center of the transducer, captured using a scope card (ATS460, Alazar, Pointe-

Claire, Canada), and analyzed using an in-house built MATLAB algorithm, as previously 

described in chapter 3. Briefly, a 0.2 kHz bandwidth filter was applied to the fundamental 

frequency, harmonics (2f, 3f, 4f), sub harmonic (0.5f), and ultra-harmonics (1.5f, 2.5f, 3.5f).  For 

each frequency band, the root mean square of the peak spectral amplitude was calculated, 

multiplied by the individual sonication duration, and summed up over the entire treatment 

duration. Broadband emissions were obtained by summing the product of Vrms and individual 

sonication duration for all remaining emissions not in a specified frequency band over the entire 

treatment period. 

 

4.5.9 Ex Vivo Bioluminescence Imaging of Tumors.  

Bioluminescence imaging was performed three days after FUS treatments as described in the 

previous chapter. Briefly, D-Luciferin (Gold Biotechnology, St. Louis, MO) was administered to 

each mouse at a dose of 150 mg/kg via intraperitoneal injection. Mice were euthanized five 

minutes later via intraperitoneal injection of Euthasol. Tumor tissue was harvested and 

incubated for 3 minutes in a 1 mg/ml solution of D-luciferin. Samples were inserted into the IVIS 

spectrum and bioluminescence images were acquired using a 3-minute exposure time. ROIs 

were drawn in the Living Image software to encompass the entire tumor sample and photon flux 

was quantified as both total flux and average radiance. Reported values had the average 

background measurement from untreated brain tumor samples subtracted and were normalized 

to the BPN only group.  Values are displayed as log2 fold change over the BPN only group. 
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4.5.10 Sensitivity Analysis.  

Using the G*power software package, we performed a sensitivity analysis on the total photon 

flux measurements(121). The 3 MPa preconditioning group data was excluded due to significant 

heating limiting the clinical relevance of the approach. The purpose was to determine the 

minimum detectable effect size between the BBB only group and the 1.5 MPa preconditioning 

group in the context of a post-hoc multiple comparison’s test of a One-way ANOVA. In the 

G*power software we selected sensitivity power analysis for a two-tailed t-test between two 

independent means. Alpha was set to 0.025 to correct for 2 multiple comparisons (BBB only 

group compared to each of the two other groups) and power was set to 0.8. A sample size (n) of 

5 for each group was input to reflect the experimental design. A plot for total n values (n/2 per 

group) versus effect size was generated for n values from 10 to 100.  For each effect size of 

interest we were able to use the Cohen’s D effect size formula and pooled standard deviations 

of the two groups to calculate the detectable mean difference(122). The mean difference was 

converted to a fold-change by inputting the mean value of the BBB only group measured in our 

study. 
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4.6 Chapter 4 Figures  

  

Figure 4.1. U87 Brain Tumor Transfection Levels with and without FUS 
Preconditioning. A: Representative ex vivo bioluminescence images of U87 
glioma tumor tissue 3 days following treatment. B, C: Scatter plots of ex vivo 
bioluminescence measurements expressed as total flux (B) and average 
radiance (C). Mean ± SEM. Significance assessed by a One-Way ANOVA 
followed by Tukey’s Multiple Comparisons Test. 
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Figure 4.2. MR Thermometry Measurements During FUS Preconditioning. A, B: 
Representative temperature traces acquired over during (A) 1.5 MPa and (B) 3 MPa FUS 
preconditioning. C, D: Scatter plots of plateau temperature rise and CEM43°C. Mean ± S.E.M. 
Significance assessed via (C) unpaired T test and (D) Mann Whitney test. 
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Figure 4.3. Acoustic Emissions During FUS + MB BTB/BBB Opening with and without 

Preconditioning. A, B, C, D: Quantification of acoustic emissions at the 2
nd 

Harmonic (A), 4
th
 

Harmonic (B), Subharmonic (C), and broadband emissions (D). Significance assessed using One-
way ANOVAs. 
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Figure 4.4. Confirmation of BTB/BBB Opening Following FUS Treatment. A: Representative 
Pre-FUS and Post-FUS T1-weighted contrast enhanced MR images (BTB/BBB opening only group). 
Yellow arrow on Pre-FUS image indicates the tumor and represents ROI used to quantify BTB 
opening, whereas the yellow arrow on the Post-FUS image indicates FUS-treated tissue and 
represents the ROI used for quantification of BTB/BBB opening. B, C: Bar graph showing 
quantification of pre and post-FUS grayscale intensity for the BTB (B) and the BTB/BBB (C). Mean 
± S.E.M. Paired data points are denoted by common colors and shapes. Significance assessed 
using a Two-Way Repeated Measures ANOVA, followed by Sidak’s Multiple Comparisons Test, 
*p<0.0001, **p = 0.0001.  
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Figure 4.5. FUS Preconditioning Does Not Alter Change in Post-FUS Interstitial Fluid Velocity. A: 
Representative T1-weighted pre-FUS and post-FUS T1-weighted MR imaging series used for transport 
analysis (from animal in the1.5 MPa Preconditioning group). B: Pre and Post-FUS interstitial flow 
velocity magnitude maps obtained from transport analysis (from same animal shown in A). C, D: Bar 
graphs showing mean (C) and median (D) interstitial fluid velocity magnitude. Mean ± S.E.M. Paired 
data points are denoted by common colors and shapes. Significance assessed by Two-way repeated 
measures ANOVA followed by Sidak’s Multiple Comparisons Test. *p = 0.0499. 
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Figure 4.6. Sensitivity Power Analysis. A: Scatter plot of ex vivo bioluminescence measurements 
expressed as total photon flux. Mean ± SEM. Significance assess by a One-Way ANOVA followed by 
Tukey’s Multiple Comparisons Test of each group compared to BBB only. B: Plot of total sample size 
vs. Cohen’s d effect size for post-hoc comparison of BBB only to 1.5 MPa, in the context of Post-Hoc 
testing performed in (A).   
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Figure 4.S1. Comparison of Grayscale Intensity Fold Change in FUS Preconditioning 
Groups. A, B: Scatter plots of post-FUS grayscale intensity fold change for the two 
preconditioning groups. Analysis performed for the (A) BTB ROI and the (B) BTB/BBB ROI. 
Mean ± S.E.M, significance assessed using (A) the non-parametric Mann Whitney test and 
(B) an unpaired t test.  
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Figure 4.S2. U87 Transfection Levels with and without FUS Preconditioning 
in Day 7 Tumors. A, B: Scatter plots of ex vivo bioluminescence measurements 
expressed as total flux (A) and average radiance (B). Tumors treated at day 7 post 
implantation and imaged 3 days after treatment. Mean ± SEM. 
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Chapter 5: Immunomodulatory Effects of FUS + MB BTB/BBB 

Opening in Intracranial Melanoma Tumors 
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5.1 Abstract 

 The activation of microbubbles (MBs) with pulsed focused ultrasound (FUS) for blood-

brain and blood-tumor barrier (BTB/BBB) opening permits the image-targeted delivery of 

therapeutic agents to brain tissue. While several studies have investigated the acute effects of 

FUS-mediated BBB opening on normal brain tissue, similar studies are lacking in the context of 

intracranial tumors. Furthermore, given the current progression of this technology into clinical 

trials for patients with metastatic brain tumors and the appeal of using this approach in 

combination with traditional and immune based therapies, it is crucial to understand how this 

FUS-mediated BTB/BBB opening modulates the tissue at a molecular level.  

Here, we first elucidate how FUS-induced opening of the BTB/BBB in intracranial 

melanomas (B16F1cOVA) alters the gene expression signatures within the tissue. Using bulk 

RNA sequencing of tumor tissue, we found increased expression of genes related to 

proinflammatory cytokine and chemokine signaling, pattern recognition receptor signaling, and 

antigen processing and presentation. Next, we use flow cytometry analysis to assess the innate 

immune cell populations within the tumor, meninges, and CNS draining lymph nodes of FUS-

treated animals. These studies revealed alterations in antigen loading within the dendritic cells 

in the tumor and meninges, as well as increased expression of the DC maturation marker CD86 

in the meninges. However, we found no significant changes in cell numbers in the tumors or 

meninges, and no evidence of enhanced DC maturation in the tumor or draining lymph nodes of 

FUS-treated animals. Staining for the MHC-SIINFEKL peptide complex on DCs showed no 

significant changes in the analyzed tissues; however, we observed a trend towards increased 

MHC-SIINFEKL peptide complex expression on the DCs of the superficial cervical lymph nodes 

of FUS-treated animals. Lastly, we found no differences in adhesion molecule expression on 

tumor endothelial cells or homing of activated T cells in FUS-treated animals. We conclude that, 

while FUS-mediated BTB/BBB opening of immunogenic intracranial B16F1cOVA tumors with a 

clinically relevant paradigm elicits some signatures of inflammation, the response is mild, 
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transient, and unlikely to elicit a systemic response against the tumor independent of 

administration of immune adjuvants.   
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5.2 Introduction 

 Secondary brain tumors, arising from metastatic spread of extracranial malignancies, are 

the most common type of brain tumor(14). Up to 20% of cancer patients develop brain 

metastases, and this number will only increase as treatments for primary disease extend patient 

survival(3). Malignant melanoma has one of the highest propensities for metastasizing to the 

brain(125). Following the development of brain metastases, patients are faced with a 

significantly worse prognosis and limited treatment options. Immune checkpoint inhibitors are a 

class of immunotherapeutic antibodies that have shown remarkable success in a subset of 

melanoma patients, and recent evidence has demonstrated some efficacy for these therapies in 

patients with metastatic brain tumors(126, 127). Still, questions remain regarding the ability of 

these agents to penetrate the brain parenchyma due to the blood-tumor barrier and the ability of 

brain tumors to respond, given their unique immunological milieu. 

