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CHAPTER 1: PREFACE 

1.1 ABSTRACT 

 For many solid cancers, metastatic spread is the primary source of patient suffering and 

death. Even after isolating this root cause and developing new therapies, solid tumor diagnosis is 

followed by a ~50% 10-year survival rate, which varies by indication. One promising class of anti-

cancer drugs that has recently received attention—immunotherapy—may extend survival but fails 

to significantly improve the cure rate of solid tumors writ large. In tumor types which are more 

refractory to these treatments, properties inherent to tumors often prevent a sufficiently powerful 

anti-tumor immune response. And in tumor types which typically respond well, some patients still 

respond poorly to immunotherapy. Given the simultaneous promise and patient response 

heterogeneity of immunotherapy, novel approaches to improve immunotherapy’s efficacy are 

necessary.  

 One intervention that enhances the effects of immunotherapy is focused ultrasound (FUS). 

FUS, which refers to concentrated sound energy deposition into tumor tissue in a non-invasive, 

non-ionizing manner, induces bioeffects ranging from blood vessel disruption to thermal ablation 

to mechanical fractionation of tissue. We argue that two FUS modalities could render 

immunotherapies more effective. First, the efficacy of immunotherapy if a larger quantity of a given 

drug can enter the tumor. Lower-intensity mechanical FUS (mFUS) induces the oscillation of 

systemically administered, gas-filled microbubbles (MBs). When targeted to the site of the tumor, 

these MBs temporarily disrupt tumor blood vessels and permit greater drug delivery. mFUS has 

been shown to augment drug delivery, especially in the brain. Second, the efficacy of 

immunotherapy may improve when an immune stimulus is introduced. Thermal FUS (tFUS) 

leverages short pulses of high-intensity ultrasonic energy to heat tumor tissue above 70°C, 

causing tissue damage and releasing tumor antigen and damage-associated molecular patterns 



(DAMPs) allowing the host immune system more tools to “see” the tumor. Although tFUS as a 

monotherapy has not been consistently shown to provide sustained solid tumor control, studies 

combining tFUS with immunotherapy demonstrate encouraging results. We expect both mFUS 

and tFUS to separately enhance immunotherapy’s efficacy.  

 In many contexts, mFUS can effectively augment drug delivery to tumors. However, we 

anticipate that its capacity to drive drug delivery can be further improved by pharmaceutically 

modulating tumor blood vessel function prior to mFUS treatment—solid tumors vasculature is 

systematically dysfunctional compared to that of healthy tissue and likely impede maximal mFUS 

efficacy. As cancer cells proliferate, the resulting neoplasm requires oxygen and nutrients. Pro-

angiogenic cell-cell signaling then accelerates, causing the rapid formation vessels whose 

aberrant construction prevents them from functioning adequately. Chronically poor tumor vessel 

function is expected to constitute a major impediment to successful cancer treatment, likely 

contributing to patient unresponsiveness to drugs like immunotherapeutics. Anti-angiogenic drugs 

have previously been found to improve tumor vessel function in a concept known as “vascular 

normalization”, most notably by blocking vascular endothelial growth factor receptor 2 (VEGFR2). 

Since vascular normalizing drugs have been shown to improve both drug delivery and immune-

related metrics within tumors, we expect this class of drugs to enhance the effects of both mFUS 

and tFUS.  

 In Aim 1 of this dissertation, we combine mFUS and a VEGFR2-blocking antibody, DC101, 

to study how modulating tumor vasculature can improve FUS-mediated drug delivery. First, we 

test if DC101 induces vascular changes in a 4T1 murine triple-negative breast cancer model—we 

find that DC101 reduces blood vessel coverage and increases blood vessel function as assessed 

by histology and live perfusion imaging, respectively. We then leverage magnetic resonance 

imaging (MRI) to quantify intratumoral delivery of two MRI-visible model drugs following DC101 

treatment, with and without mFUS. The delivery of Gadovist, about the size of a 



chemotherapeutic, is enhanced by both DC101 and mFUS individually. DC101 and mFUS 

additively augment Gadovist delivery, and additionally, improve the distribution of Gadovist 

throughout the tumor. The delivery of Gadospin-D, about the size of an antibody fragment, is 

synergistically improved with DC101 and mFUS. Finally, we refine mFUS parameters to maximize 

Gadospin-D delivery, demonstrating that treatment point density and FUS peak-negative 

pressure must be judiciously balanced to realize DC101-mediated benefits to mFUS drug 

delivery. We ultimately find that the capacity of mFUS to drive model drug delivery and 

homogenize model drug delivery distribution is significantly enhanced by vascular normalization, 

with model drug size and mFUS parameters being important variables.  

 In Aim 2 of this dissertation, we examine how VEGFR2 blockade, anti-PD1 

immunotherapy, and tFUS synergize to control primary tumor growth and induce prolonged anti-

tumor immunity. First, we confirm that DC101 generates a more immunologically favorable 

environment in two murine triple-negative breast cancer (TNBC) models, EMT6 and 4T1. We then 

find that, as others have shown, that tFUS, DC101, and anti-PD1 alone do little to abrogate tumor 

growth and eradication. However, combining DC101 with tFUS, anti-PD1 with tFUS, and all three 

therapies in both the EMT6 TNBC model and YUMMER1.7 melanoma model greatly improves 

primary tumor growth, tumor eradication, and animal survival. Not only does the triple combination 

group eradicate 80% of tumors, but all three combinations listed above yield contralateral 

rechallenge rejection, which we find to be dependent on T cells. These studies highlight not only 

immunomodulatory drugs DC101 and anti-PD1 can boost tFUS’ capacity to drive long-term, anti-

tumor immune responses, but that DC101 may be a more effective drug to combine with tFUS 

than anti-PD1, which is a commonly used immunotherapy in the clinic.  

1.2 PREVIEW OF DISSERTATION  

 In Chapter 2, we present background information for mFUS, tFUS, and VEGFR2 

blockade. In Chapter 3, we showcase the first combination of VEGFR2 blockade and mFUS to 



augment model drug delivery, wherein we employ a novel MRI platform to spatiotemporally 

quantify delivery dynamics and refine mFUS parameters to maximize delivery of larger model 

drugs. In Chapter 4, we employ a novel combination of tFUS with VEGFR2 blockade and anti-

PD1 immunotherapy to induce primary tumor control, eradication, and long-term immunity. 

Finally, we consider future applications of the work highlighted in this dissertation in Chapter 5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 2: INTRODUCTION 

Solid, malignant tumors and their metastases result in human suffering and are a primary 

cause of death worldwide. Although scientists and clinicians have added small molecule 

inhibitors, immunotherapy, and even more novel therapeutics to their arsenal of surgery and 

chemotherapy, many patients remain refractory to the standard of care. One reason for which 

tumors are difficult to treat is their vasculature, or blood vessel network. Tumor blood vessels 

grow quickly in response to quickly proliferating tumor cells in need of oxygen and nutrients—as 

a result, these vessels are large, malformed, tortuous, and leaky compared to those in healthy 

tissue. These undesirable vessel properties are a major driver of solid tumor treatment 

challenges, as demonstrated throughout Chapter 2 and the remainder of this dissertation.   

2.1 SOLID TUMORS  

2.1.1 THE STATE OF SOLID TUMOR THERAPY  

Cancer-related deaths adjusted to population continue to decline in the United States—

the number of deaths per 100,000 individuals sank from 173.5 to 146.2 between 2009 and 2019 

[1]. A 15% decline in deaths due to cancer in just 10 years is a testament to increased testing and 

awareness as well as the pursuit of novel methods to address cancer’s lethality. However, not all 

cancer is created equal—of the 12 most commonly diagnosed cancers and the 8 most deadly 

cancers in the United States in 2024, about 90% of the cases diagnosed and 90% of the reported 

deaths were due to solid tumors and their metastases [2]. Solid tumors are not only more common 

but present unique treatment challenges compared to hematological malignancies, which arise 

from in the blood or bone marrow. With a dense stroma [3], immunosuppressive 

microenvironment [4], and dysfunctional vasculature [5], solid tumors present efficacy roadblocks 

that prevent novel drugs and therapies from even accessing the tumor itself, which significantly 

hampers their effect.   



Nonetheless, as cancer treatment innovation has moved beyond chemotherapy and 

surgical resection, scientists have begun to design therapies that function as more of a molecular 

scalpel as opposed to a sledgehammer. Many cancer cells can be targeted with therapeutics that 

bind to receptors or ligands on or within cells of interest, decreasing the toxicity of these more 

tailored treatment options. The advent of immunotherapy has brought drugs to the clinic that spark 

immune reactions against cancer itself, which can generate long-term immunity within patients 

against their cancer and prevent relapse. And gene therapy has sought to treat solid tumors by 

genetically repairing cellular functions that have gone awry and introducing new proteins in cancer 

cells to make them more visible to the immune system, among other genetic manipulations. And 

yet, the current armamentarium of clinical approaches devised in biomedical laboratories is 

insufficient to treat so many patients as evidenced by relatively low complete response rates and 

short survival timelines for patients with several solid cancer subtypes.  

2.1.2 CLINICAL NEED FOR IMPROVED SOLID TUMOR THERAPIES  

 Although clinical need depends on solid tumor etiology, several tumor characteristics 

prevent curative treatment. One such challenge is therapeutic targeting—many tumors do not 

express proteins or ligands that are easily targeted with clinically available drugs. Triple-negative 

breast cancer (TNBC) falls under this umbrella, where the patient standard of care typically 

involves a combination of radiotherapy, chemotherapy, and immunotherapy [6]. All of these 

interventions often harm a patient’s healthy tissue, eliciting undesirable side effects [7]. Moreover, 

they also require the administration of a much higher drug dose into the patient than a targeted 

approach may necessitate [8]. This higher drug dose can incur both severe systemic side effects 

and financial cost upon the patient.  

 Another challenge related to molecular targeting is the entry of therapeutics into the tumor 

itself. Many treatment regimens cannot spatially target the tumor itself—injections of 

pharmaceutics into the tumor is invasive and varies in effectiveness—further contributing to on-



target, off-tumor toxicity in other tissues. More importantly, many novel therapeutics are larger in 

size compared to chemotherapeutics and small-molecule inhibitors (e.g. tyrosine kinase 

inhibitors). These larger molecules’ size prevents them from adequately penetrating into tumor 

tissue to reach target cells. In addition to tumors’ dense extracellular matrix, which hinders 

molecular motion within a tumor’s parenchyma [9], many tumors exhibit high fluid pressure within 

the interstitial space around blood vessels. This elevated extravascular pressure prevents the 

convective transport of molecules into the surrounding tumor tissue [10], especially for larger 

molecules like immunotherapies and less so for smaller molecules like chemotherapies. For these 

reasons, designing interventions that improve therapeutic penetration and accumulation in tumors 

is essential to maximize therapeutic effect, especially when many novel therapeutics are 

substantially larger than clinical standard of care drugs.  

 Finally, patient responsiveness to immunotherapy remains a challenge. This novel class 

of cancer drugs stimulates the immune system to more effectively abolish cancer cells and, as a 

monotherapy, improves patient outcomes in certain patient subsets [11]. However, many solid 

tumors are immunologically “cold”, or devoid of T cells with significant immunosuppressive 

immune populations [12] and often low mutational burdens [13]. A lack of T cells for 

immunotherapy to act on, and neoantigens for immune cells to recognize, leaves many patients 

with “cold” tumors unresponsive to immunotherapy—this leaves an enormous efficiency gap in a 

theoretically promising class of cancer therapies. Combining immunotherapies with one another 

or with chemotherapy has been shown to increase their efficacy [14], [15], but this often results in 

severe immunological side effects [15]. Given the potential for immunotherapy to improve long-

term patient outcomes, it is essential to maximize the efficacy of immunotherapies currently 

employed in the clinic.   

 



2.2 FOCUSED ULTRASOUND (FUS)  

 Focused ultrasound (FUS) is a clinical solution to challenges in spatial treatment 

targeting and immunostimulation. Unlike diagnostic ultrasound, which sends sound waves into 

the body with a flat transducer to capture in vivo images of a patient in real time, FUS employs a 

curved transducer to focus ultrasonic energy into millimeter-scale volumes. When these focused 

sound waves are applied to a patient, FUS parameters and intensity largely dictate the resulting 

bioeffects—these can range from vascular disruption, which is commonly used for drug delivery 

applications, to thermal ablation, which is used for tissue debulking and immunotherapy, and 

mechanical ablation, a newer FUS modality also used for tissue debulking and immunotherapy 

that does not heat the targeted tissue. The first two of these effects—those related to vascular 

disruption and those related to thermal ablation—are leveraged in this dissertation to potentiate 

the utility of immunotherapy in solid tumors.  

2.2.1 MECHANICAL FUS FOR DRUG DELIVERY (MFUS) 

 Mechanical FUS (mFUS) is most commonly used for blood brain barrier (BBB) 

disruption, which aims to augment drug delivery to the brain. This is necessary due to the BBB’s 

protection of the brain against most foreign agents, barring small lipophilic particles [16]—this 

inherently prevents many therapeutic agents from penetrating into the brain parenchyma. When 

FUS is applied to the brain and small gas-filled microbubbles (MBs) are injected into systemic 

circulation, the MBs volumetrically oscillate and interact with vessel walls in the sonicated 

region, causing disruptions in intercellular junctions and temporarily permeabilizing the 

sonicated vasculature [17]. When drugs are intravenously injected alongside these MBs, FUS-

mediated vascular permeabilization permits larger molecules to extravasate into the surrounding 

brain tissue, improving local drug delivery [18][19][17]. These applications of FUS extend to the 

clinic, where FUS has proven effective at increasing small-molecule drug delivery in the brain 

[20][21], including in brain tumors [22][23].  



Separate from the context of the BBB, many characteristics of tumor vasculature are not 

amenable to drug accumulation in extracranial tumors. Tumor blood vessels are 

characteristically leaky [24], which permits fluid and serum proteins from blood to seep into the 

space surrounding the vessels [25]. As fluid accumulates in the extravascular space, interstitial 

pressure rises [26]. This does not hamper the accumulation of small molecules as much as 

larger molecules, as smaller molecules depend more heavily on diffusion than convection due to 

their size [27]. Therefore, vascular leakiness and the high interstitial pressure that ensues in 

tumors prevents the extravasation of larger drugs—such as antibody biologics, a major class of 

immunotherapies—into the tumor parenchyma. FUS has been shown to augment the targeted 

delivery of larger molecules to solid tumors, which can partially overcome the physical barrier 

that tumor blood vessels present.  

Several groups have investigated the application of FUS and MBs in solid tumors 

outside from the brain, including those studying the delivery of fluorescent dyes [28], 

doxorubicin, a common chemotherapy [29], and fluorescently labeled nanoparticles [30]. While 

these studies shed light on the ways that ultrasound can be used to drive drug delivery in solid 

tumors, a gap of understanding remains in how FUS-mediated delivery can be spatially and 

temporally quantified across a range of drug sizes and FUS parameters. Given the promise of 

mFUS that these studies present, it is essential to better understand how mFUS treatment can 

be refined to maximize drug delivery. This is particularly true for larger molecules given the 

substantial delivery challenges they face and the newer class of promising therapeutics they 

represent.  

2.2.2 THERMAL FUS FOR THERMAL ABLATION (TFUS) 

 Another common application of FUS is for thermal ablation of tissue. Several energy 

deposition modalities, including laser interstitial thermal therapy (LITT), microwave, 

radiofrequency, cryoablation, electroporation, and thermal ablation with focused ultrasound 



(tFUS) [31], are commonly deployed to debulk solid tumors in the clinic. While these non- or 

minimally-invasive ablative techniques are typically leveraged to elicit local cancer cell death, 

modulation of tumor immune landscape is also known to occur in many instances [32], [33], 

[34], [35], [36], [37], [38], [39], [40], [41], [42], [43], [44], [45]. For example, while tFUS is typically 

used to elicit coagulative necrosis [46], debulk neoplasms [47], and temporarily control primary 

tumor growth [48], [49], [50], it also induces damage-associated molecular pattern expression 

[51], [52], liberates tumor antigen [53], and drives several other responses that may be 

associated with anti-tumor immunity [4], [5], [6]. Since cancer metastasis primarily drives patient 

mortality in many cancer subtypes (e.g. breast cancer and melanoma), it is important to 

consider how these immunological responses to tFUS can be leveraged to drive systemic anti-

tumor immunity against distal metastases. Yet, despite tFUS’ ability to modulate tumor immune 

landscape [28], [30], [32], [33], [34], [35], there is little evidence that tFUS as a monotherapy can 

robustly and reproducibly control metastatic disease. 

 For this reason, many researchers have begun to incorporate other therapies into tFUS 

regimens. tFUS has primarily been combined with drugs which may stimulate anti-tumor 

immunity, and in some studies this combination can drive immune-mediated tumor control [54], 

[55], [56], [57]. Given the limitations for tFUS application as a monotherapy, it is imperative to 

investigate combinations of tFUS with other immunostimulatory drugs, particularly drugs that are 

already on the market or in clinical trials.   