A number of factors may contribute to poor penetration and limited efficacy of 

therapeutics in secondary brain tumors. Like primary brain tumors, metastatic brain tumors 

develop leaky vasculature. This results in high interstitial fluid pressure and limited convective 

transport of agents into the tissue, referred to as the blood-tumor barrier(BTB)(14). Despite 

regions of high vascular permeability, studies have shown varying permeability between, and 

even within, single metastatic lesions(13). Additionally, delivery of therapeutic agents to brain 

metastases is significantly lower compared to peripheral metastases, possibly owing to retention 

of blood-brain barrier-like properties within a subset of vessels(14). Beyond challenges to 

effective therapeutic delivery, the brain has long been thought of as immunologically quiescent. 

Given these limitations, methods that may improve penetration and efficacy of 

immunotherapeutics in metastatic brain tumors are greatly needed. 

Focused ultrasound applied in the presence of circulating microbubbles has the ability to 

improve delivery and penetration of agents into brain tumor tissue, and therefore is an attractive 

modality for use in combination with traditional and immune based therapies targeted to 
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intracranial tumors(40, 58). Clinical trials have proven safety and efficacy of FUS + MB BBB 

and/or BTB opening in human patients with Alzheimer’s disease, ALS, and glioblastoma, with a 

study currently underway in patients with brain metastases of Her2+ breast cancer 

(NCT03714243)(29–31). Additionally, it is possible that FUS + MB BTB opening can modulate 

the immune microenvironment, which could augment the efficacy of immune-targeted therapies. 

In normal brain tissue, FUS + MB BBB opening was shown to induce a sterile inflammatory 

response, with acute release of damage-associated molecular patterns(DAMPs), 

proinflammatory cytokines and chemokines, and trophic factors(96). This response was mostly 

resolved within 24 hours of treatment. 

 Given the potential for FUS to be used along with immunotherapeutic agents, as well as 

the progression of FUS into clinical trials of patients with metastatic brain tumors, it is important 

to understand how FUS modulates the immune landscape of secondary brain tumors. Here, we 

investigate the effects of FUS + MB BTB/BBB opening on several aspects of the melanoma 

brain tumor immune microenvironment, as well as effects in the meninges and draining lymph 

nodes. First, we used bulk RNA sequencing of treated and untreated intracranial B16F1cOVA 

(B16 melanoma tumor cells that express the chicken ovalbumin antigen with the secretion 

sequence deleted) to profile FUS-induced changes of the tumor tissue transcriptome 6 and 24 

hours post treatment. Sequencing revealed increased RNA expression of several 

proinflammatory cytokines and chemokines, pattern recognition receptors, MHC class I genes, 

elements involved in processing and presentation of peptide antigens via MHC class I in FUS-

treated tumors. These results suggested alterations in the innate immune cell infiltrates in the 

tumor and/or associated secondary lymphoid tissue, such as the meninges and tumor-draining 

lymph nodes. Therefore, we utilized a similar B16 cell line expressing ZsGreen as a fusion 

protein with the immunodominant MHC class I and class II peptide epitopes derived from OVA 

to assess FUS-induced changes in these cell population. Specifically, we performed flow 

cytometry to evaluate innate immune cell numbers, dendritic cell expression of maturation 
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markers, and dendritic cell tumor antigen uptake and presentation in FUS-treated tumors(128). 

We detected an increase in CD11b+ myeloid cells in the deep cervical lymph nodes (DCLNs) 

two days following FUS treatment, which could be due to recruitment to the tumor draining site 

based on release of chemotactic factors. We observed increased CD86 expression and 

decreased ZsGreen antigen load in the meningeal dendritic cells 2 days post FUS, supporting 

the notion that FUS has the ability to modulate maturation of DCs. We also found an increased 

percentage of ZsGreen positive dendritic cells in FUS-treated tumors two days post FUS, 

suggesting increased antigen uptake or exposure. There were no significant changes in cell 

numbers in the tumors, meninges, or superficial cervical lymph nodes (SLNs), and no evidence 

of enhanced DC maturation in the tumor or draining lymph nodes of FUS-treated animals either 

2 or 4 days following treatment. Additionally, we stained for the SIINFEKL peptide-MHC class I 

(H-2Kb) complex on DCs (MHC-SIINFEKL), a marker for presentation of the OVA257-364 

peptide via MHC I. We found no significant changes in the analyzed tissues at either timepoint; 

however, we observed a trend towards increased MHC-SIINFEKL expression on the DCs of the 

superficial cervical lymph nodes of FUS-treated animals. Lastly, based on the previously 

observed FUS-mediated transcriptional changes in proinflammatory cytokines, we tested 

whether FUS could lead to enhanced homing of activated T cells to the tumor site. We found no 

changes in expression of cell adhesion molecules on tumor endothelial cells and no changes in 

activated T cell homing in FUS-treated tumors/meninges 24 hours post sonication. 

 

5.3 Results 

5.3.1 Confirmation of FUS + MB BTB/BBB Opening in B16F1cOVA Tumors.  

Figure 1 shows T1-weighted gadolinium enhanced MR images acquired pre- and post-FUS 

BTB/BBB opening in a B16F1cOVA brain tumor. The enhancing region in the pre-FUS image 
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corresponds to the brain tumor, whereas the larger enhancing region in the post-FUS image 

signifies enhanced gadolinium delivery, and thus successful BTB/BBB disruption. 

 

5.3.2 Differentially Expressed mRNA Transcripts in FUS-Treated Tumors at 6 Hours and 

24 Hours via RNA Sequencing. 

RNA sequencing was performed on FUS-treated and sham intracranial melanoma tumors 

samples harvested 6 and 24 hours following treatment. Figure 2A shows the global gene 

expression of all samples plotted with respect to the first two principal components. For the 6 

hour samples there is clustering of the FUS-treated and sham samples, demonstrating that FUS 

treatment is accounting for a significant amount of variation within gene expression of these 

samples. At 24 hours, there is significant overlap of the treated and untreated samples, 

suggesting that FUS perturbation of gene expression is almost resolved at 24 hours. In FUS-

treated tumors, there were 203 transcripts that were significantly differentially expressed at the 6 

hour time point and 37 transcripts at 24 hours, as shown in Figure 2B and 2C. Several 

transcripts for solute carrier proteins, as well as blood-brain barrier related transcripts were 

differentially expressed in tumors 6 hours post-FUS, shown in Figure 3A. Figure 3B and 3C 

show differential gene expression data from selected proinflammatory cytokines (3B) and 

chemokines/vascular cell adhesion molecules involved in immune cell recruitment (3C). Lastly, 

differential expression of genes related to pattern recognition receptor signaling and MHC class 

I antigen processing are shown in Figure 3D and 3E, respectively. 

 

5.3.3 Differentially Expressed Pathways in FUS-Treated Tumors at 6 Hours and 24 Hours 

Post-Treatment. 

Gene set enrichment analysis of RNA sequencing data revealed numerous differentially 

expressed pathways in FUS-treated tumors at 6 hours and 24 hours post-treatment. Figure 4 
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shows normalized enrichment scores (NES) for significantly enriched gene sets related to 

specific aspects of the proinflammatory response in the tumor. Specifically, gene sets 

associated with proinflammatory cytokine signaling, chemokine signaling and chemotaxis, 

pattern recognition receptor signaling, and antigen processing and presentation are highlighted 

due to possible roles in supporting generation of an antitumor immune response. 

 

5.3.4 Immune Cell Representation in Tumors, Meninges, and Draining Lymph Nodes of 

Intracranial B16ZsGreenOVA Tumor Bearing Animals with and without FUS + MB 

BTB/BBB Opening. 