2.3 TUMOR VASCULATURE AND VASCULAR NORMALIZATION  

2.3.1 CHARACTERISTICS OF TUMOR BLOOD VESSELS 

 Many characteristics of solid tumor vasculature present significant obstacles to the 

effective treatment of cancer. First, tumor vessels are inherently leaky [58]—this leakiness 

originates from rapid pro-angiogenic signaling that occurs as tumors grow and require more 



angiogenesis to supply new tissue with nutrients [59]. As these vessels grow much more rapidly 

than those in healthy tissue, endothelial proliferation becomes de-coordinated with the 

recruitment of supporting cells like pericytes that maintain vessel stability [60]. Leakiness of fluid 

and serum proteins into the surrounding tumor tissue is a result of the rapid endothelial 

expansion observed in solid tumors. At first glance, this may seem to enhance drug 

accumulation in tumors. However, excessive fluid within tumors augments the fluid pressure 

outside of vessels, preventing convective transport of molecules within the bloodstream [61]. 

Though this may not impact small-molecule drugs like chemotherapies due to their small size, it 

more likely impacts large drugs, such as many immunotherapies and advanced drug and gene 

delivery constructs, whose transport depends more on convection [62]. Due to the increased 

development and theoretical promise of these large, biologics, it is imperative to design delivery 

systems that can overcome the effects of vascular leakiness in solid tumors.  

 Second, tumor blood vessels are tortuous and poorly organized. Unlike in healthy tissue, 

where capillaries are regularly spaced to ensure that tissue oxygenation and nutrient transport is 

homogenous throughout a given tissue, rapid cancer and endothelial cell proliferation yields 

heterogeneous vascularization throughout the tumor [63]. Under-vascularized pockets of the 

tumor often lack adequate blood flow and are challenging for systemically injected 

pharmaceutical agents to access, rendering these regions nearly impossible to effectively treat 

[64], [65]. This fundamental quality of tumor vascular networks necessitates the development of 

interventions capable of overcoming inherently non-homogenous drug delivery within tumors.   

Finally, tumor blood vessels foster immunosuppression, which stems from two main 

sources: hypoxia and dysregulated cell adhesion molecule expression. The aforementioned 

heterogeneous vasculature within tumors not only affects drug delivery, but also often results in 

hypoxia due to insufficient oxygen exchange. Many cancer cells can survive in hypoxic 

conditions, unlike cells from health tissues, including the immune cells essential for mounting 



anti-tumor immune responses [66]. Intratumoral hypoxia impairs both T cell effector function and 

proliferation [67], [68], [69] and dendritic cell function [70], which are two key immune cell 

subsets responsible for cancer cell recognition and killing. Myeloid-derived suppressor cells 

(MDSCs), however, survive comparatively well in hypoxic conditions, where they continue to 

carry out immunosuppression [71], [72]. In addition to essential cells experiencing limited 

function in hypoxic environments, tumor blood vessels fail to upregulate cell adhesion molecules 

(CAMs), a phenomenon known as endothelial anergy. CAMs like vascular cell adhesion 

molecule 1 (VCAM-1) [73], intercellular adhesion molecule 1 (ICAM-1) [73], E-selectin [74], and 

P-selectin [74], [75] are essential for T cell rolling, adhesion, and extravasation from blood 

vessels into the surrounding tissue, and their chronically low expression in tumors renders 

vessels chronically unresponsive to the numerous inflammatory signals present within tumors 

[76], [77], [78]. This makes T cell extravasation into tumors less likely, hindering effector T cell 

function—in other words, low CAM expression prevents the patient’s immune system from 

recognizing and fighting against a growing tumor. Ultimately, tumor blood vessels not only 

impede drug delivery, but also stymie anti-tumor immune responses.  

2.3.2 ANTI-ANGIOGENIC DRUGS AND VASCULAR NORMALIZATION 

 Preclinical studies in the early 2000s began to demonstrate that many unfavorable tumor 

vessel characteristics could be reversed, at least temporarily, by administering low doses of 

anti-angiogenic drugs [79], [80], [81], [82]. Unlike high doses of anti-angiogenic drugs, which 

mostly ineffective at preventing cancer progression and improving patient survival in clinical 

trials [83], [84], [85], lower doses of these same drugs have been shown to modulate tumor 

vessel form and function in a phenomenon known as “vascular normalization”.  

 Vascular normalization has been found to reduce tumor vessel diameter, make tumor 

vessels leaky, render them more phenotypically mature [86], diminish intratumoral interstitial 

fluid pressure [87], homogenize blood flow [88], augment perfusion throughout the tumor [89], 



lower intratumoral hypoxia [90], [91], increase adhesion molecule expression on vessel lumens 

[92], [93], and enhance T cell extravasation into tumors [94], [95]. Although this intervention 

alone does not substantially impact tumor growth, vessel normalization has been found to 

improve both drug delivery and immunological deficiencies which typically hinder therapeutic 

efficacy in tumors. Vascular normalization has been shown to improve delivery of nanoparticles 

to tumors [96], especially smaller nanoparticles. This size dependency illustrates how making 

tumor blood vessels more functional may make smaller molecules accumulate more readily in 

tumors, as they depend more on diffusion, but leaves room to explore how modulating tumor 

vessel properties may enhance delivery of immunotherapy and larger nanoparticles. The 

combination of vascular normalization with immunotherapy (ITX) such as anti-cancer vaccines 

[97], [98], [99], adoptive immune cell transfer [100], [101], [102], and immune checkpoint 

inhibitors (ICIs) [103], [104], [105], [106], [107], [108], [109], [110], [111] has increased ITX 

effectiveness in controlling tumor growth and eliciting systemic anti-tumor responses. This is 

thought to be due to subsequent upregulation of cell adhesion molecules on tumor blood 

vessels, which facilitate immune cell extravasation into tumors, and increased oxygenation 

within tumors, which can improve T cell function. Given the propensity of vascular normalization 

to change drug delivery and immunological dynamics within tumors, we see ample opportunity 

to combine anti-angiogenic drugs with mFUS and tFUS. We expect that the increased 

functionality of tumor blood vessels following anti-angiogenic therapy will augment the efficacy 

of therapeutic focused ultrasound in the context of solid tumors, both to augment drug delivery 

and to drive anti-tumor immune responses.  

2.3.3 VASCULAR NORMALIZATION IN GENETICALLY ENGINEERED MOUSE MODELS OF 

CANCER 

 To date, most preclinical studies examining vascular normalization have centered 

around implantable tumor models, where a bolus of cells is injected into a mouse to induce 



murine cancer. Vascular access is required to sustain the growing tissue, which results in 

upregulated pro-angiogenic signaling that vascular normalization hinges upon. However, human 

cases of cancer rarely grow this rapidly with sustained angiogenesis—in lieu of using 

transplantable cancer models, a more faithful rendition of human cancer can be recapitulated 

using inducible genetically engineered mouse models (GEMMs) of cancer. Depending on the 

method used to genetically manipulate the mice, these models of cancer can either occur 

spontaneously or can be induced by tamoxifen injection, both of which yield a slower-growing 

cancer on a genetically modified background [112]. In addition to extensively characterization of 

vascular normalization in transplantable tumor models, it has importantly been studied in 

GEMMs as well.   

 Low-dose anti-angiogenic drug administration in GEMMs largely recapitulates the body 

of evidence supporting vascular normalization as observed in transplantable models. Some 

studies demonstrate that vascular density and blood flow are affected by anti-angiogenic drugs 

like anti-VEGF [113] and sunitinib, a tyrosine kinase inhibitor whose targets include VEGFR2 

[114], [115]. However, most anti-angiogenic research leverages vascular normalization to 

improve other therapies. Several studies use anti-angiogenic drugs in GEM models of colorectal 

cancer [116], breast cancer [117], non-small cell lung cancer [115], [118], small cell lung cancer 

[114], and pancreatic cancer [114] to augment the tumor control and survival benefits conferred 

by immune checkpoint blockade and chemotherapy. Some studies go further in linking this 

therapeutic benefit to an increase in CD8 T cell activity [116], [117]. And others improve drug 

delivery to tumors with hyaluronic acid depletion [119], a stromal normalization strategy that will 

be discussed in the Future Directions section.  

 In summary, few studies directly examine the effects of anti-angiogenic drugs on GEMM 

tumor vasculature, likely due to the high cost of genetically engineered mice—the studies that 

have probed the effects of VEGF blockade on GEMM tumor vasculature align with the results 



found in implantable tumors. Most importantly, anti-angiogenic drugs are capable of boosting 

the effects of immunotherapy and chemotherapy across a range of GEM models, which further 

validates this approach as a clinically translatable therapy.   

2.3.4 CLINICAL APPLICATIONS OF ANTI-ANGIOGENIC DRUGS AND VASCULAR 

NORMALIZATION  

 Clinical studies have employed anti-angiogenic agents for several decades, but 

researchers have pivoted from the high-dose regimens that aimed to starve tumors of blood 

supply. These approaches proved to be ineffective due to compensatory feedback mechanisms 

and may have increased tumors’ metastatic potential [120]. More recent clinical studies combine 

lower-dose anti-angiogenic drugs with other therapies, aiming to leverage the benefit of anti-

angiogenic agents put forth in the vascular normalization hypothesis. The limited extant clinical  

[121] can reduce vessel tortuosity [122], decrease vessel size [123], [124], and can increase 

pericyte coverage [124]. Additionally, high circulating VEGF levels in patients receiving 

combination treatment correlated with a lower survival rate, but did not correlate with 

responsiveness to anti-VEGF alone, indicating VEGF’s utility as a biomarker for vascular 

normalization combination therapy [125]. This indicates that many preclinical vascular 

normalization findings translate to clinical contexts, despite the difference between many 

preclinical models of cancer and human disease.  

 To apply the wealth of preclinical findings that anti-angiogenic drugs amplify the effects 

of secondary therapies, many clinical trials have examined the effects of anti-angiogenic agents 

in combinatory contexts. For instance, anti-angiogenic drugs have been shown to increase 

overall survival of patients who are also undergoing chemotherapy [126]. Renal cell carcinoma 

patients who had anti-angiogenic agents layered on top of anti-PD-1 immunotherapy 

experienced higher median progression-free survival [127]. Similar results were found with non-

small cell lung cancer patients and chemotherapy [128], metastatic colorectal cancer patients 



and FOLFOXIRI [129], advanced melanoma patients with immunotherapy [130], and early-stage 

triple-negative breast cancer patients with immunotherapy [131]. Although these studies 

demonstrate the ability for anti-angiogenic drugs to extend patient survival by several months 

compared to chemotherapy or immunotherapy alone, they also highlight the need for further 

optimization of anti-angiogenic dosing as well as the development of novel, more effective 

therapies to address human cancer.    
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3.1 ABSTRACT 

Background: The delivery and penetration of intravenously administered drugs into solid tumors 

may be augmented by focused ultrasound (FUS) combined with microbubbles. However, 

heterogeneous perfusion and high interstitial pressure limit the efficacy of this approach. Here, 

we tested whether neoadjuvant normalization of tumor vasculature could augment subsequent 

FUS-mediated drug delivery and penetration of two model drugs.   

Methods: A VEGFR2 blocking antibody (DC101) was intraperitoneally administered to 4T1 

tumor-bearing BALB/c mice to modulate tumor vasculature, which was confirmed by CD31 

immunofluorescence and contrast-enhanced ultrasound. T1-mapping MRI was used to 

spatiotemporally quantify the influence of neoadjuvant VEGFR2 blockade, both with and without 

FUS, on Gadovist (model small molecule drug; 600 Da) and Gadospin-D (model biologic drug; 17 

kDa) delivery and subsequent distribution in the tumor microenvironment. FUS treatment density 

and peak-negative pressure (PNP) were then modulated to maximize Gadospin-D delivery. 

Results: DC101-normalized tumor vasculature, as evidenced by reduced vessel diameter and 

density and increased perfused tumor fraction. Both DC101 and FUS augmented total model 

small molecule drug (Gadovist) delivery; however, delivery with FUS was only marginally 

improved by vascular normalization. For the model biologic drug (Gadospin-D), neither FUS nor 

vascular normalization alone enhanced total delivery; however, when preceded by vascular 

normalization, total FUS-mediated Gadospin-D delivery was increased by ~80%. Importantly, the 

spatial distribution of Gadovist, but not Gadospin-D, was far more uniform when vascular 

normalization preceded FUS treatment. We additionally find that DC101-mediated Gadospin-D 

delivery enhancement varies across FUS parameters. 

Conclusions: Clinically feasible neoadjuvant vascular normalization has the potential to 

markedly augment the therapeutic efficacy of FUS-mediated drug delivery to solid tumors. 



3.2 INTRODUCTION 

Malignant solid tumors account for ~90% of cancer cases diagnosed each year, [132] 

amounting to 1.8 million patients in 2023. Several obstacles reduce the efficacy of anti-cancer 

drugs for treating said patients. One major challenge is the limited delivery and penetration of 

many intravenously administered drugs into solid tumors. Drug delivery is hindered by 

heightened pro-angiogenic signaling within the tumor microenvironment, which causes 

dysregulated vessel growth[59], poor pericyte coverage [58], and fluid and plasma leakage into 

the tumor microenvironment[58]. In turn, this causes high interstitial tumor pressure, leading to 

poor convective transport into the tumor [133]. The lack of a convective transport gradient 

ultimately limits the amount of drug that may enter the tumor from the systemic circulation [134]. 

In addition to limiting drug delivery, the heterogenous and disorganized tumor vasculature 

results in tumor regions with limited to no drug exposure [135]. This lack of drug delivery, 

coupled with heterogeneous drug exposure across the tumor volume, is a challenging clinical 

problem.  

 Focused ultrasound (FUS), applied in conjunction with systemically administered 

microbubbles (MBs), is a noninvasive platform to overcome this hurdle and augment drug 

delivery to solid tumors [136]. FUS causes the gas-filled microbubbles to volumetrically oscillate 

and interact with vessel walls in the target tissue [17]. These interactions are now well-known to 

be capable of improving drug delivery [18][19][17]. In the clinic, FUS has proven effective at 

increasing small-molecule drug delivery [20][21], including in brain tumors [22][23]. Nonetheless, 

many characteristics of tumor vasculature that limit passive drug delivery likely limit FUS-

mediated delivery as well. Tortuous and dilated tumor vessels may yield unpredictable levels of 

energy transfer from oscillating microbubbles, heterogenous blood flow will limit the access of 

microbubbles to some tumor regions, and high interstitial fluid pressure will still prevent 

convective transport, even after FUS has been applied. These represent significant delivery 



barriers given the recent development of effective anti-cancer immunotherapeutics, nanoparticle 

drug delivery systems, and gene therapies.  

 In these studies, we propose that reversing aberrant characteristics of solid tumor 

vasculature via “vascular normalization” (VN) will improve subsequent FUS-mediated drug 

model delivery. VN has been proposed as a solution to tumor vessel dysfunction [137]. Most VN 

approaches curb angiogenic signaling [138], [139] or extracellular matrix (ECM) production [140] 

and have been found to temporarily restore “normal” vessel function in preclinical tumor models. 

This normalized vasculature contains vessels which are smaller, less leaky, and more mature 

[86]. The remodeled tumors often experience lower interstitial fluid pressure [87] and more 

homogenous blood flow[88]. Combining this concept of VN with immunotherapy has been found 

to augment their therapeutic effects [141], [142] and combining VN with model drug delivery has 

been shown to increase these drugs’ intratumoral flow rates [96].   

 To test whether neoadjuvant VN augments FUS-mediated drug delivery, we employed 

magnetic resonance imaging (MRI) in the form of T1-mapping to quantify the FUS-mediated 

delivery of model drugs Gadovist (605 Da) and GadoSpin-D (17 kDa). These two MRI contrast 

agents model small-molecule and biologic-sized drugs, respectively, and have been previously 

used by our group for such purposes [143].  We leveraged the resultant data to determine how 

neoadjuvant VN affects the ability of FUS to augment both total drug deposition and the spatial 

uniformity of model drug distribution throughout the tumor microenvironment.  

 

 

 

 



3.3 RESULTS 

3.3.1 DC101 INDUCES VASCULAR NORMALIZATION IN 4T1 TUMORS 

We first verified that DC101, a vascular endothelial growth factor 2 (VEGFR2) antibody, 

produced the expected VN effects. We chose 4T1 as a solid tumor model due to its 

responsiveness to vascular normalization [96], [144],[145], its proclivity to metastasize [146], its 

similarities to clinical triple-negative breast cancer [147], and its difficulty to treat [148]. However, 

at this time point, DC101 induced visible vascular (CD31 immunofluorescence) changes in 4T1 

tumors compared to IgG2-treated mice (Figure 3.1A). We observed trending decreases in 

median vessel area (Figure 3.1B) and vessel density (Figure 3.1C) and a significant decrease in 

total vessel area (Figure 3.1D). These histological findings aligned with prior publications on VN, 

which also found that antiangiogenic drugs reduced vessel size and density [141], [149].  To then 

investigate how DC101 affects the tumor vessel function by the fraction of tumor volume that is 

perfused, we performed contrast-enhanced ultrasound (CEUS) imaging, using B-mode to assess 

microbubble perfusion (Figure 3.1E). DC101 treatment nearly doubled the fraction of tumor 

perfused by microbubbles (Figure 3.1F), indicating that, despite blood vessels in DC101-treated 

tumors appearing smaller and sparser, their remodeled network structure permits a more 

homogeneous perfusion of tumor volume. Despite these vessel changes, there was no difference 

in tumor growth during this time period (Figure 3.1G).   

3.3.2 VASCULAR NORMALIZATION AUGMENTS TOTAL FUS-MEDIATED MODEL SMALL 

MOLECULE DRUG DELIVERY AND IMPROVES DELIVERY HOMOGENEITY 

We next tested whether FUS, in combination with MBs, increases the delivery of a 

model small molecule drug [Gadovist (600 Da)] to 4T1 tumors, both with and without 

neoadjuvant vascular normalization with DC101. First, we visualized the final T1 concentration 

maps of tumors in each treatment condition (Figure 3.2A), which qualitatively show an increase 



in Gadovist concentration with the addition with DC101 and FUS, both individually and together. 

We then quantified the mean Gadovist concentration over time (Figure 3.2B) and observed a 

concentration plateau by the end of the scan duration. We thus compared the final Gadovist 

concentration between groups and found that the DC101+/FUS+ mean Gadovist concentration 

generated a nearly two-fold and significant increase in VN-/FUS- mean concentration (Figure 

3.2C). To more fully capture the time component of delivery, we then calculated and the area 

under the curve (AUC) of these concentration curves, which represent the total exposure of the 

tumor to Gadovist within this time period [150]. Individually, DC101 (DC101+/FUS-) and FUS 

(DC101-/FUS+) increased average Gadovist exposure by ~30%, with a more powerful 70% 

increase when added together (DC101+/FUS+) (Figure 3.2D).  

We then compared the spatial delivery distributions of Gadovist following VN and/or FUS 

using statistical metrics that indicate distribution uniformity: coefficient of variation and kurtosis.  

First, we assessed the coefficient of variation (COV) of the model small drug 

distributions between DC101-/FUS- and the other three treatment conditions. The COV 

illustrates the concentration distribution’s standard deviation normalized to the mean 

concentration and can be utilized as a measure of the dispersion of concentration values about 

the mean. For example, a lower COV implies that the distribution has more values with a small 

absolute difference to the mean value. DC101+/FUS+ yielded a trending ~30% decrease in 

distribution COV compared to DC101-/FUS-, with no difference after DC101 or FUS alone 

(Figure 3.2E). These results indicate that although DC101 and FUS individually do not tighten 

the distribution of Gadovist around the mean, combining them likely does.  

Next, we compared the kurtosis of the model drug distributions between DC101-/FUS- 

and the other three treatment conditions. Kurtosis reflects the size of the distribution’s tails, 

effectively another metric of distribution dispersion about the mean. After injecting Gadovist, 



DC101-/FUS+ and DC101+/FUS- had no effect on its distribution’s kurtosis (Figure 3.2F). 

However, DC101+/FUS+ did result in a significant ~70% decrease in kurtosis (Figure 3.2F). This 

provides an additional statistical measure which underscores VN’s homogenizing effect on small 

molecule distribution throughout 4T1 tumors.  

3.3.3 VASCULAR NORMALIZATION AUGMENTS TOTAL FUS-MEDIATED MODEL BIOLOGIC DRUG 

DELIVERY 

 We then investigated whether VN and FUS (DC101+/FUS+) could augment the 

delivery of a larger model biologic drug, Gadospin-D, when compared to DC101 alone 

(DC101+/FUS-) or FUS alone (DC101-/FUS+). While this contrast agent has a lower molecular 

weight (17 kDa) than a monoclonal antibody (~150 kDa), its hydrodynamic diameter of ~5 nm 

approximates that of monoclonal antibodies (~5-6 nm ) [151]. We first depicted Gadospin-D 

delivery with a map of a representative sample in each experimental condition (Figure 3.3A), 

with DC101+/FUS+ showing the greatest qualitative delivery improvement. Although Gadospin-D 

delivery over time (Figure 3.3B) and concentration at the final scan time point (Figure 3.3C) did 

not indicate differences across treatment conditions, the AUC exposure metric corroborated our 

qualitative findings. DC101+/FUS+ increased Gadospin-D exposure, including a 50% increase 

over the control condition (Figure 3.3D). Thus, FUS and VN do cooperate to synergistically 

improve biologic-sized model drug delivery.  

We then evaluated differences in spatial distribution of Gadospin-D with VN and/or FUS 

using the same coefficient of variation and kurtosis metrics. Assessing the COV of the 

Gadospin-D distribution, we saw no change compared to the VN-/FUS- mice. Similarly, we 

observed no change in the kurtosis of the Gadospin-D distribution compared to the DC101-

/FUS- treatment condition. This indicates that DC101+/FUS+ does not impact the Gadospin-D 

concentration distribution around the mean, unlike our Gadovist delivery findings.  



3.3.4 REFINING FUS PARAMETERS TO MAXIMIZE GADOSPIN-D DELIVERY IMPACT OF 

DC101 

After observing different effects of DC101 and FUS on the delivery of both model drugs, 

we decided to further compare FUS delivery enhancement between Gadovist and Gadospin-D. 

Doing so, we found that when mice were pre-treated with IgG control antibody, the ratio of final 

Gadovist concentration in FUS-treated mice to those not treated with FUS was lower for 

Gadospin-D than for Gadovist (Figure 3.4A). This was also true for the ratio of Gadovist and 

Gadospin-D exposure (Figure 3.4C). However, for mice pre-treated with DC101, there was no 

difference in ratio of final drug concentration (Figure 3.4B) or in ratio of drug exposure (Figure 

3.4D). Since FUS is known to enhance biologic-sized delivery in tumors, we decided to explore 

a wider set of FUS parameters to maximize intratumoral Gadospin-D concentration.  

We then decided to vary the density of the treatment scan and the peak-negative 

pressure (PNP), or intensity, of the FUS—modulating both of these parameters is known to 

impact FUS-mediated drug delivery. Following the framework from the above studies, we 

acquired time-course data for Gadospin-D accumulation following DC101 or IgG treatment 

and/or FUS sonication. We then calculated AUC exposure measures for each condition and 

evaluated the capacity for FUS to augment delivery—we therefore took the ratio of the 

DC101+/FUS+ to DC101+/FUS- treatment and the DC101-/FUS+ to DC101-/FUS-. With a higher 

PNP and lower treatment density, the parameters we utilized for the above studies, we 

observed the ability for FUS to enhance delivery increase with the addition of DC101 (Figure 

4A)—this was also the case for a lower PNP and a higher density (Figure 4D). However, this 

was not the case for the treatment conditions of dense treatment and high PNP (Figure 4B), or 

for sparse treatment and low PNP (Figure 4C). These findings highlight that the capacity for 

DC101 to enhance large model drug delivery only applies to a subset of FUS parameters.    



3.4 DISCUSSION 

3.4.1 RATIONALE FOR THERAPEUTIC COMBINATIONS 

 Building upon FUS research from our research group and VN work from others, we 

establish synergistic potential for both technologies to improve drug delivery to solid tumors. 

After characterizing the vascular effects of DC101, a VEGFR2 inhibitor, we exploit VN to 

enhance FUS’s drug delivery capacity in a solid tumor model. Although DC101 alone only 

affects small model drug accumulation, it slightly boosts FUS’s propensity to enhance delivery 

of small-molecule Gadovist and, to a much greater degree, delivery of large-molecule Gadospin. 

Not only does DC101 augment intratumoral drug concentration, it also improves FUS’s capacity 

to homogenize delivery throughout the tumor. Given the limitations of each individual therapy, 

we rationally combine FUS with VN for the first time in a published manuscript. This work lays 

the groundwork for increasing delivery of large-molecule therapeutics in solid tumors.  

3.4.2 DC101 IMPACTS 4T1 VESSEL FORM AND PHYSIOLOGY 

  In this work we offer a unique set of findings pertaining to DC101’s effects on 

vessel form and function in 4T1 tumors. 10 mg/kg dosing of DC101 yielded smaller, less dense 

tumor blood vessels via immunofluorescent imaging. These effects align with previous studies 

of VN in this tumor model. CEUS imaging uncovered a two-fold higher perfused fraction in 

normalized tumors, suggesting that the remaining vessels function better despite being less 

numerous. The volumetric blood flow within tumors also decreases slightly within DC101-treated 

tumors, a possible effect of vessels returning to a more capillary-like physiology under DC101 

treatment.  

3.4.3 MRI TECHNIQUES FOR QUANTIFYING MODEL DRUG DELIVERY 

  T1-weighted MRI is often used to quantify blood-brain barrier disruption with FUS 

in the brain [136], [152], but quantitative T1-mapping is almost always used to detect 



pathologies or malignancies [153], [154], [155], [156], not to assess drug delivery. In rare 

circumstances, T1-mapping has been used to answer questions of model drug delivery within 

cancer-like brain pathologies like cerebral cavernous malformations or to assess glymphatic 

drainage into cervical lymph nodes [157], but not in extracranial tumor applications. This is due 

to the challenges of T1 signal to noise ratio in tumors, poor spatial resolution in many preclinical 

MRI magnets, and the difficulty in integrating drug delivery systems like FUS with MRI 

equipment. In this work, we overcome these challenges to successfully quantify spatiotemporal 

delivery of contrast agents with MRI T1-mapping, adding to the novelty of this work.  

3.4.4 DC101 AUGMENTS MODEL DRUG DELIVERY ENHANCEMENT AFTER FUS IN A 

SIZE-DEPENDENT MANNER 

In addition to the effects that DC101 imparts on vessels and the known effects of FUS 

on drug delivery, these two interventions interact to boost model drug delivery in the 4T1 tumor 

model. Using this drug analog, Gadovist, we observe that although FUS can enhance delivery 

exposure to about 30% above baseline, VN only improves upon this delivery by about 20%. 

Conversely, using a biologic-sized drug analog, Gadospin D, we observe that neither VN nor 

FUS augments Gadospin-D exposure within tumors, while adding VN to FUS nearly doubles its 

delivery to FUS alone. Our findings that DC101 augments smaller drugs’ accumulation more 

than larger drugs corroborates other groups’ work, which has demonstrated similar size-

dependent effects [158]. Combining DC101 and FUS highlights that FUS drives drug delivery 

into solid tumors in a manner dependent on the drug’s size. Despite being lauded as a 

technology capable of augmenting biologic delivery in the brain and other tumors, FUS seems 

incapable of doing so in this solid tumor model. However, treatment of mice with DC101 prior to 

sonication rescues the drug delivery capacity of FUS for large, biologic-sized molecules.  



 VN’s ability to improve FUS-mediated drug delivery may result from one or several 

biological phenomena. First, the reduction in tumor vessel size after VN [141], [159] may 

increase the interactions of sonicated MBs with the vasculature, allowing more vessel 

perturbation and model drug delivery where the tumor is sonicated. Second, the increase in 

tumor area perfused by functional vessels [89], [160], [161] underscores an increase in 

functional vessels in the sonicated region of the tumor, expanding the potential surface area for 

mass transfer thus increasing the amount of drug delivery. Finally, VN is known to decrease the 

interstitial fluid pressure within tumors [87], [162], [163], [164], [165], a barrier to particle 

transport via convective flow which may primarily drive large molecule delivery. Drug delivery 

with FUS may hinge on convective transport, as larger molecules depend more on convective 

flow than smaller molecules, which depend more on diffusion. Therefore, DC101 pretreatment 

may increase the potential for larger molecules to be transported into the tumor parenchyma 

during FUS sonication. Although detangling these mutually inclusive theories is challenging, 

they likely contribute to the size-dependent effects of DC101 on drug delivery enhancement with 

FUS.  

3.4.5 DC101 IMPROVES INTRATUMORAL MODEL DRUG DISTRIBUTION IN A SIZE-

DEPENDENT MANNER 

  In addition to an increased quantity of biologic-sized model drug delivered with 

FUS after DC101 treatment, we also observed size-dependent shifts in model drug distribution. 

Treating mice with DC101 before FUS treatment yields a much higher reduction in coefficient in 

variation and kurtosis of the Gadovist concentration distribution than that of Gadospin-D. This 

shows that the distribution of all Gadovist concentrations within the tumor is much more tightly 

clustered around the mean and that there are fewer extreme low and high concentrations 

throughout the tumor. In other words, Gadovist is being delivered at a more homogenous range 

of concentrations throughout the tumor when mice are treated first with DC101. Tumors often 



have inaccessible pockets where drugs cannot access due to drug delivery barriers enumerated 

above—DC101 likely decreases these high-concentration pockets. This likely permits greater 

access of drug to the tumor, which is beneficial when considering biologic drug applications. 

Many tumors contain regions of hypoxia and/or irregular blood flow where drugs may not be 

able to penetrate the parenchyma; these are regions where the biologic is least likely to be 

effective. We anticipate that reducing these regions is a net benefit for drug delivery in tumors. 

3.4.6 FUS PARAMETERS MAY BE TUNED FOR SYNERGISTIC DELIVERY WITH DC101 

After demonstrating that FUS and DC101 failed to increase Gadospin-D delivery but 

their combination significantly boosted delivery, we aimed to better understand which FUS 

parameters underly this synergy. Our initial sparse-scan treatment at a higher FUS PNP yielded 

synergy between DC101 and FUS (Figure 4.5A). The PNP that we used, 1 MPa, is much 

higher than that which is typical for FUS drug delivery to the brain. Although this may damage 

some tumor vasculature at the center of the FUS sonication focus, we expect that a significant 

share of the tumor is treated at a much lower PNP immediately outside these treatment points. 

We also anticipate that DC101 treatment may prevent FUS-related vessel damage, as VEGFR2 

blockade has been shown to increase the presence of key vascular support cells like pericytes 

around vessels [139].  

To probe the FUS parameter space, we adjusted the FUS PNP and the scan density, as 

these were variables of question following our first studies. When we applied FUS at 0.7 MPa, a 

lower intensity, and treater with a denser scan, we observed similar synergy between DC101 

and FUS (Figure 4.5D). We expected this result, as it affirmed our hypothesis that treating a 

larger share of the tumor with a lower PNP would improve delivery. Conversely, treating with a 

higher PNP and a denser scan yielded no benefit from DC101—we expect that this parameter 

combination indeed damaged the tumor vasculature. On the other hand, we also saw no DC101 

benefit when treating with a lower PNP and a sparser scan. This may be due to the existence of 



a treatment threshold—while employing a lower PNP and a sparser treatment scan, only a small 

share of the tumor may have been treated, lowering the utility of DC101. Therefore, it is 

essential to balance FUS PNP and treatment point density to realize drug delivery enhancement 

with DC101, at least when it comes to biologic-sized drugs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3.5 CONCLUSION 

  The increased development of large-molecule therapeutics combined with the 

simultaneous poor delivery of large molecules to solid tumors necessitates novel methods to 

augment drug delivery and guarantee these nascent therapeutics’ efficacy. To advance delivery 

methods in this space, we developed an mFUS-based delivery paradigm that leverages vascular 

changes following anti-angiogenic therapy to augment local drug delivery in solid tumors. After 

confirming that DC101, an anti-angiogenic drug, elicits expected effects on tumor vessels, making 

them less numerous but more functional, we employed quantitative T1-mapping MRI to track the 

delivery of two differently sized model drugs post-FUS and DC101 therapy. We find that DC101 

+ mFUS improves both the delivery and the dispersion of a chemotherapy-sized model drug, 

Gadovist, and that DC101 + mFUS synergistically enhances the delivery of an antibody fragment-

sized model drug, Gadospin-D. After observing this combinatorial effect with Gadospin-D, we 

modulate the mFUS parameters of peak-negative pressure and treatment point density, finding 

that the DC101 + mFUS delivery benefit requires these two parameters to be carefully controlled. 

To our knowledge, these studies are the first to use T1-mapping MRI to quantify drug delivery in 

an extracranial tumor and the first to combine vascular normalization with focused ultrasound, 

permitting the field to move forward with novel insights into how mFUS delivery effects can be 

amplified using vascular normalization.   

  



3.6 MATERIALS AND METHODS 

3.6.1 CELL AND ANIMAL MAINTENANCE 

The 4T1 cell line was purchased from ATCC. 4T1 cells were maintained in 1X RPMI 

1640 + L-Glutamine (Gibco #11875-093) supplemented with 10% Fetal Bovine Serum (FBS, 

Gibco #16000-044) at 37°C and 5% CO2. Thawed cells were maintained in logarithmic growth 

phase for all experiments, did not exceed 12 passages from the time of purchase, and tested 

negative for mycoplasma prior to freezing.  

 All animal experiments adhered to ethical guidelines and regulations approved by the 

University of Virginia Animal Care and Use Committee. The animals were housed in accordance 

with standard laboratory conditions, maintaining a temperature of 22°C and a 12-hour light/12-

hour dark cycle and supplied food ad libitum. 7-10 week-old female BALB/c mice were 

purchased from Jackson Laboratories (Jax #000651) and acclimated for at least 48 hours in our 

animals facilities. To prepare the animals for inoculations, they were anesthetized with an 

intraperitoneal injection of ketamine (50 mg/kg Zoetis) and dexdomitor (0.25 mg/kg Pfizer). Their 

right flanks were shaved and 4x105 4T1 cells were subcutaneously injected in 100 µL 1X PBS 

(Gibco #10010-023) with a 25G x 1 ½ inch needle (BD PrecisionGlide Needle #305127) into the 

right flank of the mice, allowed to rest for 30 minutes, and injected intraperitoneally with 

Antisedan for anesthesia reversal and recovery. Tumor outgrowth was assessed with digital 

calipers, with tumor volume = (length x width2/2). Seven days following inoculation, mice were 

randomly placed in experimental groups while matching the starting tumor mean volume and 

minimizing intragroup variation. 