Given the increased expression of numerous proinflammatory cytokines, including IL6 and TNF, 

and chemokines involved in immune cell chemotaxis, we were interested in looking at the 

numbers of innate immune cells and lymphocytes in the tissue via flow cytometry. We observed 

no changes in any of the evaluated cell types, which included dendritic cells (CD11c hi) and 

myeloid cells (CD11b+), as well as specific cellular subsets of dendritic cells (CD11c hi CD11b+ 

and CD11c hi CD103+) and myeloid cells(macrophages: CD11b+ F4/80+, monocytic myeloid 

cells: CD11b+ Ly6C hi, and granulocytic myeloid cells: CD11b+ Ly6C mid) in FUS-treated 

tumors two days and four days post treatment (Figure 5). Additionally, we saw no significant 

changes abundance of these cell populations at either time point in the meninges of FUS-

treated animals, shown in Figure 6. We also looked at both the deep cervical (DCLNs) and 

superficial cervical lymph nodes (SLNs), which are considered to be CNS-draining lymph 

nodes(129). We observed a significant increase in the myeloid (CD11b+)  cell population in the 

DCLNs of sonicated animals 2 days after treatment (Figure 7B). Additionally, there was a trend 

towards increased numbers of dendritic cells, as well as the macrophages and granulocytic 

myeloid cells 2 days post-FUS in the DCLN, but no changes were seen at the later time point 

(Figure 7A, C- E). While these changes are interesting, we should be cautious of these 
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observations given the low overall cell numbers isolated from the DCLNs. No differences were 

observed in the SLNs at either time point (Figure 8). Staining for markers of conventional 

CD11b+ and CD103+ dendritic cells revealed that the CD11c hi dendritic cell population in all 

assessed organs was primarily composed of CD11b+ dendritic cells. This is consistent with the 

literature reporting that CD103+ DCs make up a minority of myeloid cells in human and mouse 

tumors(130). (Figures 5,6,8, subset information not shown for DCLNs due to low cell numbers).    

 

5.3.5 Expression of Specific DC Activation Markers in Intracranial B16ZsGreenOVA 

Tumors with and without FUS + MB BTB/BBB Opening. 

The gene set enrichment analysis of the RNA sequencing data revealing a significant increase 

in pattern recognition receptor signaling in tumors at both 6 and 24 hour post FUS. Specifically, 

the leading edge of this pathway included significantly increased expression of pattern 

recognition receptor genes Clec7a and CD14 and TLR signaling adaptor protein Pik3ap1 

(Figure 3E)(131–134). These expression signatures support the notion that damage-associated 

molecular patterns (DAMPs) may be produced and/or released in response to FUS modulation 

of the tissue, which can activate dendritic cells through these pattern recognition receptors. 

Since dendritic cells are antigen-presenting cells crucial to initiation of an antitumor immune 

response, we stained for CD86 and MHC II expression on dendritic cells to assess maturation 

state. In the tumor-resident dendritic cells, we observed no changes in CD86 at either time point 

and no changes MHC II expression 4 days after treatment, as shown in Figure 9. In the 

meninges, we observed no changes in the proportion of DCs expressing CD86, but there was a 

significant increase in the amount of CD86 expressed in CD86+ DCs two days post FUS, with 

no changes observed at 4 days (Figure 10A, B). No differences were seen in MHC II expression 

in DCs at day 4 post treatment (Figure 10C, D). Additionally, we observed no significant 
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changes in expression of either marker in the DC population within the deep cervical and 

superficial cervical lymph nodes (Figure 11, Figure 12A-E).  

 

5.3.6 Antigen Uptake and Presentation in DCs in Intracranial B16ZsGreenOVA Tumor-

Bearing Animals with and without FUS + MB BTB/BBB Opening. 

RNA sequencing indicated significant upregulation of several genes related to antigen 

processing and presentation. These genes included the subunit of the immunoproteasome 

PSMB8, which preferentially processes peptides for presentation on MHC class I, TAP1 and 

TAP2 transporters involved in shuttling of peptides into the endoplasmic reticulum for MHC 

class I loading, and classical MHC I genes H2-K1 and H2-D1(Figure 3D)(135, 136). Additionally, 

gene set enrichment analysis showed a significant increase in antigen processing and 

presentation of exogenous peptide via MHC class 1 molecules in FUS-treated tumors. For this 

reason, we aimed to assess antigen uptake and presentation in DCs of FUS-treated animals 

compared to control. Tumor cells used in these studies were stably transfected to express 

MHC-restricted peptides derived from OVA in frame with ZsGreen fluorescent protein, allowing 

us to use ZsGreen fluorescence as a marker for antigen uptake in the tumor and meningeal 

DCs. Additionally, we stained for the SIINFEKL peptide MHC class I (H-2Kb) complex on DCs, a 

marker for presentation of the OVA257-364 peptide via MHC I. In tumor tissue we detected an 

increased percentage of ZsGreen positive CD11c hi dendritic cells two days after FUS 

treatment, but no difference was seen in ZsGreen geometric mean fluorescence (GMF) in this 

population (Figure 13A, B). The increase was driven by the CD11b+ dendritic cell subset 

(Figure 13C, D). We saw no changes in MHC-SIINFEKL staining on DCs in the tumor (Figure 

13E, F). In the meninges, there were no changes in percentage of ZsGreen+ DCs, or MHC-

SIINFEKL staining, however there was a significant decrease in ZsGreen GMF two days post 
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FUS (Figure 14). There was a strong trend towards increased MHC-SIINFEKL staining in the 

superficial lymph node DCs 2 days post FUS (Figure 12F). 

 

5.3.7 Endothelial Cell Adhesion Molecule Expression in Intracranial B16ZsGreenOVA 

Tumors with and without FUS + MB BTB/BBB Opening. 

We stained for expression of cell adhesion molecules E-selectin, ICAM-1, and VCAM-1 on 

tumor endothelial cells (CD31+ population) 24 hours post FUS + MB BTB/BBB opening in 

intracranial B16F1cOVA and B16F1 tumors. In B16F1cOVA tumors, we saw no differences in 

percentage of endothelial cells expressing the assessed cell adhesion molecules in FUS-treated 

tumors (Figure 15A-C). In the less immunogenic B16F1 tumors, we found a significant decrease 

in the percentage of endothelial cells expressing E-selectin in FUS-treated tumors (Figure 15D); 

however, we saw no changes in the other two cell adhesion molecules (Figure 15E, F).  

 

5.3.8 Activated T cell homing in B16ZsGreenOVA Tumors and Meninges with and without 

FUS + MB BTB/BBB Opening. 

Results from RNA sequencing showed increased expression of proinflammatory cytokines and 

chemokines 6 hours post FUS. We were interested in whether FUS treatment could enhance 

the ability of activated T cells to home to the tumor site, possibly through release of these 

soluble mediators. To test this, we performed FUS + MB BTB/BBB opening in both B16F1cOVA 

and B16F1 tumors 6 days after tumor implantation. The following day, roughly 24 hours post 

treatment, a mixture of activated Pmel T cells and activated non-specific T cells was adoptively 

transferred a via tail vein injection. Pmel T cells are T cells isolated from Pmel transgenic mice. 

These cells express T cell receptors specific for the melanoma antigen gp100, which is 

expressed in both B16F1cOVA and B16F1 cell lines. Tumors and meninges were harvested 5 

hours after adoptive cell transfer and transferred cell numbers in these tissues were assess via 
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flow cytometry. Cell numbers were normalized to the number of transferred cells in the spleen to 

account for variations in the injection. We found no differences in the number of activated Pmel 

or non-specific T cells in the tumor or meninges of either tumor type (Figure 16). 

 

5.4 Discussion 

In this study we characterized the effect of FUS + MB BTB/BBB opening in intracranial 

melanoma tumors on multiple facets of the immune landscape in the tumor, meninges, and 

CNS draining lymph nodes. Bulk RNA sequencing of tumor tissue revealed increased 

expression of several proinflammatory cytokines and chemokines, as well as genes involved in 

pattern recognition receptor signaling and antigen processing and presentation via MHC class I 

in FUS-treated tumors. We then utilized a similar B16 cell line expressing ZsGreen tagged MHC 

class I and class II dominant OVA peptides to assess FUS effects on innate immune cell 

numbers, dendritic cell expression of maturation markers, and dendritic cell tumor antigen 

uptake and presentation via flow cytometry. We found an increased number of CD11b+ myeloid 

cells in the DCLN 48 hours after treatment, as well as increased CD86 expression and 

decreased ZsGreen antigen load in the meningeal dendritic cell population. The percentage of 

ZsGreen-positive dendritic cells in FUS-treated tumors was increased two days post FUS, 

suggesting enhanced antigen uptake or exposure. Lastly, we tested whether FUS + MB 

BTB/BBB opening could enhance expression of endothelial cell adhesion molecules or homing 

of subsequently administered activated T cells to the tumor site. We found no changes in 

expression of cell adhesion molecules on tumor endothelial cells and no changes in activated T 

cell homing in FUS-treated tumors/meninges 24 hours post sonication. Here we observed that 

FUS-mediated BTB/BBB opening of immunogenic intracranial B16F1cOVA tumors elicits some 

signatures of inflammation. Ultimately, however, the response is mild, transient, and unlikely to 

elicit a systemic response against the tumor without administration of immune adjuvants.   
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5.4.1 Comparison of Response to MB Activation with FUS in Brain Tumors to Normal 