3.6.2 VEGFR2 BLOCKADE 

To induce vascular normalization, mice were injected with 10 mg/kg DC101 (DC101 

#BE0060 BioXCell) or appropriate IgG antibody control (rat IgG1 HRPN #BE0088 BioXCell) 



diluted in sterile 1X PBS (Gibco #10010-023). DC101 and IgG were prepared the day of 

injections, and the 10 mg/kg calculation was determined at the day 7 size matching and 

continued throughout the duration of the experiment. Mice were interperitoneally injected with 

100 µL of diluted DC101 or IgG at days 7, 10, and 13 post-inoculation. 

3.6.3 IMMUNOFLUORESCENT STAINING AND SAMPLE IMAGING 

Mice for terminal studies were euthanized with 50 µL of Euthasol injected 

interperitoneally. Tumors were removed and placed in 10 mL Zinc Formalin fixative diluted to 

10% in deionized water for 48 hours, then placed in 60% sucrose dissolved in 1 X PBS for 

about 1 week. Tumors were then placed in cassettes filled with optimal cutting medium, frozen 

in 100% ethanol cooled with dry ice, and stored at -80°C until cryosectioning.  

Samples were cryosectioned into 15 um sections, then stained with anti-CD31 antibody 

and mounted with DAPI mounting medium. Samples were imaged at 10X magnification on a 

Zeiss 880 Confocal Microscope, for which 5-7 representative images were acquired. Images 

were analyzed with an in-house ImageJ script which used the threshold function to count and 

measure CD31+ vessels in 4T1 tumors. 

3.6.4 MRI ACQUISITION 

 Data for T1 maps were acquired with a 9.4T Bruker small bore MRI. A set of interleaved 

multi-slice 2D spin echo (SE) images were taken at varied repetition times (TR) to generate a 

saturation recovery curve. The slice gap was set to 100% of the slice thickness to eliminate 

cross talk. 2 sets of 7 images, a total of 14 scans, were acquired prior to FUS and contrast 

agent administration to obtain saturation recovery curves with a satisfactory dynamic range. The 

two sets of image series were offset by the slice gap in the slice select plane to ensure 3D 

coverage of the brain. The parameters for these scans were: TR=790, 1040, 1350, 1750, 2300, 

3215, and 7000 ms, TE=6.71 ms, slice thickness=0.6 mm, slice gap=0.6 mm, FOV=35 x 35 



mm, matrix size=200 x 200, rare factor=10, and R= 0.175 x 0.175 x 0.6 mm3. After FUS and 

contrast agent administration, 10 SE images were acquired with identical parameters except at 

a fixed TR=1040 ms. The acquisitions alternated between slice package orientations resulting in 

7 images at each slice profile geometry. Time per acquisition was 1 minute and 19 seconds. 

3.6.5 DATA PROCESSING 

A saturation recovery approach was utilized to calculate M0 and all T1 values (pre and 

post-contrast) on a voxel-by-voxel basis by fitting the data to the signal equation:  

|𝑆| = 𝑀0 (1 − 𝑒
−𝑇𝑅

𝑇1 ) 𝑒
−𝑇𝐸

𝑇2       Eqn [1] 

 

In equation 1, |𝑆| is the magnitude of the signal within the voxel, 𝑀0 is the product of the 

thermal equilibrium magnetization and coil sensitivity, TR is the repetition time (ms), T1 is the 

spin-lattice relaxation (ms), TE is the echo time (ms), and T2 is the spin-spin relaxation (ms). The 

echo time exponential is assumed to be 1 due to TE<<T2, resulting in the final form seen in 

equation 2.    

|𝑆| = 𝑀0 (1 − 𝑒
−𝑇𝑅

𝑇1 )     Eqn [2] 

 

A custom-written MATLAB script fit the signal magnitude data on a voxel-by-voxel basis 

to equation 2. Each fitting procedure simultaneously fit the data to 6 functions: function 1 

incorporated the 7 pre-contrast variable TR scans, while functions 2-6 incorporated the singular 

scan at a fixed TR but different time points. The fits were constrained to having the same 𝑀0 value 

but allowed different T1 values. Pre-contrast and post-contrast T1 values were then used to 

calculate the contrast agent concentration on a voxel-by-voxel basis at each time point using 

equation 3.  



1

𝑇1_𝑃𝑜𝑠𝑡
=

1

𝑇1_𝑃𝑟𝑒
+ 𝑟1𝐶1  Eqn [3] 

 

In equation 3, 𝑇1_𝑃𝑜𝑠𝑡 is the post-contrast value at a particular time point (ms), 𝑇1_𝑃𝑟𝑒 is the 

pre-contrast T1 value (ms), r1 is the contrast agent relaxivity (L/mmol/ms), and C1 is the contrast 

agent concentration (mM). At the conclusion of this process, concentration values for slice 

package 1 existed for time points (minutes): 1.32, 3.95, 6.58, 9.22, and 11.85, while concentration 

values for slice package 2 existed for time points (minutes): 2.63, 5.27, 7.90, 10.53, and 13.17. 

To obtain 3D coverage at each time point, concentration data was calculated at the missing time 

points by linearly interpolating between the acquired points. This required an assumption of 0 

concentration at minute 0 for slice package 2. The 13.17-minute time point was not used because 

it required that data be extrapolated past minute 11.85 for slice package 1. A second custom 

MATLAB script was used to calculate average concentrations with manually drawn regions of 

interest (ROIs) on the concentration maps which corresponded to the area of the tumor.  

3.6.6 TUMOR SONICATION WITH FUS 

Tumors were sonicated with the RK-300 small bore FUS device (FUS Instruments, 

Toronto, CA). Mice were prepared by depilating the area around their tumor before being placed 

with their right side down and coupled to the transducer using degassed ultrasound gel. 

Immediately prior to sonication, clinical-grade Optison™ (GE HealthCare) microbubbles were 

intravenously administered as a bolus of 2X10^5 microbubbles per gram of body weight, with an 

average body weight of ~20 g. The distribution of microbubble diameter and microbubble 

concentration were evaluated using a (Multisizer 3; Beckman Coulter, Fullerton, California) 

before FUS treatment. FUS was applied using a 1.1 MHz single-element transducer with a 10 

ms burst length over a 2000 ms period. A total of 40 sonications were administered during a 2-

minute duration. For most experiments in this Aim, a PNP of 0.7 MPa was employed for the 

duration of treatment, except when specified that a PNP of 1.0 MPa was used.  



3.6.7 CONTRAST AGENT INJECTIONS 

MultiHance® (gadobenate dimeglumine; Bracco), the smaller drug analog, and 

GadoSpin D™ (dendritic Gd-chelate; Viscover), the biologic drug analog, were both 

intravenously administered as a bolus injection of 0.2 mM/kg body weight diluted in saline, with 

an average body weight of ~0.020 kg. Contrast agent was injected immediately prior to MRI 

acquisition for experimental groups excluding FUS and immediately following sonication and 

prior to MRI acquisition for experimental groups including FUS.  

3.6.7 STATISTICAL ANALYSES 

 All results are reported as the mean ± the standard error of the mean (SEM). Statistical 

significance was assessed at p < 0.05 for all experiments and was calculated using GraphPad 

Prism 9 (San Diego, USA). 

 

 

 

  



3.6 CHAPTER  3 FIGURES 

 

 

Figure 3.1. DC101 induces vascular normalization in 4T1 tumors. (A) Green CD31 vascular 

stain and blue DAPI nuclear staining of 4T1 tumors taken from mice treated with 10 mg/kg IgG or 

10 mg/kg DC101. (B) DC101 induces a trending decrease in median tumor vessel cross-sectional 

area (Welch’s t-test, p = 0.0949), (C) number of vessels per field of view (Welch’s t-test, p = 

0.0541), and (D) significantly decreases the CD31+ area within the tumor (Welch’s t-test, p = 

0.0275). CEUS imaging with infusion of 4E5 microbubble/g (E) demonstrates that (F) the fraction 

of the tumor perfused by vessels following DC101 treatment is nearly double that of control tumors 

(Welch’s t-test, p = 0.0032). (G) DC101 does not affect 4T1 tumor growth within this time period 

(Two-way ANOVA with Geisser-Greenhouse correction, p = 0.7833). 

 

 

 

 



 

Figure 3.2. DC101 and FUS additively increase small molecule delivery. (A) Visualization of 

Gadovist deposition in 4T1 tumors in all four experimental groups. (B) There is no significant 

difference between the four treatment conditions on Gadovist concentration over time (Repeated 

measures two-way ANOVA with Geisser-Greenhouse correction, p = 0.12). (C) DC101+/FUS+ 

does afford a ~70% increase in average Gadovist concentration at the final imaging timepoint 

(Two-way ANOVA with Tukey post-hoc test, p = 0.0292), as well as (D) a significant increase in 

total Gadovist exposure as represented by the area under the concentration curves (Two-way 

ANOVA with Tukey post-hoc test, p < 0.0001). DC101+/FUS- and DC101-/FUS+ also increase 

Gadovist exposure by about 30%, each (Two-way ANOVA with Tukey post-hoc test, p < 0.0001, 

, p < 0.0001). In addition to an increase in Gadovist concentration, DC101+/FUS+ causes (E) a 

trending decrease in the Gadovist concentration distribution’s coefficient of variation (Two-way 

ANOVA with Tukey post-hoc test, p = 0.1347) and (F) a significant decrease in the distribution’s 

kurtosis (Two-way ANOVA with Tukey post-hoc test, p = 0.0315). 

 

 



 

Figure 3.3. DC101 and FUS synergistically augment Gadospin-D delivery. (A) Visualization 

of Gadospin-D deposition in 4T1 tumors in all four experimental groups. (B) There is no significant 

difference between the four treatment conditions on Gadospin-D concentration over time 

(Repeated measures two-way ANOVA with Geisser-Greenhouse correction, p = 0.104). (C) 

DC101+/FUS+ does not significantly impact Gadospin-D concentration at the final imaging 

timepoint (Two-way ANOVA with Tukey post-hoc test, p = 0.5503), but it does (D) a significantly 

increase in total Gadospin-D exposure over time (One-way ANOVA with Tukey post-hoc test, p < 

0.0067). However, DC101+/FUS- and DC101-/FUS+ do not increase Gadospin-D exposure 

(Two-way ANOVA with Tukey post-hoc test, p = 0.3590, p = 0.3996). DC101+/FUS+ does not 

affect (E) Gadospin-D’s concentration distribution’s coefficient of variation (Two-way ANOVA with 

Tukey post-hoc test, p = 0.9941) or (F) the distribution’s kurtosis (Two-way ANOVA with Tukey 

post-hoc test, p = 0.9993). 



 

Figure 3.4. FUS and DC101 interact differently to deliver differently sized molecules. Taking 

the ratio of FUS+/FUS- treatment at the final imaging timepoint, we find that (A) Gadovist 

concentration is amplified more than Gadospin-D on an IgG background (Welch’s t-test, p = 

0.0130), a difference not present on (B) a DC101 background (Welch’s t-test, p = 0.7588). The 

same trends hold when an area under the curve analysis is applied to the FUS+/FUS- 

concentration ratio over time. On an IgG background, (C) Gadospin-D exposure is smaller when 

compared to that of Gadovist (Welch’s t-test, p = 0.0007), but (D) there is no difference between 

the two on a DC101 background (Welch’s t-test, p = 0.5658). 

 



 

Figure 3.5. DC101 boosts FUS-mediated Gadospin-D as a function of FUS parameters. 

Modulating the FUS parameters of peak-negative pressure (PNP) and treatment point density, 

we find that (A) DC101 improves FUS delivery as compared to FUS alone when the PNP is higher 

and the treatment density is lower (Welch’s t-test, p = 0.0249) or when (D) the PNP is lower and 

the treatment density is higher (Welch’s t-test, p = 0.0419). DC101 cannot augment FUS-

mediated delivery when (B) FUS PNP is high and treatment density is higher (Welch’s t-test, p = 

0.110) or when (C) FUS PNP is low and treatment density is lower (Welch’s t-test, p = 0.230). T1-

map outsets with treatment points reflect typical sparse and dense treatment schematics, with 

each point representing a -6dB FUS focus.  
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4.1 ABSTRACT 

BACKGROUND: Many patients with solid tumor malignancies remain refractory to immunotherapy. 

Preclinical and clinical studies indicate that thermal tumor damage can initiate anti-tumor immune 

responses. Separately, vascular endothelial growth factor (VEGF) blockade has shown to 

immunologically prime tumors for greater immunotherapy responsiveness. We thus engineered a 

treatment paradigm including thermally ablative focused ultrasound (tFUS), DC101, which can 

block VEGF signal transduction, and anti-PD1, a common immunotherapy used in the clinic 

METHODS: We developed a non-invasive FUS partial thermal ablation regimen in combination 

with DC101 and anti-PD1, the combinations of which were used to treat syngeneic murine solid 

tumors including EMT6 (triple-negative breast cancer), 4T1 (triple-negative breast cancer), and 

YUMMER1.7 (melanoma). In addition to establishing this treatment regimen, we assessed 

circulating and intratumoral immune composition with spectral flow cytometry and performed 

systemic T cell depletion to evaluate immune-dependent response mechanisms.  

RESULTS: After confirming the immune effects of DC101 with flow cytometry, we employed a 

partial thermally ablative FUS regimen to tumors in combination with these two drugs in a range 

of preclinical solid tumor models. We then tested whether the effects of our treatment 

combinations were durable and adaptive with rechallenge and T cell depletion experiments. 

Particularly with the favorable immunomodulation provided by neoadjuvant DC101, its 

combination with tFUS was sufficient to control primary tumor growth and drive long-term, T cell-

dependent immunity. These effects were further enhanced by the addition of anti-PD1. 

CONCLUSIONS: tFUS combined with immunomodulatory drugs such as VEGFR2 blockade and 

immunotherapies such as anti-PD1 shows promise as a novel combination therapy capable of 

curbing solid tumor growth and evoking potent adaptive immunity.   



4.2 INTRODUCTION 

Several energy deposition modalities, including laser interstitial thermal therapy (LITT), 

microwave, radiofrequency, cryoablation, electroporation, and thermal ablation with focused 

ultrasound (tFUS) [31], are commonly deployed to debulk solid tumors in the clinic. While these 

non- or minimally-invasive ablative techniques are typically leveraged to elicit local cancer cell 

death, modulation of tumor immune landscape is also known to occur in many instances [32], 

[33], [34], [35], [36], [37], [38], [39], [40], [41], [42], [43], [44], [45]. For example, while tFUS is 

typically used to elicit coagulative necrosis [46], debulk neoplasms [47], and temporarily control 

primary tumor growth [48], [49], [50], it also induces damage-associated molecular pattern 

expression [51], [52], liberates tumor antigen [53], and drives several other responses that may 

be associated with anti-tumor immunity [4], [5], [6]. Because, for many cancer indications (e.g. 

breast cancer and melanoma), it is metastatic, not primary, tumor growth and dissemination that 

causes patient mortality, it is intriguing to consider how these immunological responses to tFUS 

could be leveraged to drive systemic anti-tumor immunity against metastatic deposits. Yet, there 

is little evidence that tFUS as a monotherapy can robustly and reproducibly control metastatic 

disease, despite its ability to modulate tumor immune landscape [53], [55], [57], [58], [59], [60]. 

Here, we hypothesize that local responses to tFUS could be leveraged to immunologically 

control distal metastatic disease via logical combinations with standard of care therapies.  

To this end, one potential class of candidate drugs for combination with tFUS is 

angiogenesis inhibitors, which can reverse immunosuppression in the tumor microenvironment, 

primarily through modulation of tumor vessel properties [89], [91], [92], [166], [167]. Tumor blood 

vessel dysfunction is a primary factor in patients’ unresponsiveness to anti-cancer drugs, 

including immunotherapy. This aberrance presents both at the macro-level, with a disorganized 

vascular network [168] that insufficiently perfuses tumor tissue [169], and at the micro-level, with 

an anergic response to inflammatory stimulus and poor capacity for leukocyte extravasation 



[76], [95], [170], [171]. Low doses of angiogenesis inhibitors have proven effective in temporarily 

reversing undesirable tumor vessel properties in a process known as vascular normalization 

(VN)—this includes improving blood vessel perfusion [89], intratumoral hypoxia [90], [91], 

adhesion molecule expression on vessel lumens [92], [93], and T cell extravasation into tumors 

[94], [95]. Although this intervention alone may not substantially impact bulk tumor growth, its 

combination with immunotherapy (ITX) such as anti-cancer vaccines [97], [98], [99], adoptive 

immune cell transfer [100], [101], [102], and ICIs [103], [104], [105], [106], [107], [108], [109], 

[110], [111] has increased ITX effectiveness in controlling tumor growth and eliciting systemic 

anti-tumor responses. This is thought to be due to subsequent upregulation of cell adhesion 

molecules on tumor blood vessels, which facilitate immune cell extravasation into tumors, and 

increased oxygenation within tumors, which can improve T cell function. Since tFUS is also 

known to elicit anti-tumor immune responses, we expect that the immunostimulatory effects of 

tFUS to also be enhanced with VN. 