Brain Tissue  

 Despite vast differences between brain tumor tissue and normal brain, we observed 

proinflammatory signatures in FUS-treated tumors similar to the sterile inflammatory response 

(SIR) previously described in normal brain tissue(96, 98). Since the blood-brain barrier is meant 

to maintain homeostasis in the brain, BBB disruption by any means represents a significant 

perturbation of the local microenvironment. For instance, BBB opening alters the ionic balance 

in the tissue and facilitates extravasation of serum proteins, which can induce cellular stress 

responses and activation of microglia(137). Additionally, if applied with enough energy, FUS 

may induce mechanical damage in neurons and astrocytes, all which may yield the release of 

damage-associated molecular patterns (DAMPs) to initiate the SIR cascade. In contrast, within 

brain tumors, the blood-brain barrier is already disrupted, cells are rapidly dividing and exposed 

to solid and mechanical stresses, and the microenvironment is characterized by tumor mediated 

immunosuppression. Despite these differences, we similarly observed a transient 

proinflammatory response in the tissue, characterized by increased proinflammatory cytokine, 

chemokine, and cell adhesion molecule transcripts 6 hours post-FUS, which included TNF, IL-6, 

Ccl2, Ccl12, Cxcl10, Cxcl1, and Icam-1. We did not, however, see increases in e-selectin or p-

selectin at the RNA level, as seen in normal brain tissue. Additionally, gene set enrichment 

analysis of our RNA sequencing data provided evidence for increased pattern recognition 

receptor signaling (likely in response to DAMPs), interferon gamma mediated signaling, and NF-

kappa B signaling, consistent with observations at the RNA and protein level in normal brain 

tissue(96). 

 Since we saw increased expression of several cytokines implicated in stimulation of cell 

adhesion molecule expression and observed increased Icam-1 at the RNA level, we also 

assessed protein expression of cell adhesion molecules on tumor endothelial cells 24 hours 

post-FUS. We did not see differences in protein expression of E-selectin, Icam-1, or Vcam-1. 
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While the previous study in normal brain tissue did not report protein data on E-selectin or 

Vcam-1, investigators reported a 4-fold increase in Icam-1 protein 24 hours post FUS BBB 

opening, whereas here we saw no change in Icam-1 protein expression 24 hours post FUS 

(despite detecting an elevation at the transcript level 6 hours post-FUS)(96). It is possible that 

even with increases in cytokines following FUS treatment, brain tumor endothelial cells do not 

respond to these stimuli in the same manner as normal vasculature. Furthermore, we saw 

higher expression of these cell adhesion molecules in B16F1cOVA tumors compared to 

contralateral brain tissue (data not shown), suggesting that the tumor endothelial cells may 

already be in a more activated state. Thus, further activation by FUS-induced cytokines may not 

be possible.  

 

5.4.2 Putative Antigen-Presenting Cell Response Mechanisms 

 FUS + MB BTB/BBB opening induced increases in several chemokine transcripts 

involved in innate immune cell chemotaxis; however, we observed few changes in cell numbers 

in the tumor, meninges, and tumor-draining lymph nodes of FUS-treated animals compared to 

control. Two days after FUS treatment, there was a significant increase in the overall myeloid 

cell population in the deep cervical lymph nodes. Additionally, there were general trends 

towards increased dendritic cells (CD11c hi), macrophages (CD11b+ F4/80+), and granulocytic 

myeloid cells (CD11b+ Ly6C mid) in the DCLNs of FUS-treated animals 48 hours post 

treatment. Increases could be due to the chemokine (such as CCL2) induced innate immune 

cell recruitment through high endothelial venules and/or TNF and IL-6 mediated retention of 

cells in the draining lymph node site of the inflammatory insult(138–140). However, given the 

low overall cell number isolated from the DCLNs, it is important to note that these differences 

may not be physiologically meaningful. Additionally, within the tumor site, we observed trends 

toward increased dendritic cell and myeloid cell numbers 4 days post FUS, suggesting possible 
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recruitment into the site of inflammation. Since we are only seeing snapshots of overall cell 

numbers at particular time points, more direct experiments would be needed to make definitive 

conclusions about FUS-induced changes in cell trafficking.  

Dendritic cells are professional antigen-presenting cells that act as a bridge between the 

innate and adaptive immune system; therefore, these cells are commonly recognized as the 

most important antigen-presenting cells in the generation of an antitumor immune 

response(102). In peripheral tissue, DCs exist in an immature form in which they primarily 

endocytose materials and accumulate antigens. Immature DCs are poor antigen presenters and 

may even contribute to tolerance. Molecules such as PAMPs and DAMPs activate pattern 

recognition receptors on dendritic cells, providing a maturation stimulus. Additionally, upon 

maturation DCs downregulate endocytosis, activate machinery involved in antigen processing 

and presentation and thus express higher levels of MHC-peptide complexes, and increase 

expression of T cell co-stimulatory molecules, making them effective T cell activators(102). Here 

we observed enhanced gene expression signatures related to pattern recognition receptor 

signaling and antigen processing and presentation both 6 and 24 hours following FUS treatment 

via bulk RNA sequencing. Based on these changes, we chose to interrogate several aspects of 

the DC population in the tumor, as well as in the meninges and tumor draining lymph nodes. 

Though further experiments would be needed to examine whether expression signatures in the 

meninges and lymph nodes mirror those seen in the tumor, it is possible that these sites are 

exposed to soluble factors released in the tumor upon FUS treatment and may also exhibit 

responses in the DC population. Furthermore, upon maturation, DCs are known to migrate to 

draining lymph nodes, thus it is possible that DCs from the tumor site are trafficking to the 

meninges, DCLNs, and SLNs, which could manifest as changes in the DC populations of these 

tissues. These characteristics highlight the importance considering the dynamic nature of these 

cell populations when interpreting these results. 
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First, since stimulation of pattern recognition receptors via damage-associated molecular 

patterns (DAMPs) can stimulate dendritic cell maturation, we assessed expression of two DC 

maturation markers, CD86 and MHC II. Two days after treatment, the meningeal dendritic cell 

population expressed significantly higher levels of CD86, a T cell costimulatory molecule that is 

upregulated upon maturation. It is unclear why CD86 expression was increased in the 

meninges, but not the tumor or draining lymph nodes of FUS-treated animals. As mentioned 

previously, dendritic cell maturation can prompt DC migration to the lymph nodes, so it is 

possible that once DCs in the tumor receive the maturation stimulus they migrate away from the 

tumor site, thus we are unable detect changes in maturation within the tumor DC population. 

This could be the source of the DCs expressing increased levels of CD86 in the meninges. 

However, here we do not detect increased DC maturity in the draining lymph nodes of FUS-

treated animals, as would be expected if matured DCs were trafficking to the nodes. To further 

interrogate these questions, we could perform experiments dedicated studying DC trafficking in 

response to FUS + MB BTB/BBB opening. 

Additionally, we looked at ZsGreen uptake and MHC-SIINFEKL expression to assess 

antigen uptake and presentation. Along with increased CD86 expression, the dendritic cells 

isolated from the meninges showed lower ZsGreen fluorescence. This could be due to 

degradation of the antigen, and indicative of a switch from an immature phagocytic phenotype to 

a more mature phenotype for lymphocyte priming(102). The increased percentage of ZsGreen-

positive dendritic cells in the tumors of FUS-treated mice suggests increased antigen exposure 

or availability within the tumor following FUS. Factors such as increased antigen from cell death, 

increased phagocytosis, or enhanced distribution of antigen throughout the tumor from FUS-

induced changes in interstitial transport (as elucidated in chapter 3 of this dissertation) could 

contribute to this finding. Staining for the MHC-SIINFEKL complex on dendritic cells revealed a 

trend towards increased abundance within the superficial cervical lymph nodes of FUS-treated 

animals. If dendritic cells within the tumor have increased processing and presentation of 
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peptide antigen via MHC class I, as detected via RNA seq, they could then traffic to the lymph 

nodes where they can display MHC-SIINFEKL complexes. 

 

5.4.3 MHC Class I Molecule Response and Mechanisms  

RNA sequencing revealed that at 6 hours post FUS the increased expression of both 

classical MHC I molecules, H2-K1 and H2-D1. In fact, H2-K1, the MHC class I molecule that 

presents the OVA257-264 peptide, was the most significantly differentially expressed gene in 

FUS-treated tumors at the 6 hour time point. As discussed previously, this could be due to 

increased expression on antigen-presenting cells such as dendritic cells, which would be 

beneficial for priming of an antitumor immune response. However, it is also possible that the 

tumor cells are upregulating expression of class I MHC molecules. Furthermore, the increased 

gene signatures related to antigen processing and presentation could also be occurring in the 

tumor cells, as opposed to antigen-presenting cells. This fits with the fact that we did not see 

increased expression of the MHC-SIINFEKL complex on DCs within the tumor or meninges. 

Future studies should determine whether this response is occurring in tumor cells, as this could 

also be beneficial to anti-tumor immunity by making the tumor cells more visible to tumor 

specific effector T cells. It is known that downregulation of MHC I expression is one mechanism 

used by tumor cells to evade detection by the immune system(141–144). Expression of MHC I 

and genes involved in antigen processing in presentation have been shown to be increased in 

response to type I and type II interferons(135, 145). Though we did not observe an increase of 

IFN gamma, alpha, or beta at the transcript level, gene set enrichment indicated increased 

interferon gamma and type I interferon signaling. Thus, it is possible that an acute release of 

interferons led to increased MHC I expression and expression of genes related to antigen 

processing and presentation in the tumor and/or tumor-infiltrating immune cell populations(135, 

145).  
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5.4.4 Microglial Responses to FUS + MB BTB/BBB Opening 

Here, we have focused mostly on studying responses in the dendritic cell population due 

to their importance in bridging innate and adaptive immunity and generating antitumor 

responses; however, other cell types in the brain may be important in responding to FUS in 

brain tumors. Microglia and perivascular macrophages express pattern recognition receptors, 

and therefore have the ability to respond to DAMPs(146, 147)(133). Stimulation of microglia via 

DAMPs has been observed in response to CNS injury and infection  and microglia have been 

shown to be activated in response to FUS + MB BBB opening in normal brain 

tissue(96)(133).Furthermore, microglia have been reported to also act as antigen-presenting 

cells in the brain parenchyma. For these reasons, future studies should interrogate the 

microglial cell population in response to FUS. 

 

5.4.5 T Cell Responses to FUS + MB BTB/BBB Opening 

The relatively early time points chosen here to evaluate tissue responses to FUS 

treatments are more conducive to detecting changes in the dendritic cell component of the anti-

tumor immune response rather than T cell responses, since de novo T cell responses take 

longer to manifest. Given the limited and transient nature of the proinflammatory response 

generated by FUS, we hypothesize that we would not detect FUS-induced increases in T cell 

activation, however future studies could investigate this further. While we did not assess de 

novo T cell response, we did investigate the ability of FUS + MB BTB/BBB opening to augment 

homing of adoptively transferred activated T cells to intracranial melanoma tumors. We found no 

differences in T cell homing to tumors with FUS + MB BTB/BBB opening, but this result could be 

dictated by the timing of the adoptive transfer relative to the FUS treatment as well as the time 

of the tissue harvest. For instance, accumulation of HER-2 specific NK-92 cells in a model of 
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HER2+ breast cancer brain metastasis was found to depend upon timing of the cell injection, 

with greater accumulation achieved when cells were administered immediately prior to FUS 

BTB/BBB disruption(61). Future studies should also investigate whether homing of activated 

tumor specific T cells can be enhanced by administering cells prior to FUS + MB BTB/BBB 

disruption. 

 

5.5 Conclusion 

 In this chapter, we have used RNA sequencing and flow cytometry to assess acute 

immune responses to FUS + MB BTB/BBB opening in intracranial melanoma tumors. This 

response was characterized by enhanced gene signatures related to proinflammatory cytokines, 

chemokines, pattern recognition receptor signaling and antigen processing and presentation. 

Additionally, the flow cytometry data supports the notion that FUS can increase antigen 

presence or distribution within the tumor and contribute to dendritic cell maturation. Further work 

should aim to interrogate the role of microglia in this response, as well as distinguish which cell 

types exhibit enhanced antigen processing and presentation. Overall, the observed response to 

FUS + MB BTB/BBB opening in intracranial melanoma tumors is mild and transient; however, 

we contend that understanding this response will be useful for the rational design of FUS-

mediated therapeutic delivery approaches.  
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5.6 Materials and Methods 

5.6.1 Animals.  

Wild-type male C57black6 mice were purchased from Charles River or NCI at 8-10 weeks of 

age.  Male CD45.1 mice for adoptive transfer experiments were purchased at 8-10 weeks of 

age from NCI. 

 

5.6.2 Tumor Implantation.  

Mice were anesthetized with a mixture of ketamine (40 mg/kg; Zoetis, Kalamazoo, MI) and 

Dextomitor (0.2 mg/kg, Zoetis, Kalamazoo, MI) in 0.9% sterile saline. Mouse heads were 

depilated and buprenorphine was administered subcutaneously. Mice were then placed on a 

stereotaxic frame to position and secure the heads. The surgical site was prepared with 

alternating scrubs of alcohol and iodine and a midline scalp incision was made. A burr hole was 

drilled 2 mm to the right and 1 mm anterior to the intersection of the bregma and midline of the 

skull, to target the striatum as the injection site. B16F1, B16F1cOVA cells, or B16ZsGreenOVA 

(obtained from the Krummel lab) were loaded into a 10 ul Hamilton syringe mounted on the 

stereotaxic frame. The syringe was then placed in the burr hole and lowered to a depth of 4 mm 

below the skull and withdrawn 1 mm, for a final depth of 3 mm below the skull surface.  A total 

volume of 2 ul of cell suspension (either 1e5, or 4e5 cells total) was injected over the course of 

4 minutes. Almost all experiments utilized a cell implantation of 4e5 tumor cells, however, since 

B16F1 tumors were found to grow faster than B16F1cOVA tumors, 1e5 B16F1 cells were 

implanted for the endothelial cell adhesion molecule experiment.  After one additional minute, 

the needle was slowly removed from the brain. Mice were sutured and moved to a heating pad 

for recovery. Anesthesia was reversed with Antisedan. 
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5.6.3 BTB/BBB Opening with MR Image-Guided FUS and Microbubbles.  

Depending on experimental design and cell number implanted, FUS treatments were applied at 

either day 3 or day 6 tumor cell. Mice were anesthetized with a mixture of Ketamine (40 mg/kg; 

Zoetis, Kalamazoo, MI) and Dextomitor (0.2 mg/kg, Zoetis, Kalamazoo, MI) in 0.9% sterile saline 

and tail veins were cannulated to allow for multiple intravenous injections. The MR-guided FUS 

system (RK-100, FUS Instruments) sat directly on the patient table of a clinical 3T MRI scanner 

(Siemens Avanto). Mice were placed supine on the MR-guided FUS system with the skull 

sonically coupled to a 1.1 MHz spherically focused ultrasound transducer (with a 550 kHz 

hydrophone mounted in the center for passive cavitation detection) immersed in a degassed water 

bath. For the general treatment procedure, MultiHance gadolinium contrast agent (Bracco 

Diagnostics) was administered intravenously and a pre-FUS T1-weighted contrast-enhanced MR 

image of the entire brain was acquired using a custom-built 3-cm loop receive RF coil and three-

dimensional spoiled gradient echo pulse sequence. Pulse-sequence parameters for all T1-

weighted images were as follows: TR/TE =  11/5.33 ms, flip angle = 15°, readout bandwidth = 

250 Hz/Px, FOV = 46×67×45 mm, resolution = 0.35 mm isotropic, total time per image = 3:05. 

Sonication pattern was chosen based on the tumor size at the time of treatment. Either a single 

target spot (day 3 treatment) or a grid of 4 spots (100,000 or 400,000 cells, day 6 treatment) were 

chosen from this pre-sonication MR image to cover the entire tumor and surrounding tissue. To 

open the BTB/BBB, albumin-shelled MBs (1 x 105/gram body weight; manufactured as previously 

described) were intravenously injected and FUS was applied to the targets using specified peak 

negative pressures (0.5 MPa measured in water). FUS was applied in 10 ms pulses with a 2 s 

pulsing interval (i.e. 0.5% duty cycle) for a total of 2 minutes. Animals were then re-injected with 

gadolinium contrast agent and post-sonication T1-weighted contrast-enhanced MR images were 

acquired to confirm BTB/BBB opening. Once the treatment was completed, mice were given 

Antisedan to reverse the anesthesia and allowed to recover on a heating pad. 
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5.6.4 RNA Sequencing. 

For RNA sequencing, 400,000 B16F1cOVA cells were implanted into the brain as previously 

described, 3 days prior to FUS treatment. For FUS treatment, a single sonication spot was 

applied in the presence of circulating microbubbles at the tumor location. Tumor tissue was 

harvested 6 hours and 24 hours following FUS application for treated and sham mice. 

Immediately following euthanasia, sham and FUS-treated tumors were excised, placed in 

RNAlater (Qiagen) and stored at -80 °C. RNA extraction was performed using the RNeasy Mini 

Kit (Qiagen). mRNA was isolated using the NEBNext Poly(A) mRNA Magnetic Isolation 

Module (New England Biolabs, Ipswich, Massachusetts) followed by library preparation using 

the NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (New England Biolabs). 

Sequencing was performed using a NextSeq 500 (Illumina, San Diego, California) at a target 

depth of 25 million 2 x 75 bp paired end reads per sample. Reads were quasi-mapped to the 

mouse genome (mm10 assembly, modified to include the cOVA transgene) and quantified at 

the transcript level using Salmon v0.11.2 followed by summary to the gene level using tximport 

v1.10.1(148, 149). Differential gene expression was performed with DESeq2 v1.22.2(150). 