Immune checkpoint inhibitors (ICIs) are yet another drug class that may be logically 

combined with tFUS. ICIs effectively treat cancer subtypes like lung [172], bladder [173], kidney 

[174], colorectal [175], prostate [176], and early-stage skin cancers [177]. This drug class acts 

by inhibiting cell-cell signaling that typically hinders effector T cell activity, permitting cytotoxic T 

cells to more effectively kill cancer cells. However, sizeable subsets of triple-negative breast 

cancer [178], metastatic melanoma [177], and pancreatic cancer [179] patients are refractory to 

ICIs. This is due to intratumoral immunosuppression, poorly functioning tumor vessels, and low 

antigenicity. Combining tFUS with ICI may overcome some of these factors, particularly by 

temporarily abolishing immunosuppressive intratumoral cells and releasing tumor antigen.  

In these studies, we tested whether these three therapeutic interventions—tFUS, VN, 

and ICI—can be combined to eradicate solid tumors and generate systemic anti-tumor immunity 

to resist subsequent rechallenge. In these studies, we used a syngeneic murine triple-negative 



breast cancer (TNBC) model, EMT6, and a syngeneic murine melanoma model, YUMMER1.7, 

as a secondary model. After confirming the ability for DC101, a vascular endothelial growth 

factor receptor 2 (VEGFR2) inhibitor, to modulate tumor T cell infiltrate, we combined DC101—

αPD1, a common ICI—and tFUS, finding varying cooperation in primary tumor control and 

eradication depending on the combination. Contralateral rechallenge, T cell depletion, and a 

second rechallenge in mice whose primary tumors were eradicated indicate that the long-term 

response depended on systemic adaptive immunity. Therefore, our findings demonstrate that 

VN and ICI, individually and together, can potentiate durable, systemic anti-tumor immune 

responses induced by tFUS. The results suggest that combining tFUS with anti-angiogenic 

drugs and/or PD1 represents a clinically promising therapeutic strategy for treating metastatic 

disease.  

 

  



4.3 RESULTS 

4.3.1 PARTIAL THERMAL ABLATION OF EMT6 TUMORS TEMPORARILY CURBS 

GROWTH 

We first developed a FUS application protocol that yields partial thermal ablation (tFUS) 

of solid tumors. We employed a FUS system with 4 therapeutic transducers and a central 

imaging transducer for treatment guidance (Figure 4.1A, B). tFUS was applied at 1.5-mm 

intervals in the X and Y directions, with treatment planes 2 mm apart. We confirmed that 

temperatures > 70°C were achieved using thermochromic gels treated with the same sonication 

parameters (Figure 4.1C), in addition to staining tumors with 2,3,5-Triphenyltetrazolium chloride 

(TTC), which reveals metabolically active cells (Figure 4.1D). The outer edges of the tumor 

stained red, the tFUS treated center stained white, and the periablative “transition” zone stained 

pink, indicating partial tFUS ablation was achieved. 

We next tested how this tFUS application scheme affected EMT6 tumor growth. As 

assessed with tumor growth curves, tFUS application at 14 days post-inoculation (tumor volume 

= ~100 mm3) was insufficient to control EMT6 tumor growth compared to a sham control 

(Figure 4.2A). Individual growth curves highlight several ablated tumors that experienced 

delayed outgrowth (Figure 4.2B). An “area under the curve” metric, which is a measure of 

integrated tumor burden, indeed yielded an ~2-fold decrease in tumor burden with tFUS (Figure 

4.2C). However, tFUS improved neither animal survival (Figure 4.2D) nor tumor eradication rate 

(Figure 4.2E). Thus, this tFUS protocol yields modest and transient primary tumor control.  

 

 



4.3.2 DC101 VEGFR2 BLOCKADE BENEFICIALLY MODULATES INTRATUMORAL T 

CELL COMPOSITION 

After establishing this tFUS partial ablation protocol, we next asked whether VEGF-R2 

blockade could synergize with tFUS to drive T-cell dependent anti-tumor immunity. As a first 

step in addressing this question, we tested whether VEGF-R2 blockade beneficially remodels 

the immune landscape in EMT6 tumors.  A VEGF-R2 blocking antibody (DC101) was 

administered intraperitoneally and EMT6 tumor growth was tracked beginning 7 days after 

inoculation (Figure 4.3A). A subset of tumors was harvested 14 days post-inoculation when 

tumors measured ~100 mm3 and assessed for T cell representation by flow cytometry, with our 

gating strategy outlined in Figure 4.S1. The number and share of CD8+ T cells in these tumors 

were unchanged by DC101 treatment (Figure. 4.3B, C). However, the number and share of 

CD4+Foxp3+ regulatory T cells (Treg) were decreased by ~3-fold and ~1.5-fold, respectively 

(Figure 4.3D, E). As a result, the CD8/Treg ratio, a useful predictor of improved clinical 

outcomes [180], [181], nearly doubled with DC101 treatment (Figure 4.3F). Additionally, about 

half of CD8+ cells were PD1+ following either IgG or DC101 treatment (Figure 4.3G). However, 

in the other subset of EMT6 tumors, DC101 treatment did not control tumor (Figure 4.3H, I), 

improve integrated tumor burden (Figure 4.3J), extent animal survival (Figure 3K), or 

demonstrate eradication benefit (Figure 4.3L). Therefore, DC101 induces favorable immune 

changes within EMT6 tumors but fails to impact tumor growth or eradication.  

4.3.3 DC101 SYNERGIZES WITH SPARSE TFUS TO CONTROL TUMORS, EXTEND 

SURVIVAL, AND INDUCE ANTI-TUMOR IMMUNITY 

After establishing that VEGF-R2 blockade remodels tumor immune landscape, we tested 

whether it synergizes with tFUS in the treatment of EMT6 tumors using the experimental 

timeline in Figure 4.4A. DC101 + tFUS significantly controlled EMT6 tumor growth when 



compared to DC101 and IgG control groups (Figure 4.4B, C). At 2 weeks post-tFUS, the 

DC101 + tFUS-treated tumor volume was fully 5-fold lower than IgG control and 3.5-fold lower 

than tFUS monotherapy. Tumor control was reflected in the AUC metric as well, corresponding 

to 3.5-fold decrease in tumor burden for DC101 + tFUS compared to IgG control and a 2-fold 

decrease compared to tFUS (Figure 4.4D). The effect of this combination therapy was found to 

be synergistic in nature (Figure 4.7A, B). Survival was also extended significantly in the DC101 

+ tFUS group (Figure 4.4E). Additionally, 50% of tumors treated with DC101 + tFUS were 

entirely eradicated, an improvement from 17% of tumors eradicated by tFUS (Figure 4.4F). 

Neither the DC101 group nor the IgG group yielded tumor eradication (Figure 4.4F). Similar 

results were observed using the 4T1 tumor model, where observed a significant growth control 

benefit when treating 4T1 a trending decrease in volume of lung metastases 4 weeks post-

inoculation (Figure 4.S2). 

To then test whether DC101 + tFUS-treated mice with eradicated primary tumors 

harbored systemic immunity against EMT6 tumors post-eradication, we performed EMT6 

rechallenges in the contralateral flank. Here, 83% of mice rejected the rechallenge (Figure 

4.4F), suggesting that the presence of systemic immunity prevented secondary tumor growth. 

To verify that tumor rejection in these mice was T cell-dependent, we employed systemic αCD4 

and αCD8 antibody depletion, followed by a second rechallenge. Three months after CD4/CD8 

depletion, T cell reconstitution was complete (Figure 4.4G-I). EMT6 cells were again injected in 

the contralateral flank. Post-recovery, tumors were significantly larger than the rechallenge 

tumors that grew in the same mice pre-depletion (Figure 4.4J), indicating that the immunity 

conferred by the combination treatment was T cell dependent. After this time point, most tumors 

rechallenged post-reconstitution did regress, which is consistent with previous literature 

suggesting that tissue resident memory T cells in the skin and lungs are difficult to deplete with 

systemic αCD4 and αCD8 antibodies [182], [183], [184].  



4.3.4 APD1 COMBINED WITH TFUS ADDITIVELY CONTROLS TUMOR GROWTH AND 

AUGMENTS ANTI-TUMOR IMMUNITY 

After determining that neoadjuvant VEGF-R2 blockade converts tFUS into a potent 

driver of T cell-dependent anti-tumor immunity, we asked whether a conventional checkpoint 

inhibitor (αPD1) could elicit this same response. EMT6 tumors are known to be partially 

responsive to similar drugs [44][44][46]. We dosed EMT6-bearing mice with αPD1 (4 doses 

using a standard concentration and timing for mice) and applied tFUS on day 14 (Figure 4.5A). 

We observed a trending decrease (p=0.064) in tumor volume for the αPD1 + tFUS group when 

compared to IgG (Figure 4.5B, C) and no significant differences when compared to tFUS and 

PD1 monotherapies. The effect of this dual combination was found to be additive in nature 

(Figure 4.7C, D) The AUC metric did reveal an ~3-fold decrease in integrated tumor burden 

with αPD1 + tFUS compared to IgG control (Figure 4.5D), as well as a trending (p=0.12) 

survival advantage compared to IgG control (Figure 4.5E). Notably, this protocol was repeated 

in a second solid tumor model (YUMMER 1.7 melanoma). Similar results were observed in 

YUMMER1.7-bearing mice (Figure 4.S3B-G). ~55% of the mice treated with αPD1 + tFUS had 

their tumors eradicated (Figure 4.5F) as compared to only ~15% of αPD1-treated tumors 

eradicated.  

To mirror the DC101 + tFUS experiment, mice with eradicated tumors were rechallenged 

contralaterally, with ~60% of rechallenges rejected (Figure 4.5F). After depleting CD4 and CD8 

T cells and allowing circulating T cells to repopulate (Figure 4.5G-I), mice were again 

rechallenged contralaterally. Tumors grew faster post-reconstitution than they did pre-depletion 

(Figure 4.5J). Again, this suggests T cell memory dependency on the anti-tumor immune 

response generated in most of the tumor-eradicated mice.  

 



4.3.6 DC101 AND APD1, COMBINED WITH TFUS, ROBUSTLY CONTROL EMT6 

TUMOR GROWTH, CONFER SURVIVAL ADVANTAGE, AND INDUCE ANTI-TUMOR 

IMMUNITY  

DC101 and αPD1 were individually capable of improving the anti-tumor effects of tFUS, 

and anti-angiogenics like DC101 are known to enhance anti-tumor immunity induced by ICIs like 

αPD1. As such, we tested whether combining these three therapeutics would induce more 

potent tumor control than tFUS or DC101 + αPD1 alone. We administered 4 doses of DC101 

and αPD1 and applied tFUS on day 14 (Figure 4.6A). The DC101 + aPD1 + tFUS-treatment 

yielded exceptional primary control, as evidenced by the tumor growth curves (Figure 4.6B, C) 

and integrated tumor burden through the AUC metric (Figure 4.6D). Specifically, the triple 

combination reduced AUC 5-fold compared to IgG control and 3-fold compared to tFUS, with a 

trending 3-fold decrease compared to DC101 + αPD1 (Figure 4.6D). The effect of this triple 

combination was found to be additive in nature (Figure 4.7E, F) The triple combination therapy 

also conferred significant survival benefits (Figure 4.6E). DC101 + αPD1 eradicated ~30% of 

the tumors, while DC101 + αPD1 + tFUS eradicated ~80% of the tumors, which constitutes a 

significant eradication benefit compared to IgG control and a trending (p=0.057) toward a 

benefit compared to tFUS (Figure 4.6F). We found the timing of this combination treatment 

regimen, as administering one dose of aPD1 pre-tFUS and 3 doses post-tFUS (Figure 4.S4A) 

did not elicit significant growth control (Figure 4.S4B, C) or decrease integrated tumor burden 

(Figure 4.S4D).  

Similar to previous experiments, we contralaterally rechallenged the mice with eradicated 

tumors. All DC101 + αPD1 mice rejected their rechallenge, with ~75% of the DC101 + aPD1 + 

tFUS mice rejecting rechallenge (Figure 4.6F). Following CD4 and CD8 T cell depletion and 

reconstitution (Figure 4.6G-I, K-L), mice were contralaterally rechallenged again. Here, we 

observed faster tumor growth post-reconstitution than we did in the same mice before CD4/CD8 



T cell depletion (Figure 4.6J, M), indicating the rechallenge rejection observed following primary 

tumor eradication was T cell dependent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4.4 DISCUSSION 

4.4.1 RATIONALE FOR THERAPEUTIC COMBINATIONS 

In these studies, we aimed to develop a pharmacological strategy that converts tFUS 

into a non-invasive approach for generating T cell-dependent immunity against solid tumors. We 

first established a partial tFUS regimen that temporarily slowed tumor growth but did not 

enhance long-term animal outcomes. Seeking out logical combinations between tFUS and 

drugs with clinical counterparts, we leveraged the ability of VEGFR2 blockade to favorably 

immunomodulate solid tumors, demonstrating improvements in T cell infiltrate using DC101. 

Combining tFUS with DC101 yielded significant eradication and development of T cell-

dependent anti-tumor immunity. Because many ICIs bolster anti-tumor immunity and most T 

cells in EMT6 tumors were PD1+, we then combined tFUS with aPD1. This combination was 

moderately effective, eradicating many tumors and generating T cell-dependent anti-tumor 

immunity. Combining all three therapeutics eradicated nearly all primary tumors and, again, 

resulted in T cell-dependent anti-tumor immunity. The three constituent therapies employed in 

our studies are used separately in the clinic—we demonstrate that in combination, they produce 

more potent anti-tumor responses than as monotherapies. In particular, VEGFR2 blockade 

potentiated the effects of tFUS without efficacy as a monotherapy, demonstrating distinct 

promise for anti-angiogenic therapies as tFUS-enhancing drugs. These findings suggest that 

VEGFR2 blockade may be leveraged to improve the efficacy of tFUS in clinical settings, both 

with and without PD1 blockade.  

4.4.2 THE UTILITY OF TFUS AS AN IMMUNOTHERAPY 

In these studies, we leverage immunomodulatory drugs to enhance the immune effects 

of heat-related damage induced by tFUS. Other ablative FUS modalities have been successfully 

combined with drug administration to drive systemic anti-tumor immunity, and it is informative to 



consider our results in light of these other studies. One such modality is histotripsy, which 

mechanically fractionates tumor tissue with minimal heating and has been reported to be more 

effective than tFUS in enhancing ICB in certain preclinical cancer models [185]. Histotripsy 

activates dendritic cells and promotes tumor antigen acquisition in similar tumor models [186]—

the lack of tissue heating following histotripsy may preserve more antigen intact than tFUS 

regimens that ablate the entire tumor. While these studies highlight the promise of histotripsy as 

an immunomodulatory ablation modality, our data, in combination with other studies [54], [55], 

[56], [57], indicate that properly applied tFUS still has significant promise for augmenting 

immunotherapy. tFUS releases DAMPs [51], [52], [53], and partial tFUS generates temperature 

transition zones where antigen may be effectively released without denaturing. Additionally, 

partial tFUS likely preserves more tumor parenchyma and vasculature for T cell homing. 

Together, the choice to utilize partial ablation over complete ablation may rescue tFUS’s 

capacity to generate lasting anti-tumor immune responses.  

Several published studies combine tFUS with secondary therapies to induce immune-

mediated control [54], [55], [56], [57]. However, key differences separate these studies’ 

approaches and findings from our own, with the most significant difference being that our study 

is the first to test tFUS in combination with VEGFR2 blockade. Yet another difference is tFUS 

ablation fraction, estimated at 25% in our study (Figure 4.1E). In a previous study, we found 

that treating a larger ablation fraction per tumor in a 4T1 model induced moderate growth 

control [54]—this more aggressive ablation regimen was less effective at controlling tumor 

growth than partial ablation in the EMT6 model. In another case, partial thermal ablation 

moderately controlled tumor growth [56], corroborating our findings in a Her2+ tumor model. 

However, yet another group found that treatment with a greater number of treatment points 

controlled CT26 tumors well [57]. None of these studies inquire about the effect of partial versus 

complete ablation on growth control. However, one such study suggests that partial ablation 



may promote dendritic cell infiltration and maturation better than more complete ablation [187]. 

Differences in ablation regimen and tumor model notwithstanding, the same groups observe 

similar results when combining various tFUS regimens with immunotherapies: tFUS combined 

with gemcitabine, a myeloablative drug; CpG, an innate immune agonist, plus aPD1; and 

aCTLA-4; can induce both growth control in primary tumors due to a systemic anti-tumor 

immune response. Across these studies, tFUS likely catalyzes DAMP and antigen release and 

ablates a substantial fraction of cancer and myeloid cells. Without a classical immunotherapy 

like aPD1, tFUS cannot sufficiently increase effector T cell activity. Our findings not only 

corroborate the efficacy of partial tFUS combined with immunotherapy but go further in realizing 

synergistic benefits between tFUS and another drug which is not typically classified as an 

immunotherapy: DC101. Without DC101, the immunostimulatory spark of tFUS does not catch 

due to dysfunctional blood vessels, lymphatics, and T cell infiltration. Ultimately, our findings 

align with recent studies demonstrating utility of tFUS as a potent component of combination 

immunotherapies [54], [55], [56], [57].   