Gene set enrichment analysis was performed with the MSigDB canonical pathways gene sets 

using FGSEA v1.8.0 run with 100,000 permutations(151, 152).  

 

5.6.5 Flow Cytometry Analysis of Post-FUS Immune Cell Infiltration. 

Tumors, meninges, superficial lymph nodes, deep cervical lymph nodes, spleen, and blood 

were harvested at day 5-8 after tumor injection.  Tumors, lymph nodes, and spleen were 

homogenized and filtered through 70 µm mesh.  Meninges were separated from the skull cap 

and filtered through 70 µm mesh.  Spleens and blood were treated with RBC lysis (Sigma).  

Samples were stained for viability, treated with CD16/32 antibody to block Fc receptors, and 

then stained with dextramer (in T cell panels).  Staining was done in FACS buffer (PBS, BSA, 
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sodium azide) with normal mouse serum.  Next samples were stained with a variety of surface 

markers (see below) and then preserved using FACS lysis (BD).  Samples were acquired on an 

Attune NxT flow cytometer and the data was analyzed using Flowjo and Prism software. 

Staining Panel: Aqua Live/dead, CD16/32, CD45, CD45.1, CD45.2, Thy1.1, , CD8, CD4, OVA 

dextramer, CD44, PD1, Tim3, TIGIT, CD27, CD25, CXCR3, PD1, CD69, CD11b, CD11c, 

MHCII, CD86, MHC SIINFEKL, F4/80, Ly6C, CD103. 

 

5.6.6 Flow Cytometry Analysis of Endothelial Cell Adhesion Molecule Expression. 

Tumors were harvested 24 hours following FUS + MB BTB/BBB opening. The tumors were 

minced and placed in digestion media containing 0.42U/ml Liberase TM (Roche). Samples were 

digested at 37 °C for 15 minutes and triturated every 5 minutes. Samples were homogenized 

(using glass homogenizers) and filtered through 70 µm filters. Subsequently, all samples were 

centrifuged at 1500 rpm for 15 minutes. The pellets were resuspended in CD45+ magnetic 

beads (Miltenyi Biotech) with Fc Block (1:1000) and incubated for 15 minutes at 4 °C. Samples 

were washed with AwesomeMacs Buffer and centrifuged at 1500 rpm for 5 minutes. Samples 

were separated with autoMACS Pro Separator with POSSEL AutoMACS protocol. The CD45 

negative fraction was pelleted and stained with CD31 endothelial cell panel. Cells were Fc 

blocked and stained with fluorescent antibodies for CD31, CD45, E-sel, Icam, Vcam1 and 

Live/dead stain. Cells were fixed in 2% PFA and run on Attune flow cytometer. FlowJo software 

was used for analysis.  

 

5.6.7 Activated T cell Adoptive Transfer  

Activated cells were generated by culturing splenocytes in vitro with CD3/CD28/IL2 or after 

transferring Pmel IV into naïve mice and primed with CD40 (100 ug), polyI:C (75 ug), and gp100 

(200 ug).  CD8 T cells were then magnetically enriched and roughly 1 million cells were 
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transferred via tail vein injection 24 hours following FUS + MB BTB/BBB opening. Tumors and 

meninges were harvested 5 hours after cell transfer. CD45 antibody was given IV 3-5 minutes 

prior to harvest to label circulating cells. 
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5.7 Chapter 5 Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

Figure 5.1. FUS + MB BTB/BBB Opening in 
Intracranial B16F1cOVA Tumors. Representative 
pre- and post-FUS T1-weighted contrast-enhanced 
MR images. The enhancing region in the pre-FUS 
image corresponds to the brain tumor, whereas the 
larger enhancing region in the post-FUS image 
corresponds to the region of FUS + MB BTB/BBB 
opening. 



113 
 

 

 

 

 

 

  

  

Figure 5.2. Differential Gene Expression in FUS-Treated Tumors Compared to 
Sham-Treated Tumors. A: Principal component analysis of gene expression in 
FUS-treated and sham B16F1cova tumor samples 6 hours and 24 hours post 
treatment. B: Volcano plots showing significantly upregulated and downregulated 
genes in FUS-treated tumors compared to sham at 6 and 24 hours post treatment. 
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Figure 5.3. Differential Expression of Selected mRNA Transcripts in FUS-Treated 
Versus Sham Tumors. A,B,C,D,E: Log2 fold change and adjusted P values of FUS-treated 
vs. sham tumors at 6 hours and 24 hours post treatment. Data is displayed for selected mRNA 
transcripts related to (A) Transporters/BBB (B) Proinflammatory cytokines (C) Immune cell 
recruitment/differentiation 
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Figure 5.3 (Cont.) Differential Expression of Selected mRNA Transcripts in FUS-Treated 
Versus Sham Tumors. D,E: Log2 fold change and adjusted P values of FUS-treated vs. sham 
tumors at 6 hours and 24 hours post treatment. Data is displayed for selected mRNA transcripts 
related to (D) MHC class I antigen presentation and processing and (E) Pattern recognition 
receptor signaling.   
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Figure 5.4. Significantly Enriched Pathway in FUS-Treated Tumors by Gene Set 
Enrichment Analysis Normalized enrichment scores for selected pathways 6 and 24 hours 
post-FUS BTB opening. **adj. p<0.001, *adj p<0.05.  
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Figure 5.5. Innate Immune Cell Populations in FUS-Treated and Control Tumors. A,B,C: 
Number of (A) dendritic cells and (B,C) dendritic cell subsets per gram of tumor two and four 
days post treatment assessed by (A) CD11c hi (B) CD11c hi CD11b+ (C) CD11c hi CD103+. 
D,E,F,G: Number of (D) myeloid cells and (E,F,G) myeloid cell subsets per gram of tumor two 
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FUS BTB treated tumors at each time point. 
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Figure 5.6. Innate Immune Cell Populations in the Meninges of FUS-Treated and Control 
Animals.  A,B,C: Number of (A) dendritic cells and (B,C) dendritic cell subsets in the meninges 
two and four days post treatment assessed by (A) CD11c hi (B) CD11c hi CD11b+ (C) CD11c 
hi CD103+. D,E,F,G: Number of (D) myeloid cells and (E,F,G) myeloid cell subsets in the 
meninges two and four days post treatment assessed by (D) CD11b+ (E) CD11b+ F4/80+ (F) 
CD11b+ Ly6C hi (G) CD11b+ Ly6C mid. Significance assessed by unpaired T tests between 
untreated and FUS BTB treated tumors at each time point. 
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Figure 5.7. Innate Immune Cell Populations in the Deep Cervical Lymph Nodes of FUS-
Treated and Control Animals.  A: Number of dendritic cells in the deep cervical lymph nodes 
two and four days post treatment assessed by CD11c hi. B,C,D,E: Number of (B) myeloid cells 
and (C,D,E) myeloid cell subsets in the deep cervical lymph nodes two and four days post 
treatment assessed by (B) CD11b+ (C) CD11b+ F4/80+ (D) CD11b+ Ly6C hi (E) CD11b+ Ly6C 
mid. Significance assessed by unpaired T tests between untreated and FUS BTB treated 
tumors at each time point. 
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Figure 5.8. Innate Immune Cell Populations in the Superficial Cervical Lymph Nodes of 
FUS-Treated and Control Animals.  A,B,C: Number of (A) dendritic cells and (B,C) dendritic 
cell subsets in the Superficial Cervical Lymph Nodes two and four days post treatment 
assessed by (A) CD11c hi (B) CD11c hi CD11b+ (C) CD11c hi CD103+. D,E,F,G: Number of 
(D) myeloid cells and (E,F,G) myeloid cell subsets in the Superficial Cervical Lymph Nodes 
two and four days post treatment assessed by (D) CD11b+ (E) CD11b+ F4/80+ (F) CD11b+ 
Ly6C hi (G) CD11b+ Ly6C mid. Significance assessed by unpaired T tests between untreated 
and FUS BTB treated tumors at each time point. 
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Figure 5.9. Expression of DC activation markers in FUS-Treated and Control Tumors. 
A,C: Percentage of dendritic cells expressing (A) CD86 or (C) MHCII in FUS-treated and 
control tumor 4 days post treatment. B,D: Geometric mean fluorescence of (B) CD86 in CD86 
positive DCs or (D) MHCII in MHCII positive DCs from FUS-treated and control tumors 4 days 
after treatment. Significance assessed by unpaired T tests between untreated and FUS BTB 
treated tumors at each time point. 
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Figure 5.10. Expression of DC activation markers in the Meninges of FUS-Treated and 
Control Animals. A,C: Percentage of dendritic cells expressing (A) CD86 or (C) MHCII in the 
meninges of FUS-treated and control animals 4 days post treatment. B,D: Geometric mean 
fluorescence of (B) CD86 in CD86 positive DCs or (D) MHCII in MHCII positive DCs in the 
meninges of FUS-treated and control animals 4 days after treatment. Significance assessed 
by unpaired T tests between untreated and FUS BTB treated tumors at each time point. 
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Figure 5.11. Expression of Specific Activation Markers on Dendritic Cells in the 
Deep Cervical Lymph Nodes of FUS-Treated and Control Animals. A,C: Percentage 
of dendritic cells expressing (A) CD86 or (C) MHCII in the deep cervical lymph nodes of 
FUS-treated and control animals 2 and 4 days post treatment. B,D: Geometric mean 
fluorescence of (B) CD86 in CD86 positive DCs or (D) MHCII in MHCII positive DCs in 
the deep cervical lymph nodes of FUS-treated and control animals 4 days after treatment. 
Significance assessed by unpaired T tests between untreated and FUS BTB treated 
tumors at each time point. 
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Figure 5.12. Expression of Specific Activation and Antigen Presentation Markers on 
Dendritic Cells in the Superficial Cervical Lymph Nodes of FUS-Treated and Control 
Animals. A,C,E: Percentage of dendritic cells expressing (A) CD86 (C) MHCII or (E) MHC-
SIINFEKL in the superficial cervical lymph nodes of FUS-treated and control animals 2 and 4 
days post treatment. B,D,F: Geometric mean fluorescence of (B) CD86 in CD86 positive DCs 
(D) MHCII in MHCII positive DCs or (F) MHC-SIINFEKL in MHC-SIINFEKL positive DCs in the 
superficial cervical lymph nodes of FUS-treated and control animals 2 and 4 days after 
treatment. Significance assessed by unpaired T tests between untreated and FUS BTB treated 
tumors at each time point. 
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Figure 5.13. Antigen Uptake and Presentation in DCs of FUS-Treated and Control 
Tumors. A,C,E: Percentage of (A,C) ZsGreen positive cells in the (A) dendritic cell and (C) 
CD11b+ dendritic cell populations or (E) MHC-SIINFEKL positive dendritic cells in FUS-treated 
and control tumors 2 or 4 days after treatment. B,D,F: Geometric mean fluorescence of (B,D) 
ZsGreen in the ZsGreen positive (B) dendritic cell and (D) CD11b+ dendritic cell populations 
or (F) MHC-SIINFEKL in the MHC-SIINFEKL positive dendritic cell population of FUS-treated 
and control tumors 2 or 4 days after treatment. Significance assessed by unpaired T tests 
between untreated and FUS BTB treated tumors at each time point. 
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Figure 5.14. Antigen Uptake and Presentation in DCs in Meninges of FUS-Treated and 
Control Animals. A,C: Percentage of (A) ZsGreen positive or (C) MHC-SIINFEKL positive 
dendritic cells in the meninges of FUS-treated and control animals 2 or 4 days after treatment. 
B,D,: Geometric mean fluorescence of (B) ZsGreen in the ZsGreen positive or (D) MHC-
SIINFEKL in the MHC-SIINFEKL positive dendritic cell population in the meninges of FUS-
treated and control animals 2 or 4 days after treatment. Significance assessed by unpaired T 
tests between untreated and FUS BTB treated tumors at each time point. 
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Figure 5.15. Endothelial Cell Adhesion Molecule Expression on the 
Vasculature of FUS-Treated and Untreated Tumors. A,B,C: Percentage of 
endothelial cells expressing (A) E-selectin (B) ICAM-1 or (C) VCAM-1 from 
FUS-treated and control B16ova tumors. D,E,F: Percentage of endothelial cells 
expressing (D) E-selectin (E) ICAM-1 or (F) VCAM-1 from FUS-treated and 
control B16F1 tumors. . Significance assessed by unpaired T tests  
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Figure 5.16. Adoptively Transferred Activated T Cell Populations in the Tumor and 
Meninges of FUS-Treated and Control Animals. A,C,E,G: Ratio of transferred Pmel T cells 
in the (A,E) tumor or (C,G) meninges to the number in the spleen of FUS-treated or control 
animals bearing intracranial (A,C) B16ova or (E,G) B16F1 tumors. B,D,F,H: Ratio of 
transferred non-specific T cells in the (B,F) tumor or (D,H) meninges to the number in the 
spleen of FUS-treated or control animals bearing intracranial (B,D) B16ova or (F,H) B16F1 
tumors.  
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Chapter 6: Future Directions 
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6.1 The Role of BPN Distribution Versus Cell Uptake in Enhanced FUS + BPN-