4.4.3 APD1 AND TFUS ADDITIVELY INDUCE ANTI-TUMOR EFFECTS 

Our combination of aPD1 and tFUS showed trending tumor growth control and T cell-

dependent anti-tumor immunity (Figure 4.5H). aPD1 alone partially controls EMT6 tumor growth 

[188], recapitulating the responder-nonresponder phenomenon seen clinically (Figure 4.5B). 

Yet, aPD1 and tFUS separately failed to control tumor growth (Figure 4.5C, D). aPD1 + tFUS 

yielded a less robust anti-tumor response than DC101 + tFUS, with only trending tumor growth 

control, trending survival benefits, and half of rechallenged mice rejecting their rechallenge. 

Using tumor size at day 28 to generate an effect metric, we leveraged two synergy tests [189] to 

determine that the effects of aPD1 and tFUS are additive (Figure 4.7C, D). This additive 

therapeutic relationship may be due to tFUS-mediated inflammation promoting T cell 

recruitment to the ablated site, followed by aPD1 augmenting T cell proliferation and effector 



function. However, we begin aPD1 treatment prior to tFUS, and tFUS may ablate some 

intratumoral T cells. For this reason, continuing aPD1 dosing following tFUS may render the 

aPD1 + tFUS combination more effective. T cell extravasation may also bottleneck aPD1 + 

tFUS efficiency due to dysfunctional tumor vasculature, which may be addressed by 

incorporating DC101. Ultimately, aPD1 bolsters T cell proliferation and effector function once T 

cells have extravasated into solid tumors. However, this is limited by tumors’ dysfunctional 

vasculature, which DC101 addresses, and can be improved by tFUS, which initiates antigen 

release upstream of T cell homing.  

4.4.4 SYNERGY BETWEEN DC101 AND TFUS 

While DC101 and tFUS individually offered little anti-tumor protection, their combination 

synergistically controlled tumor growth (Figure 4.4C, D, Figure 4.7A, B), improved survival 

(Figure 4.4E), and induced long-term adaptive immunity (Figure 4.4F). This synergy may stem 

from several DC101-mediated effects. We demonstrated that DC101 reduced the number of 

regulatory T cells in EMT6 tumors by nearly 3-fold (Figure 4.3E), alleviating 

immunosuppression. VEGFR2 blockade can also reduce myeloid-derived suppressor cells’ 

(MDSCs) immunosuppressive capacity [71], further reducing intratumoral immunosuppression. 

tFUS may complement DC101 through MDSC ablation and augmented antigen release. 

Additionally, DC101 is known to reduce hypoxia [190], interstitial fluid pressure [190], and tumor 

perfusion [191], potentially improving heat transfer post-ablation, which may result in more 

functional antigen release and preservation of tumor parenchyma for T cell homing.  

Importantly, DC101 can also improve lymphatic function in tumors, despite previous 

work finding that DC101 primarily impacts interstitial fluid pressure [81]. Although DC101 

functions by blocking VEGF-A’s primary receptor, VEGFR2, and lymphangiogenesis occurs via 

VEGF-C and its receptor, VEGFR3, DC101 can also reduce lymphatic vessel density [192], 

[193]. DC101 treatment also decreases lymphatic vessel hyperbranching, improving lymphatic 



vessel function [194]. DC101 promotes the formation of lymphatic structures like high 

endothelial venules (HEVs) in tumors [195], which assist in antigen trafficking to lymph nodes, 

and increase dendritic cells’ (DCs) MHC-II expression [71], augmenting DC’s capacity for 

antigen presentation. Additionally, DC101 reduces the likelihood for lymphatic metastases [80], 

[196]. Together, these mechanisms likely drive the durable T cell-dependent anti-tumor 

responses observed following DC101 + tFUS treatment.  

It is also interesting that DC101 was more effective than aPD1 in boosting the 

immunological efficacy of tFUS. This finding was unexpected because aPD1 monotherapy is a 

mainstay in the ICI armamentarium, while VEGF blockade has not shown similar clinical 

effectiveness. However, augmenting T cell activity with aPD1 may be ineffective if T cells 

struggle to enter, survive, and properly function in tumors, even with an inflammatory event such 

as tFUS spurring T cell recruitment. DC101’s ability to improve leukocyte access, reduce 

intratumoral hypoxia, curb immunosuppression, and ameliorate lymphatic function may be 

necessary ingredients to synergize immunomodulatory drugs with tFUS.  

DC101 immunologically primes solid tumors. This allows them to readily accept T cells, 

permit T cell function and proliferation, reduce intratumoral immunosuppression, augment 

lymphatic function, and facilitate adequate heat transfer post-ablation. Alone, DC101 is largely 

ineffective, as it does not elicit tumor control. But without DC101, the tumor environment is 

inadequately prepared to be maximally receptive to aPD1 or tFUS.  

4.4.5 MAXIMAL ANTI-TUMOR EFFECTS COMBINING DC101, APD1 AND TFUS 

Combining DC101, aPD1, and tFUS to treat EMT6 tumors reduced tumor burden by 5-

fold (Figure 4.6D) in an additive manner (Figure 4.7E, F), eradicated 80% of tumors (Figure 

4.6F), improved animal survival (Figure 6E), and drove durable adaptive immunity (Figure 

4.6M). This efficacy may stem from both immunological and transport mechanisms. VEGFR2 



blockade reduces immunosuppressive capacity of intratumoral myeloid-derived suppressor cells 

(MDSCs) [71], which may increase aPD1 effectiveness in EMT6 tumors. DC101’s promotion of 

tumor-associated HEVs is known to increase aPD1 efficacy [197], further underscoring our 

rationale to boost aPD1’s impact with DC101. Additionally, DC101 may improve heat transfer 

out of the tumor, enhancing intratumoral CD8 T cell survival, further synergizing with tFUS. This 

body of evidence helps elucidate a theory to explain why these three therapeutics enhance 

each other’s effects to maximally control solid tumor progression.  

 

 

 

 

 

 

 

 

 

 

 

 

 



4.5 CONCLUSION 

 As the clinical success of promising immunotherapies remains low, understanding how to 

boost their efficacy is essential. In the studies highlighted in Chapter 4, leveraged the benefits of 

tFUS-promoted cellular damage, DC101-dependent vascular modulation, and anti-PD1-mediated 

T cell activity to a novel immunotherapeutic framework. After confirming that DC101 improves 

intratumoral T cell composition and sparse tFUS elicits little long-term benefit to tumor control in 

EMT6 tumors, we logically combine these therapies with anti-PD1 across a range of studies to 

find that many of the ensuing combinations yield significant tumor growth control, eradication, and 

survival. We reproduce these results in both the 4T1 and YUMMER1.7 models of TNBC and 

melanoma, respectively. We then demonstrate that many mice whose EMT6 tumors were 

eradicated remain tumor-free following contralateral rechallenge and isolate this effect to be T 

cell-dependent. These studies illustrate how sparse tFUS can be potentiated using 

immunomodulatory drugs with clinical analogs like DC101 and anti-PD1 and why resulting long-

term anti-tumor effects occur, offering important insight for future clinical endeavors tackling the 

treatment of solid tumors and their metastases.  

 

 

 

 

 

 

 



4.6 MATERIALS AND METHODS 

4.6.1 CELL AND ANIMAL MAINTENANCE 

The EMT6 and 4T1 cell lines were purchased from ATCC. The YUMMER1.7 cell line 

was gifted by the laboratory of Timothy N.J. Bullock. EMT6 cells were maintained in 1X DMEM 

+ 4.5 g/L D-glucose + L-Glutamine (Gibco #11965-092) supplemented with 10% Fetal Bovine 

Serum (FBS, Gibco #16000-044). 4T1 cells were maintained in 1X RPMI 1640 + L-Glutamine 

(Gibco #11875-093) supplemented with 10% Fetal Bovine Serum (FBS, Gibco #16000-044). 

YUMMER1.7 cells were maintained in 1X DMEM/F12 (1:1) + L-Glutamine + 15 mM HEPES 

supplemented with 10% Fetal Bovine Serum (FBS, Gibco #16000-044) and 1% MEM Non-

Essential Amino Acids (NEAA, Gibco # 11140-050). All cells were maintained in culture at 37°C 

and 5% CO2 (Thermo Fisher Scientific, Heracell 150i Cat#51-032-871). Thawed cells were 

maintained in logarithmic growth phase for all experiments, did not exceed 12 passages from 

the time of purchase, and tested negative for mycoplasma prior to freezing.  

 All animal experiments adhered to ethical guidelines and regulations approved by the 

University of Virginia Animal Care and Use Committee. The animals were housed in accordance 

with standard laboratory conditions, maintaining a temperature of 22°C and a 12-hour light/12-

hour dark cycle and supplied food ad libitum. 7-10 week-old female BALB/c or C57BL/6 mice 

were purchased from Jackson Laboratories (Jax #000651 or #000664, respectively) and 

acclimated for at least 48 hours in our animals facilities. To prepare the animals for inoculations, 

they were anesthetized with an intraperitoneal injection of ketamine (50 mg/kg Zoetis) and 

dexdomitor (0.25 mg/kg Pfizer). Their right flanks were shaved and 5x105 EMT6 cells, 4x105 

4T1 cells, or 3x105 YUMMER1.7 cells were subcutaneously injected in 100 µL 1X PBS (Gibco 

#10010-023) with a 25G x 1 ½ inch needle (BD PrecisionGlide Needle #305127) into the right 

flank of the mice, allowed to rest for 30 minutes, after which animals were given Antisedan 



intraperitoneally for anesthesia reversal and recovery. Tumor outgrowth was assessed with 

digital calipers, with tumor volume = (length x width2/2). Seven days following inoculation, mice 

were randomly placed in experimental groups while matching the starting tumor mean volume 

and minimizing intragroup variation. When appropriate, animals were rechallenged with 

inoculations following the same procedure, but on the left flank. 

4.6.2 VEGFR2 BLOCKADE 

For VEGFR2 blockade, mice were injected with 5 or 10 mg/kg DC101 (DC101 #BE0060 

BioXCell) or appropriate IgG antibody control (rat IgG1 HRPN #BE0088 BioXCell) diluted in 

sterile 1X PBS (Gibco #10010-023). DC101 and IgG were prepared the day of injections, and 

the 5 or 10 mg/kg calculation was determined at the day 7 size matching. Mice were 

interperitoneally injected with 100 µL of diluted DC101 or IgG at starting on day 7 post-

inoculation, with 2 or 3 additional doses administered 3 days apart.  

4.6.3 PD-1 BLOCKADE THERAPY 

For PD-1 blockade, mice were injected with 200 μg aPD1 (RMP1-14 #BE0146 BioXCell) 

or appropriate IgG antibody control (rat IgG2a 2A3 #BE0089 BioXCell) diluted in sterile 1X PBS 

(Gibco #10010-023). DC101 and IgG were prepared on the day of injections, and the 10 mg/kg 

calculation was determined at the day 7 size matching. Mice were interperitoneally injected with 

100 µL of diluted aPD1 or IgG at starting on day 7 post-inoculation, with 2 or 3 additional doses 

administered 3 days apart. 

4.6.4 T CELL DEPLETIONS 

For T cell depletions, anti-CD8 (2.43 clone; Bio X Cell) and anti-CD4 (GK1.5 clone; Bio X 

Cell) were diluted in sterile 1X PBS (Gibco #10010-023) and administered intraperitoneally daily 

for three days. Mice were injected with 100 µg of each antibody on each of these three days.  



4.6.5 IN VIVO ULTRASOUND-GUIDED PARTIAL THERMAL ABLATION 

System 1: This system consists of four 3.78 MHz single-element transducers (SU-102, 

Sonic Concept), each of 33 mm diameter and 55 mm radius of curvature, with a 3.78 MHz 

center frequency. These four transducers are embedded in a solid resin and are confocally 

aligned for a single active aperture of 66 mm. The system is powered by a 200W acoustic 

amplifier (Electronics & Innovation 1020L) driven by an arbitrary function generator (Tektronix 

AFG3022C) registered to an ultrasound imaging transducer (MS200, center frequency 30 MHz, 

FUJIFILM Visualsonics). A degassed water bath at 37°C acoustically coupled mice to both the 

therapeutic and imaging ultrasound transducers. After acoustic coupling, tumor positioning was 

driven by a motorized 3D motion stage and the tumor was identified with B-mode ultrasound 

imaging. Tumors were treated with the transducer operated in continuous wave mode at 18W 

power for 15 seconds per point, with each treatment point 1.5 mm apart. Tumors were treated in 

2 or 3 planes of sonication, each 2 mm apart.  

System 2: This system consists of a 64 mm single-element 3.3 MHz transducer (Sonic 

Concepts) powered by a 400 W amplifier (E&I) orthogonally registered to an 8 MHz linear 

ultrasound imaging array (Siemens). A degassed water bath at 37°C acoustically coupled mice 

to both the therapeutic and imaging ultrasound transducers. After acoustic coupling, tumor 

positioning was driven by a motorized 3D motion stage and the tumor was identified with B-

mode ultrasound imaging. A grid of points 3 mm apart was overlayed onto the B-mode images. 

Tumors were treated with the transducer operated at 3MHz in continuous wave mode at 15W 

power for 10 seconds per point, and were treated in two planes of sonication, each 2 mm apart.  

4.6.6 TTC TUMOR TISSUE STAINING 

Immediately following ablation, some mice were euthanized with an intraperitoneal 

Euthasol injection. After confirming successful euthanasia, entire tumors were removed from the 



right flank, sectioned down the midline, and placed in 5 mL 2,3,5-triphenyltetrazolium chloride 

(TTC) stain (298-96-4, Sigma) for 30 minutes at 37°C, taking care to avoid light exposure during 

the incubation time. TTC is a redox indicator and is reduced to bright-red 1,2,5-

triphenylformazan in living cells, where necrotic or dead cells appear white. Tumors were then 

moved to 10% formalin for 72 hours and gross images of tumor cross-sectional area were 

acquired for quantification (ImageJ).  

4.6.7 INDIA INK LUNG STAINING 

Approximately 14 days post-ablation, a cohort of 4T1-bearing mice was euthanized with 

an intraperitoneal injection of Euthasol. Immediately following euthanasia, surgical scissors 

were used to cut along the animal’s midline up to the salivary glands. The trachea was found 

and isolated using a pipette tip. A 27G needle syringe containing India Ink (J61007.AP, 

ThermoFisher) was inserted into the trachea in the direction of the lungs, and ink was slowly 

injected into the lungs until resistance was felt (~1-2 mL). The trachea was cut, the lungs were 

removed, and the lungs were rinsed with water. The lungs were then placed in a Falcon tube 

filled with 10 mL room-temperature Fekete’s solution (made with 100 mL 70% ethanol, 10 mL 

formaldehyde, and 5 mL glacial acetic acid) and incubated for 3 days. The lungs were then 

removed and imaged with a dissecting microscope, after which gross images were quantified 

(ImageJ).  

4.6.8 FLOW CYTOMETRY 

To isolate intratumoral immune cells, tumors were cut into ~1mm pieces and following 

removal and incubated in Type I collagenase (5 mg/mL, ThermoFisher) and DNAse I 

(100ug/mL, Sigma) at 37C for 1 hour followed by mechanical homogenization. The 

disaggregated tumors were filtered through 100 µm Nitex nylon mesh (Genesee) and applied to 

a concentration gradient (Lympholyte-M cell separation media, Cedarlane) for cell isolation. 



To isolate circulating immune cells, mice were bled via tail vein, after which blood placed 

in cell media to prevent clotting, then was RBC lysed (00-4333-57, ThermoFisher).  

Samples were stained with viability dye (Live Dead BLUE) in 1X PBS, followed by a 15-

minute incubation with Fc block (anti-mouse functional grade CD16/32 clone 2.4G2, BD 

Biosciences). Surface staining was performed in FACS buffer supplemented with 2% normal 

mouse serum (Valley Biomedical). Cells were permeabilized with Foxp3/Transcription Factor 

Staining Buffer Set (00-5523-00, ThermoFisher). The following antibodies were used across 

flow cytometry studies described in the results section: CD3 BUV563 (145-2C11, BD 

Biosciences), CD3 APC (145-2C11, BioLegend), CD4 eFluor450 (RM4-5, ThermoFisher), CD8a 

BUV805 (53-6.7, ThermoFisher), CD11b APC Fire 750 (M1/70, BioLegend), CD19 BV650 (1D3, 

BD Biosciences), CD19 APC Fire 750 (6D5, BioLegend), CD44 FITC (NIM-R8, BioLegend), 

Foxp3 PE-Cy5 (FJK-16s, ThermoFisher), PD1 BV605 (29F.1A12, BioLegend). Cells were then 

fixed with 1X FACS Lysis Solution (349202, BD Biosciences).  

Samples were acquired on 5-laser Aurora spectral flow cytometer (Cytek) and data were 

analyzed with FCS Express (De Novo Software). A representative gating strategy for circulating 

and intratumoral T cells is provided in supplementary Figure 1. 

4.6.9 SURVIVAL CRITERIA 

 The following endpoints were employed for survival studies: euthanasia following tumor 

outgrowth exceeding 18 mm diameter in any dimension, euthanasia due to weight loss or 

moribund appearance, or spontaneous death. The following endpoints were censored from 

survival data: euthanasia due to tumor ulceration.  