Mediated Tumor Transfection 

 In Chapter 3 of this dissertation, we develop a method for transfection of both primary 

and secondary brain tumors using focused ultrasound + MB BTB/BBB opening and non-viral 

brain-penetrating nanoparticle gene vectors. Additionally, we identified FUS-induced increases 

in interstitial fluid flow a likely key contributor to FUS-mediated transfection. We showed that 

application of FUS + MB BTB/BBB opening prior to direct injection of BPNs results in a two-fold 

increase in volume of transfection compared to the injection alone. This supports the notion that 

FUS-induced increases in convective transport yields enhanced particle distribution, and 

ultimately a greater number of cells taking up and expressing the reporter gene.  

However, an alternative explanation for this result is that FUS is enhancing the ability of 

cells within the tumor to take up the nanoparticles, which can also produce a larger overall 

number of transfected cells. In order to assess the relative effects of uptake versus distribution 

of BPNs, we could perform a direct injection experiment similar to what was done in chapter 3, 

and we could once again utilize BPNs made with fluorescently labeled DNA. This would allow 

us to assess the effects of FUS + MB BTB/BBB opening on distribution of the DNA-loaded 

nanoparticles rather than transfection. One important consideration for this experiment would be 

the timing of tissue harvest after the injection. If there is enough time for clearance of the 

nanoparticles, it will once again be difficult to distinguish between uptake and distribution, since 

only fluorescently labeled-DNA that has been taken up by cells will remain in the system. This 

experiment could also be performed with agents that are not taken up by cells, and therefore 

expected to remain in the tissue interstitial space. To this end, data from the literature has 

shown that FUS + MB BBB opening prior to injection of gadolinium yields and increased volume 

of contrast enhancement(90). This supports the hypothesis that FUS enhances movement of 

agents in the tissue and can thus enhance BPN distribution, however there is a vast difference 
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in size between these two agents making it difficult to extend this result to our nanoparticle-

based system. Similar experiments could be performed with liposomal or nanoparticle-based 

MR contrast agents that are more comparable in size our BPNs. Furthermore, such agents 

could be used in conjunction with the MRI based transport analysis to assess how FUS + MB 

BTB/BBB opening modulates transport of larger agents within brain tumor tissue.  

 

6.2 Further Evaluation of the Role of Interstitial Fluid Flow on FUS + BPN-

Mediated Tumor Transfection 

The finding in chapter 3 that FUS + MB BTB/BBB opening results in a two-fold increase 

in interstitial fluid velocity opens up many questions regarding the role of interstitial flow in BPN 

delivery and transfection. Here, we found similar increases in interstitial fluid velocity magnitude 

at both tested FUS pressures, 0.45 and 0.55 MPa. This result brings up the question of whether 

this increase in flow velocity magnitude is independent of the applied FUS pressure. Future 

studies should aim to answer this question by similarly measuring pre- and post-FUS flow 

velocity magnitude at various FUS pressures below 0.45 MPa and above 0.55 MPa and 

assessing transfection. It is possible that even at very low pressures below the threshold for 

BBB opening in normal brain tissue, application of FUS in the presence of circulating 

microbubbles may still enhance transfection over the EPR effect by altering interstitial transport 

properties of BPNs that accumulate in the tissue. It is also possible that at higher pressures 

increased magnitude of bubble oscillation can differentially drive fluid into the tissue and change 

flow velocity. In these studies, passive cavitation detection can be used to determine whether 

bubble cavitation corresponds to changes in interstitial transport. Determining the pressure 

dependence of  these changes in interstitial transport may be crucial in optimizing delivery 

parameters. 
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Here, we have shown that 6 hours after delivery of cy5 fluorescently labelled DNA-BPNs 

with FUS + MB, we achieve increased ex vivo fluorescence signal due to enhanced 

nanoparticle delivery. While we do provide immunofluorescence images of tumor tissue sections 

showing regions of intense cy5 signal outside of blood vessels, future studies could focus on 

quantifying effects of FUS on penetration of BPNs away from vessels. This can be done by 

similarly using cy5 labeled DNA-BPNs and studying acute time points following delivery. 

Intravenous injection fluorescent lectin prior to euthanasia of the animals would allow for 

labelling of functionally perfused vessel, and evaluation of cy5-BPN distance from vessels via 

IF. Furthermore, we could see whether distribution of the fluorescence signal throughout tissue 

sections correlates spatially to flow velocity magnitude maps obtained from the transport 

analysis.  

 

6.3 Therapeutic Strategies for FUS + BPN Brain Tumor Transfection 

 In chapter 3 of this dissertation, we prove that FUS + MB BTB/BBB facilitates BPN-

mediated transfection of intracranial tumors, as well as provide evidence that supports a 

possible mechanism beyond vascular permeabilization. Future studies should focus on 

determining the cell types that are transfected, as well as estimating the percentage of cells 

within the tumor that are transfected. These will be important factors in determining the most 

promising therapeutic strategies for this technique. Going forward, one important thing to 

consider is that since the plasmid DNA will not be stably transfected into the cells, therapeutic 

genes specifically aimed at the tumor cell population will likely require repeated treatments. 