4.6.10 COMBINATION THERAPY EFFECT-BASED ASSESSMENTS 

 To determine whether the combinations of DC101, aPD1, and tFUS elicited additive or 

synergistic effects, two methods were employed to compare individual components of 



combination therapies to the resulting combinations: the response additivity model and the Bliss 

independence model. First, we calculated the percent reduction in tumor size at day 28 post-

inoculation for each experimental group compared to the control group average, which we 

deemed our “effect”. We first used the response additivity model, which assumes synergistic 

effect when a combination therapy yields a greater response than the sum of the individual 

therapies’ effects:  

𝐸𝐴𝐵 >  𝐸𝐴 + 𝐸𝐵 

We also used the Bliss independence model, assumes drug synergy when the effect of two 

combined therapies act on different sites of action and is greater than the difference between 

their sum and product:   

𝐸𝐴𝐵 >  𝐸𝐴 + 𝐸𝐵 −  𝐸𝐴 ∗ 𝐸𝐵 

4.6.11 STATISTICAL ANALYSES 

 All results are reported as the mean ± the standard error of the mean (SEM). Statistical 

significance was assessed at p < 0.05 for all experiments and was calculated using GraphPad 

Prism 9 (San Diego, USA). Statistical tests are reported in Figure Legends.  

 

 

 

 

 

 

 

 

 



4.6 CHAPTER 4 FIGURES 
 

 

Figure 4.1. Thermal focused ultrasound equipment and parameters. (A) We employed the 

pictured 3.78 MHz four-element focused ultrasound transducer setup to sonicate animals in the 

following experiments, using a 1.5 mm spacing between points and 2 mm between treatment 

planes (B). (C) We treated thermochromic gels, achieving temperatures greater than 70C when 

treating thermochromic gels at 18W of power for 15 seconds with 1.5 mm between treatment 

points, mimicking our proposed sonication regimen (D) We treated tumors with this regimen and 

used a metabolic TTC stain to assess intratumoral damage, with metabolically active tissue 

staining red. 

 

 

 

 

 

 



 

Figure 4.2. tFUS insufficiently slows EMT6 tumor growth. A. Grouped tumor growth over time. 

Mixed-model, two-way, repeated measures ANOVA (p = 0.256). Means ± SEM. B. Individual 

growth curves. C. Area under the curve (AUC) for tumor growth. Unpaired Welch’s t-test (p = 

0.0074). Means ± SEM. D. Kaplan-Meier curve depicting overall survival (p = 0.206), with 

significance assessed by log-rank (Mantel-Cox). E. Tumor eradication rate (p = 1). Fisher’s exact 

test. 

 



 

Figure 4.3. Partial VEGFR2 blockade modulates T cell compartment without controlling 

tumor growth. A. Timeline for inoculation and treatment. B. Number of CD8 T cells per gram of 

tumor (p = 0.281). C. Percentage of intratumoral immune cells that are CD8 T cells (p = 0.447). 

D. Number of CD4 T cells per gram of tumor (p = 0.0035). E. Percentage of intratumoral immune 

cells that are CD4 T cells (p = 0.0499). F. Ratio of intratumoral CD8 to CD4 T cells (p = 0.0022). 

G. Percentage of intratumoral T cells that express PD1 (p = 0.290). Unpaired Welch’s T test. 

Means ± SEM. H. Grouped tumor growth over time. Mixed-model, two-way, repeated measures 

ANOVA (p = 0.509). I. Individual growth curves. J. Area under the curve (AUC) for tumor growth. 

Unpaired Welch’s t-test (p = 0.369). Means ± SEM. K. Kaplan-Meier curve depicting overall 

survival (p = 0.402), with significance assessed by log-rank (Mantel-Cox). L. Tumor eradication 

rate (p = 1). Fisher’s exact test. 

 

 

 

 

 

 

 



 

 

 

 

 



Figure 4.4. tFUS synergizes with DC101 to control primary tumor growth and generate a 

systemic anti-tumor response. A. Timeline for inoculation and treatment. B. Individual growth 

curves. C. Grouped tumor growth over time. Mixed-model, two-way, repeated measures ANOVA 

(p = 0.0207 between IgG control and DC101 + tFUS, p = 0.007 between DC101 and DC101 and 

DC101 + tFUS). Means ± SEM. D. Area under the curve (AUC) for tumor growth. Two-way 

ANOVA with Tukey test (tFUS vs. DC101 p = 0.0276, DC101 vs. DC101 + tFUS p < 0.0001, IgG 

control vs. DC101 + tFUS p < 0.0001). Means ± SEM. E. Kaplan-Meier curve depicting overall 

survival, with significance assessed by log-rank (DC101 vs. DC101 + tFUS p = 0.0006, IgG control 

vs. DC101 + tFUS p = 0.0006). F. Tumor eradication rate (p = 0.08) and rechallenge rejection 

rate. Fisher’s exact test. G. Representative plots of circulating CD4 and CD8 T cells immediately 

post-antibody depletion and post-recovery 3 months later. H. Percentage of immune cells that are 

CD4 T cells in circulation, immediately post-depletion and 3 months later. Two-way ANOVA with 

Tukey test (Naïve month 0 vs. naïve month 3 p = 0.0019, DC101 + tFUS month 0 vs. DC101 + 

tFUS month 3 p = 0.0004). I. Percentage of immune cells that are CD4 T cells in circulation, 

immediately post-depletion and 3 months later. Two-way ANOVA with Tukey test (Naïve month 

0 vs. naïve month 3 p = 0.0002, DC101 + tFUS month 0 vs. DC101 + tFUS month 3 p < 0.0001). 

J. Tumor volume 7 days post-rechallenge in the same mice, pre-T cell depletion and post-T cell 

recovery. Unpaired Welch’s t-test (p = 0.0094). 

 

 



 

 

 

 

 



Figure 4.5. tFUS additively cooperates with aPD1 to control primary tumor growth and 

induce long-term immunity. A. Timeline for inoculation and treatment. B. Individual growth 

curves. C. Grouped tumor growth over time. Mixed-model, two-way, repeated measures ANOVA. 

Means ± SEM. D. Area under the curve (AUC) for tumor growth. Two-way ANOVA with Tukey 

test (IgG control vs. aPD1 + tFUS p = 0.0011, IgG control vs. tFUS p = 0.0485, aPD1 vs. FUS + 

aPD1 p = 0.0485). Means ± SEM. E. Kaplan-Meier curve depicting overall survival, with 

significance assessed by log-rank. F. Tumor eradication rate (p = 0.51) and rechallenge rejection 

rate. Fisher’s exact test. G. Representative plots of circulating CD4 and CD8 T cells immediately 

post-antibody depletion and post-recovery 3 months later. H. Percentage of immune cells that are 

CD4 T cells in circulation, immediately post-depletion and 3 months later. Two-way ANOVA with 

Tukey test (Naïve month 0 vs. naïve month 3 p = 0.0018, aPD1 + tFUS month 0 vs. aPD1 + tFUS 

month 3 p < 0.0001). I. Percentage of immune cells that are CD4 T cells in circulation, immediately 

post-depletion and 3 months later. Two-way ANOVA with Tukey test (Naïve month 0 vs. naïve 

month 3 p = 0.0032, aPD1 + tFUS month 0 vs. aPD1 + tFUS month 3 p = 0.0091). J. Tumor 

volume 7 days post-rechallenge in the same mice, pre-T cell depletion and post-T cell recovery. 

Unpaired Welch’s t-test. 



 



Figure 4.6. tFUS, DC101, and aPD1 potently cooperate to eradicate tumors and generate a 

systemic anti-tumor response. A. Timeline for inoculation and treatment. B. Individual growth 

curves. C. Grouped tumor growth over time. Mixed-model, two-way, repeated measures ANOVA 

(p = 0.006). Means ± SEM. D. Area under the curve (AUC) for tumor growth. Two-way ANOVA 

with Tukey test (tFUS vs. DC101 + aPD1 + tFUS p = 0.0212, IgG vs. DC101 + aPD1 + tFUS p < 

0.0001, IgG vs. tFUS p = 0.0161, IgG vs. DC101 + aPD1 = 0.0212, DC101 + aPD1 vs. DC101 + 

aPD1 + tFUS p = 0.0161). Means ± SEM. E. Kaplan-Meier curve depicting overall survival, with 

significance assessed by log-rank (tFUS vs. DC101 + aPD1 + tFUS p = 0.0384, IgG control vs 

DC101 + aPD1 + tFUS p = 0.0006). F. Tumor eradication rate (p = 0.0006) and rechallenge 

rejection rate. Fisher’s exact test. G. Representative plots of circulating CD4 and CD8 T cells 

immediately post-antibody depletion and post-recovery 3 months later. H. Percentage of immune 

cells that are CD4 T cells in circulation, immediately post-depletion and 3 months later. Two-way 

ANOVA with Tukey test (Naïve month 0 vs. naïve month 3 p = 0.0061, DC101 + aPD1 month 0 

vs. DC101 + aPD1 month 3 p = 0.0005). I. Percentage of immune cells that are CD4 T cells in 

circulation, immediately post-depletion and 3 months later. Two-way ANOVA with Tukey test 

(Naïve month 0 vs. naïve month 3 p = 0.0168, DC101 + aPD1 month 0 vs. DC101 + aPD1 month 

3 p = 0.0222). J. Tumor volume 7 days post-rechallenge in the same mice, pre-T cell depletion 

and post-T cell recovery. Unpaired Welch’s t-test (p = 0.0115). K. Percentage of immune cells 

that are CD4 T cells in circulating, immediately post-depletion and 3 months later. Two-way 

ANOVA with Tukey test (Naïve month 0 vs. naïve month 3 p = 0.0088, DC101 + aPD1 + tFUS 

month 0 vs. DC101 + aPD1 + tFUS month 3 p = 0.0001). L. Percentage of immune cells that are 

CD4 T cells in circulating, immediately post-depletion and 3 months later. Two-way ANOVA with 

Tukey test (Naïve month 0 vs. naïve month 3 p = 0.0004, DC101 + aPD1 + tFUS month 0 vs. 

DC101 + aPD1 + tFUS month 3 p = 0.0004). M. Tumor volume 7 days post-rechallenge in the 

same mice, pre-T cell depletion and post-T cell recovery. Unpaired Welch’s t-test (p = 0.0012). 

 

 

 

 



 

 

Figure 4.7. DC101, aPD1, and tFUS interaction depends on specific therapeutic 

combination. A “treatment effect” metric was created by quantifying the average percentage of 

tumor volume reduction for each treatment group compared to control. The nature of this effect 

(antagonistic, additive, or synergistic) was determined by calculating both Response Additivity 

and Bliss Independence model. A, B. Based on these methods, DC101 and tFUS act 

synergistically to reduce EMT6 tumor volume. C, D. aPD1 and tFUS likely act additively, perhaps 

with some minor synergy. E, F. To assess the nature of combining DC101, aPD1, and tFUS, we 

determined effect thresholds by comparing this triple combination to that of DC101 and aPD1 + 

tFUS (a), aPD1 and DC101 + tFUS (b), and DC101 + aPD1 and IgG + tFUS (c), finding that the 

combinatory effect of all three therapies is likely additive.  

 

 

 



4.7 CHAPTER 4 SUPPLEMENTAL FIGURES 
 

 

Figure 4.S1. Intratumoral immune staining gating strategy post-DC101 treatment.  



 

Figure 4.S2. DC101 and tFUS curb primary tumor growth and prevent distant metastases 

of 4T1 tumors. A. Timeline for inoculation and treatment. B. Individual growth curves. C. Grouped 

tumor growth over time. Mixed-model, two-way, repeated measures. Means ± SEM. D. Area 

under the curve (AUC) for tumor growth. Two-way ANOVA with Tukey test (p < 0.0001 for all 

comparisons). Means ± SEM. E. Representative lungs stained with India ink, with metastases 

visible in white. F. Estimated metastatic lung volume quantified in ImageJ. Welch’s t-test. 



 

Figure 4.S3. tFUS and aPD1 cooperate to control tumor growth in YUMMER1.7 tumors. A. 

Timeline for inoculation and treatment. B. Individual growth curves. C. Grouped tumor growth 

over time. Mixed-model, two-way, repeated measures ANOVA. Means ± SEM. D. Area under the 

curve (AUC) for tumor growth. Two-way ANOVA with Tukey test (p < 0.0001 for all shown except 

tFUS vs. aPD1 + tFUS p = 0.0373). Means ± SEM. E. Kaplan-Meier curve depicting overall 

survival, with significance assessed by log-rank (IgG vs. tFUS p = 0.0048, aPD1 vs. aPD1 + tFUS 

p = 0.0828, IgG vs. aPD1 + tFUS p = 0.003). F. Tumor eradication rate, Fisher’s exact test.  



 

Figure 4.S4. Tuning tFUS, DC101, and aPD1 timing is essential to control tumor growth. A. 

Timeline for inoculation and treatment. B. Individual growth curves. C. Grouped tumor growth 

over time. Mixed-model, two-way, repeated measures ANOVA (p = 0.302). Means ± SEM. D. 

Area under the curve (AUC) for tumor growth. Two-way ANOVA with Tukey test (IgG vs. DC101 

+ aPD1 p = 0.503, DC101 + aPD1 vs. DC101 + aPD1 + tFUS p = 0.560). Means ± SEM.  

 



CHAPTER 5: FUTURE DIRECTIONS 
 

6.1 EXPLORING ALTERNATIVE TUMOR MODELS 

6.1.1 IMPLANTABLE TUMOR MODELS 

In both Chapter 3 and Chapter 4, we leverage murine solid tumor models to study how 

vascular normalization and FUS synergize in drug delivery and immunotherapy contexts, 

respectively. However, we can improve upon our cancer models to more faithfully recapitulate 

human solid tumors. We began these experiments in FUS System 2, where there was greater 

concern of off-target vital organ heating during tFUS—we therefore positioned the tumor on the 

flank to avoid the complication of heat-related toxicity that may be incurred with orthotopically 

implanted mammary fat pad tumors. This is not a physiologically relevant position for a breast 

cancer tumor to growth, and additionally, tumor placement is known to impact tumor growth 

dynamics. The variable of TNBC tumor placement has been found to impact important variables 

such as vascular density and capacity to metastasize in TNBC models [198], indicating that 

angiogenesis and tumor immune infiltrate likely differ in TNBC tumors implanted in the flank 

compared to in the mammary fat pad. Since pro-angiogenic signaling and tumor immunology are 

variables of particular interest in this work, implanting these tumors in the mammary fat pad would 

serve as a more representative model for human breast cancer and is important to consider going 

forward.  

6.1.2 INDUCIBLE TUMOR MODELS 

Genetically engineered mouse models (GEMMs) serve as another potential avenue to 

continue the work showcased in Chapter 3 and Chapter 4. GEMMs are most often initiated by 

tamoxifen injection, which causes either the inactivation of tumor suppressor genes or activation 

of oncogenes [199]. This process allows tumor growth to occur through a series of biological steps 



much more analogous to human disease as compared to the rapid growth of much more 

homogenous tumors induced by a bolus injection of cells [200]. This induction timeline is much 

longer than that for injectable tumors and renders tumor growth in GEMMs much more 

heterogeneous from mouse to mouse. However, employing GEMMs would better allow us to 

approximate angiogenesis dynamics and immune infiltrate in our in vivo experiments given these 

models’ comparative proximity to human disease. Additionally, many GEMMs are designed to 

express exogenous antigens or fluorescent tags, which would facilitate the study of antigen 

release, dendritic cell activation, and lymphatic clearance. Applying the concepts illustrated in 

Chapters 3 and 4 in GEMMs could allow us to better predict the translatability of the therapeutic 

regimens we have designed.  

6.2 ASSESSING  EFFECTS OF ALTERNATIVE TUMOR NORMALIZATION STRATEGIES 

6.2.1 VASCULAR NORMALIZATION STRATEGIES 

Across the studies undertaken in this dissertation, we have explored the concept of tumor 

vascular normalization alongside two different FUS modalities. Due to a preponderance of extant 

literature on DC101 and its capacity to modulate tumor vessel properties, we decided to employ 

it in lieu of other anti-angiogenic drugs. Additionally, DC101 is analogous to a VEGFR2 

monoclonal antibody, ramucimurab, which is currently approved for some indications in colorectal 

cancer, hepatocellular carcinoma, non-small cell lung cancer, and stomach adenocarcinoma 

[201]. However, other angiogenic drugs are even more widely used in the clinic. A more common 

anti-angiogenic drug to find in the clinic is bevacizumab, an antibody that binds to VEGF and is 

currently used in cervical cancer, colorectal cancer, glioblastoma, hepatocellular carcinoma, 

nonsquamous non-small cell lung cancer, ovarian cancer, and renal cell carcinoma applications 

[202], and has also been used for vascular normalization in tumors. Outside of monoclonal 

antibodies—atixinib, a tyrosine kinase inhibitor (TKI) inhibiting VEGFR1 and VEGFR3 tyrosine 



kinases [203]; lenvatinib, a TKI that targets all VEGFRs and fibroblast growth factor receptors 

(FGFRs) [204]; sorafenib, a multi-TKI that targets Braf, VEGFR2, and platelet-derived growth 

factor receptor-beta (PDGFR-β) [205]; sunitinib, a multi-TKI that targets VEGFR1 and VEGFR2, 

PDGFR-α and PDGFR-β, KIT, and FLT3 [206]; and vandetanib, a multi-TKI that targets VEGFR2, 

EGFR, and RET tyrosine kinases [207]—are currently used in the clinic. Despite their lack of 

target specificity, these TKIs are much less expensive to manufacture than antibody-based 

therapies, have high oral availability, are less likely to experience steric or convective hindrances 

when entering tumors due to their smaller size, and have demonstrated capacity for vascular 

normalization [208], [209], [210], [211], [212], [213]. This combined with the translatability of these 

drugs makes them interesting candidates for further vascular normalization and FUS research.  