Furthermore, expanding this approach to into highly invasive tumor models or resection models 

will be important, as these more accurately reflect the application of this technology in a clinical 

setting. 
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 It is possible that the best application of this strategy will be for a combination approach, 

utilizing both immunotherapeutic gene therapy and direct tumor cell killing to generate an 

antitumor response. Such an approach has been previously describe and developed using 

adenoviral vectors for expression of both fms-like tyrosine kinase 3 ligand (Flt3L) and Herpes 

Simplex Virus Type 1-Thymidine Kinase (TK) with ganciclovir (GCV) prodrug 

administration(153). Flt3L is a cytokine that differentiates dendritic cell precursors and also acts 

as a cytokine for DC recruitment. Interestingly, Flt3L has been shown to preferentially act on the 

CD103+ conventional DC compartment, which as previously described have been implicated in 

cross-presentation of tumor antigens and stimulation of antitumor immunity(130). Expression of 

Flt3l aims to increase the abundance of intratumoral DCs, while TK suicide gene therapy with 

GCV administration induces release of tumor antigens by direct tumor cell killing. This approach 

has been shown to induce antitumor immune responses to intracranial tumors and provide long-

term survival in intracranial tumor bearing mice and rats(154). Additionally, induction of 

immunological memory has been demonstrated in these animals by elimination of untreated 

tumor foci and protection against brain tumor rechallenge(155, 156). This approach is being 

tested in a phase I clinical trial (NCT01811992) for GB patients, in which adenoviral vectors are 

administered into the tumor resection cavity. Focused ultrasound provides the opportunity to 

achieve a similar treatment strategy in a completely noninvasive manner in preclinical brain 

tumor models. The approach developed in this thesis could be used to deliver the Flt3L gene to 

intracranial tumors and surrounding normal brain tissue to stimulate infiltration and 

differentiation of DCs. Subsequently, a second FUS treatment for thermal or mechanical 

ablation within the tumor bulk could be utilized to kill tumor cells and generate tumor antigens 

for immune priming. Several aspects of this approach would need to be optimized, however the 

versatility of FUS as a treatment modality provides opportunities to investigate a wide variety of 

combined immunotherapeutic and direct cell killing strategies. 
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6.4 Assessment of FUS Preconditioning Mechanism and Development of 

Successful Application in Tumors 

 In Chapter 4 of this dissertation, we tested whether FUS preconditioning prior to FUS + 

MB BTB/BBB disruption for BPN delivery can enhance intracranial tumor transfection. Though 

we did not achieve enhanced tumor transfection with either of the tested preconditioning 

parameters, we have previously shown that a similar approach was effective in the rat striatum, 

increasing transfection up to 5-fold(95). To begin to understand why this treatment was 

unsuccessful in tumors, a more extensive characterization of the mechanism of FUS 

preconditioning in normal brain tissue will be necessary. Future work should aim to fully 

characterize the tissue bioeffects and subsequent alteration of the tissue structure that results in 

efficacy of this approach in normal brain tissue. These studies should use techniques such as 

acoustic radiation force imaging (ARFI) to measure the tissue displacement achieved during the 

preconditioning procedure. While we have previously implicated activation of mechanosensitive 

TRPA ion channels in enhanced BPN spreading, the molecular responses occurring in the 

tissue should be further characterized. Moreover, tissue sections should be analyzed to assess 

structural changes in the tissue such as ECM content and distribution.  

Once the tissue bioeffects of successful FUS preconditioning protocols in normal tissues 

is established, we can design FUS parameters to achieve similar tissue heating and mechanical 

perturbation in tumor tissue and assess the response. It is possible that even if we achieve the 

same thermal and mechanical perturbation in tumor tissue, tumor responses will vary compared 

to normal tissue. Factors such as ECM abundance and structure, as well as expression level or 

even localization of certain mechanosensitive ion channels may be altered in tumor tissue and 

can contribute to differential or defective responses. A better mechanistic understanding of 

preconditioning in normal tissue will allow us to dissect these differences and devise 

approaches to support this response in tumor tissue. Ultimately, FUS preconditioning is still a 
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desirable method to enhance transfection of brain tumor tissue, however, further work is needed 

to devise an effective protocol.  

 

6.5 Characterization of Response to FUS + MB BTB/BBB Opening in Intracranial 

Melanoma 

 In chapter 5 we describe a mild, transient pro-inflammatory response to FUS + MB 

BTB/BBB in intracranial melanoma tumors. In these studies, gene set enrichment analysis 

revealed increases in signaling pathways related to type I and type 2 interferons, IL1a, IL1b, as 

well as several additional pro-inflammatory interleukins. The mRNA for these particular 

molecules, however, were not significantly increased at either of the tested time points. This 

could suggest that our timing is inappropriate to detect changes in these transcripts. Future 

studies should include additional time points to obtain better temporal resolution of the 

proinflammatory response. Additionally, assays for measuring protein levels in the CSF and/or 

interstitial fluid, such as Luminex, can be used to gain a better understanding of the nature of 

DAMPs released upon FUS + MB BTB/BBB opening 

 

6.5 Investigation of the Microglial Response to FUS + MB BTB/BBB Opening 

In Chapter 5 of this dissertation we characterized response of intracranial melanoma 

tumors to FUS + MB BTB/BBB opening. While we mainly focused on dendritic cells, due to their 

importance in bridging innate and adaptive immunity and generating antitumor responses, other 

cell types in the brain may also be important in responding to FUS in brain tumors. Both 

microglia and perivascular macrophages express pattern recognition receptors, and therefore 

have the ability to respond to DAMPs generated upon tissue damage(146, 147)(133). 

Stimulation of microglia via DAMPs has been observed in response to CNS injury and 

infection(133) , and these cells have been shown to be activated in response to FUS + MB BBB 
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opening in normal brain tissue(96). Future studies should examine the role of microglia in the 

response of intracranial melanoma tumor tissue to FUS + MB BTB/BBB opening. To do this we 

could use similar flow cytometry based methods to probe various aspects of this cells 

population. Additionally, inhibitors such as PLX3397, a CSF1R inhibitor, can be used to deplete 

the microglial population in mice(157). Such inhibitors can be used as tools to probe whether 

the response to FUS is altered in the absence of microglia.  

 

6.6 Evaluation of Tumor Cell Expression of Classical MHC Class I Molecules and 

Antigen Processing and Presentation after FUS + MB BTB/BBB Opening 

We observed increased expression of classical MHC class I molecules and transcripts 

involved in MHC class I peptide processing and presentation in FUS-treated tumors via bulk 

RNA sequencing. These gene signatures in antigen-presenting cells could support cross-

presentation of tumor antigens, but we saw little evidence of increased presentation of the 

SIINFEKL peptide on dendritic cells. Future studies should interrogate whether this response is 

primarily occurring in tumor cells, as this could also be beneficial to anti-tumor immunity by 

making the tumor cells more visible to tumor specific effector T cells. It is known that 

downregulation of MHC I expression is one mechanism used by tumor cells to evade detection 

by the immune system(141–144).  

 

6.7 Response of T Cell Population to FUS + MB BTB/BBB Opening  

In Chapter 5, we did not assess T cell response due to the relatively early timepoints 

chosen to analyze the tissue response to FUS. Due to the limited and transient nature of the 

proinflammatory response generated by FUS, we hypothesize that we would not detect FUS-

induced increases in T cell activation, but future studies could investigate this further. 

Particularly, the prevalence of CD11b+ versus CD103+ DC subsets in analyzed tissues, though 
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not unexpected, may support preferential activation of CD4+ T cells as opposed to CD8+ T cells 

in this setting, something that could be studied going forward(130).  

While we did not assess de novo T cell response, we did investigate the ability of FUS + 

MB BTB/BBB opening to augment homing of adoptively transferred activated T cells to 

intracranial melanoma tumors. We found no differences in T cell homing to tumors with FUS + 

MB BTB/BBB opening, however this result may be dictated by the timing of the adoptive transfer 

relative to the FUS treatment as well as the time of the tissue harvest. For instance, 

accumulation of HER-2 specific NK-92 cells in a model of HER2+ breast cancer brain 

metastasis was found to depend upon timing of the cell injection, with greater accumulation 

achieved when cells were administered immediately prior to FUS + MB BTB/BBB disruption(61). 

Future studies should also investigate whether homing of activated tumor specific T cells can be 

enhanced by varying the timepoint of adoptive cell transfer with respect to FUS + MB BTB/BBB 

disruption. 

 

6.8 Summary 

 Together, this body of work begins to build a platform for use of FUS + MB BTB/BBB 

opening to be utilized in combination with innovative gene- and immune-based therapeutic 

strategies for the treatment of brain tumors. 
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