6.2.2 TUMOR NORMALIZATION STRATEGIES 

Apart from strategies that target tumor blood vessels to improve delivery, other groups 

have attempted to improve drug delivery by modulating properties of the tumor stroma. For 

example, hyaluronidase has been employed to remodel the tumor microenvironment [214], [215], 

yielding improved nanoparticle delivery following “stromal normalization” [216]. Similarly, another 

group employed TGB-β blockade in mammary carcinoma models, finding that pericyte coverage 

and vascular perfusion increased, while the collagen-I content within the tumors decreased, 

showing evidence of “normalized” stroma [217], in addition to other groups demonstrating tumor 

normalization following TGB-β blockade [218], [219]. We expect that improving vessel function 

while also reducing steric barriers in tumors could be highly beneficial for augmenting drug 

delivery with FUS, and although these approaches depart from the VEGFR2-targeted approach 

employed in this dissertation, their success in other preclinical studies warrants future 

investigation.  

 



6.3 FURTHER REFINING MFUS PARAMETERS FOR DRUG DELIVERY 

  In Chapter 3, we refine mFUS parameters to maximize Gadospin-D delivery in 4T1 

tumors. We chose to adjust the parameters of treatment point density and peak-negative pressure 

(PNP), which are FUS parameters that are commonly tuned to increase drug delivery. However, 

the FUS parameter space is vast and can be explored far beyond the studies we highlight in this 

dissertation. Exploring a wider range of PNPs, pulsing and sonication duration, and increasing 

the number of sonication sessions may further augment the amount of drug delivery within solid 

tumors.  

6.3.1 REFINING PNP TO MAXIMIZE DRUG DELIVERY 

 First, a wider range of FUS PNPs could be examined to maximize model drug delivery. In 

this dissertation, we did not test PNPs lower than 0.7 MPa. For context, 0.7 MPa is just above the 

top of the “safe” preclinical PNP range for blood-brain barrier opening due to the risk of 

hemorrhaging brain blood vessels [220]. This is less a safety concern for extracranial solid tumor; 

in fact, we are more concerned with impeding vessel perfusion at this PNP. If vessels are 

destroyed, they become unable to serve as drug delivery conduits. We expect that this is indeed 

occurring at the 1 MPa PNP condition, at least at the center of the ultrasound focus. This is likely 

why drug delivery decreases with FUS compared to passive accumulation in the 1 MPa + high 

treatment point density treatment condition—it is probable that many blood vessels are being 

destroyed due to the treatment points being so close to one another. At 1 PNP + low treatment 

density, there is more space between each treatment points. One effect of this is that FUS PNP 

drops off beyond the -6 dB focus, resulting in coverage of most of the tumor with a much lower 

PNP. Treating the tumor at a high treatment point density with a PNP below 0.7 MPa, such as 0.3 

or 0.4 MPa, may be employed to achieve similar effects without sacrificing as much vascular 

function withing the FUS focus. Alternatively, an approach called passive cavitation detection 

(PCD) monitoring may be employed. This technique is frequently used in BBB opening contexts 



and uses live feedback from the transducer to ratchet down the PNP in real time if MBs are 

cavitating too violently [221], which better accounts for variation between patients [222]. Although 

the FUS treatment settings using PCD may be more difficult to reproduce, it permits FUS 

treatments to have a more reproducible effect within an experiment, allowing us to better attribute 

the drug delivery we observe to effective delivery without as much concern for vessel destruction. 

Each of these PNP-modifications may be considered going forward to further refine FUS 

parameters.  

6.3.2 MODIFYING TREATMENT DURATION TO MAXIMIZE DRUG DELIVERY 

 Second, pulse length, or the duration of the pulsing sequence when the FUS is “on”; pulse 

repetition frequency, or the frequency of pulsing sequences; and sonication duration; are all 

parameters related to treatment time that can alter drug delivery dynamics. Using shorter delays 

between cycles, or a lower pulse repetition, has been shown to increase contrast agent 

accumulation in the brain [223], which may translate to success in extracranial tumors. Increasing 

pulse length was found to increase MRI signal enhancement, with limited benefit as PNP 

increases from 0.3 to 0.6 MPa [224]. Lengthening sonication duration has also shown to increase 

MRI signal enhancement, especially up to five minutes [225]; our sonications only last three. 

These studies underscore the importance of pulse length, pulsing frequency, and sonication 

duration on MR-visible contrast agents, highlighting their relevance to the tuning of mFUS 

parameters beyond Chapter 3.  

6.3.3 INCREASING SONICATION SESSIONS TO MAXIMIZE DRUG DELIVERY 

 Finally, the number of sonication sessions may be altered to maximize drug delivery to 

solid tumors using mFUS. Repeated sonication has become more common in FUS clinical trials 

[226]—if repeat BBB opening can be safely executed and delivery can be enhanced on multiple 

days, the prolonged delivery enhancement may confer a clinical benefit. Given our use of 



nonfunctional drug in Chapter 3, we only sonicate each tumor once, then measure the signal 

change as Gadovist or Gadospin-D accumulate in the tumors for about 15 minutes post-

sonication. Conditional on parameter optimization to minimize vascular damage, sonicating 

tumors multiple times concomitant with intravenous drug infusion would be even more beneficial 

to maximize drug delivery, especially when using a bioactive drug. Taking anti-PD1 

immunotherapy as an example, three delivery sessions could be performed, each three days 

apart given the ~3-day circulating half-life of monoclonal antibodies, which should increase the 

quantity of anti-PD1 entering the tumor on not just one occasion, but three. To assess whether 

lasting vascular damage is occurring, perfusion imaging of the tumors could be performed prior 

to each sonication. As this mFUS + DC101 paradigm is extended past the quantification of model 

drug, assessing parameters like the number of sonication sessions is essential to maximize 

treatment effect.  

6.4 BETTER UNDERSTANDING MFUS EFFECTS ON TUMOR VASCULATURE 

6.4.1 ASSESSING VESSEL DAMAGE POST-SONICATION 

 We acquire precise spatial and temporal concentration data on intratumoral model drug 

delivery in Chapter 3. We do not, however, quantify the effects of mFUS on the tumor vasculature, 

which may be essential to apply this work to drugs which are not model drugs. Since mFUS is 

known to damage capillaries in the brain at PNPs we employ in Chapter 3, it is important to 

understand if similar damage is occurring in our 4T1 tumor model post-sonication. Vessel injury 

could be assessed through a terminal experiment, where tumors are harvested post-sonication 

and stained to visualize erythrocyte extravasation into the tumor bulk and visible vessel damage. 

A nonterminal experiment could also be employed—CEUS imaging using a MB injection pre- and 

post-sonication would provide valuable functional information. If vessels do not reperfuse 



following sonication, even if they do not appear damaged by histological readouts, their capacity 

to permit adequate drug transport during repeated sonications is unlikely.  

6.4.2 ASSESSING VESSEL MODULATION POST-SONICATION 

 mFUS is also capable of inducing bioeffects that may complement a quantitative increase 

in drug delivery to tumors. mFUS is known to induce cell adhesion molecule (CAM) expression 

on endothelial cells, which improves the capacity for leukocytes to extravasate into tumors. Since 

vascular normalization provides immunological benefits as outlined in Chapter 4, in addition to 

vascular normalization improving FUS-mediated drug delivery in Chapter 3, it is important to 

consider additional means by which mFUS may enhance tumor responses to drug delivery. Flow 

cytometry could be used to identify if CAM expression increases on endothelial cells following 

mFUS, which may occur in concert with or separately from expected CAM expression increases 

on tumor vasculature following vascular normalization. This secondary effect is important to 

consider when using mFUS to enhance biologic drug delivery—measuring CAM expression 

allows us to isolate another variable that may confound tumor growth data if left unmeasured.  

6.5 BIOLOGIC DRUG DELIVERY WITH VASCULAR NORMALIZATION AND MFUS 

Although we extensively quantify drug delivery concentration and distribution throughout 

solid tumors in Chapter 3, we do not quantify the biological effects of this augmented delivery 

using biologic drugs, and FUS parameters that we refine in Chapter 3 may therefore be leveraged 

to do so. At a basic level, tumor outgrowth could serve as a functional proxy related to the amount 

of drug delivered post-FUS. Independent of FUS, we know that DC101 synergizes with many 

drugs to improve drug delivery—however, it is not known if this effect is due to increased 

accumulation of drug within the tumor, a more favorable immune environment, or some 

combination of the two. For this reason, it is important to use appropriate methods including 



immunoPET or MRI quantification of bioactive drugs to separate the effect of drug delivery from 

other FUS or DC101-mediated effects on tumor growth.  

6.5.1 IMMUNOPET FOR QUANTIFYING BIOLOGIC DRUG DELIVERY 

To quantify biologic drug delivery in parallel with longitudinal tumor growth tracking, 

immune-positron emission tomography (immuno-PET). Many groups, including our own, have 

employed PET imaging to quantify delivery of bioactive drugs labeled with radioisotopes [227], 

which is essential for nonterminal experiments in solid tumors [228]. Following this quantification, 

they have tracked tumor outgrowth and survival over time, after which correlation between the 

dose of drug delivered to the tumor can be calculated to link the quantity of drug delivered to 

treatment outcomes. Since we observe the greatest synergy between DC101 and mFUS in 

Chapter 3 when applied to the larger Gadospin-D contrast agent, we expect that employing 

immuno-PET to quantify antibody delivery would yield the most interesting results. Since EMT6 

is only partially responsive to anti-PD1, it would serve as an excellent candidate to evaluate 

correlation between delivery and growth control. Importantly, radioisotopes of bioactive antibodies 

can be readily synthesized, which makes immunoPET a more flexible imaging technology 

compared to MRI, which requires MR-visible contrast agents. Using immunoPET or similar tools 

could serve as a low-resolution metric to assess drug delivery while concomitantly tracking tumor 

growth over time.  

6.5.2 T1-MAPPING FOR QUANTIFYING BIOLOGIC DRUG DELIVERY 

MRI T1-mapping could also be integrated with biologic drugs to link quantified drug 

delivery to treatment outcomes. This tool offers much higher spatial resolution than immuno-PET 

and is already integrated well with the system we use to administer mFUS. Additionally, IgG 

antibodies studded with Gadovist (Gad-IgG) have been MR-imaged in the past [229], a model we 

could employ to conjugate Gadolinium to anti-PD1 molecules, for instance. If designing new drug 



delivery vehicles proved prohibitive in the advancement of these projects, Gad-IgG could be 

administered alongside anti-PD1 during mFUS sonication. Although this is an imperfect system, 

an IgG molecule should approximate a functional anti-PD1 functional antibody, allowing for 

simultaneous model drug quantification and functional drug delivery. Separately, smaller 

molecules are delivered with greater efficacy using nanoparticles, including cisplatin [230], which 

EMT6 is partially responsive to—iron oxide nanoparticles, whose delivery our group has 

quantified using MRI T1-mapping, could be used as an MR-visible delivery vehicle carrying 

cisplatin cargo [231]. Although employing MRI to quantify functional drug delivery may be more 

technically challenging when it comes to molecule synthesis, our group’s expertise in MR imaging 

leaves to door open to combining MR-imaging of drug delivery with longitudinal tumor growth 

studies.  

6.6 LEVERAGING RADIOMICS TO BETTER UNDERSTAND DYNAMICS OF MODEL 

DRUG DELIVERY 

 Beyond the radiological data that we collect in the Chapter 3 T1-mapping experiments, we 

have discussed that MR-visible biologic drugs may be leveraged to better understand drug 

delivery to solid tumors and how delivery heterogeneity impacts treatment outcomes. In the field 

of radiomics, MR images are acquired and then processed to obtain what are known as MR 

“features”, including descriptive, or “semantic” features, such as shape, size, and vascularity 

[232]; and mathematically derived, or “agnostic” features, such as skewness, kurtosis, Laplacian 

transforms, and Haralick textures [232]. We can draw upon many of these semantic features 

without MRI, but integrating T1-mapping MRI with another MR imaging technique, arterial spin 

labelling, can permit the acquisition of perfusion data within the same dataset [233]. Agnostic 

features are higher-order statistical characteristics of MR-images that can draw out differences in 

voxels or patterns between them [232], which can add nuance to MR data already being acquired 

in the experiments suggested in Chapter 6.3. By building further data analysis into experiments 



where the tumor growth outcome and the quantity of drug delivered are already captured, 

radiomics analyses may help us better understand why patterns of delivery result in treatment 

outcomes in ways that were unobservable in the experiments highlighted in Chapter 3, permitting 

us to correlate delivery and outcome data in novel ways.  

6.7 ADAPTIVE IMMUNE RESPONSES FOLLOWING TFUS AND VASCULAR 

NORMALIZATION 

 In Chapter 4, we find that tFUS combined with DC101 and anti-PD1 help control primary 

tumor growth, metastases, improve animal survival, and resist rechallenge in a T cell-dependent 

manner. This set of observational and mechanistic studies lays out a framework for how tFUS 

synergizes with immunomodulatory drugs to generate T cell-mediated immunity, especially in the 

EMT6 tumor model. However, additional experiments may resolve outstanding questions about 

the adaptive immune mechanisms responsible for the findings outlined in Chapter 4. These 

include studies probing T cell infiltration and function, antigen release and acquisition by dendritic 

cells and B lymphocytes, T cell dependence of primary tumor eradication, and abscopal effect.   

6.7.1 T CELL INFILTRATION AND FUNCTION POST-TFUS COMBINATION THERAPY 

 First, although we assess how T cells contribute to long-term immunity in Chapter 4, the 

direct contribution of infiltrating T cells and their effector function has yet to be explored in the 

context of this dissertation. It is likely that tFUS ablates many leukocytes within the tumor and that 

little immune infiltration occurs in the days immediately post-ablation due to thermally induced 

apoptosis and disruption or destruction of tumor vasculature. However, previous work done by 

our lab group indicates by day 7 post-thermal ablation, leukocytes are present in the tumor [54], 

suggesting that this would be a reasonable time point to assess tumor immune infiltrate in the 

context of Chapter 4. Many treated tumors are quite small at this stage, making it challenging to 

obtain enough cells from each tumor to run statistical analyses following flow cytometry. However, 



if enough cells were able to be isolated from tumors at this time point, we might expect that the 

number of T cells that can extravasate into the tumor in the DC101 or DC101 + aPD1 ablated 

groups may be elevated, which could be simply calculated using normalized CD4+Foxp3- and 

CD8+ T cell counts. Digging deeper, since tFUS is known to liberate tumor debris [234], we expect 

that CD8 T cells in ablated groups may be more likely to express CD44, an antigen experience-

related protein [235], or have higher CD44 geometric mean fluorescence (GMF). Relatedly, we 

could probe T cell exhaustion and activation using CD44, PD1, and an exhaustion marker like 

Tim-3 to assess the effector T cells’ phenotype. Beyond phenotypic markers, their effector 

function could also be evaluated by staining for TNF-α and IFN-γ. If tumors were too small to 

collect enough immune cells, circulating immune cells could be collected and analyzed. Previous 

studies have shown that post-tFUS and immunotherapy, the share of CD8 T cells that are antigen-

experienced may increase in peripheral blood a week or two post-ablation [54], highlighting the 

potential for repeat blood draws post-ablation to inform the mechanisms behind EMT6 tumor 

eradication following the combination ablation regimens we designed. Furthermore, these blood 

draws are nonterminal, allowing us to potentially correlate circulating immune cell data with longer 

term treatment outcomes. This array of potential flow cytometry experiments would elucidate the 

phenotype and behavior of intratumoral T cells post-tFUS, an essential step in understanding the 

immune mechanisms behind the treatment effects we observe in Chapter 4.  

6.7.2 DENDRITIC CELLS POST-TFUS COMBINATION THERAPY 

 Second, we do not investigate the effects of tFUS and its combination with DC101 or anti-

PD1 on antigen acquisition by dendritic cells (DCs). Often referred to as the bridge between innate 

and adaptive immunity, probing dendritic cells’ interaction with tumor antigen and potential 

behavioral change based on treatment combination may help us understand the immune 

underpinnings behind the anti-tumor effects we observe in Chapter 4. Previous studies show that 

boiling histotripsy, a mechanical form of high-intensity FUS, causes a large increase in antigen 



presence in tumor-draining lymph nodes (TDLNs) 1 day post-histotripsy treatment of B16F10-

Zsgreen tumors, which abates by 4 days post-histotripsy [186].  An increase in the number and 

share of dendritic cells that are mature and activated (CD86highMHCIIhigh) was also observed 

in the histotripsy studies [186], indicating that not only does antigen acquisition occur post-tFUS, 

but that tFUS also increases DCs’ capacity to prompt T cell activation. A separate group similarly 

found that two days following peritumoral CpG injection and histotripsy or tFUS sonication of 

EG.7-OVA lymphoma tumors, a greater share of DCs in TDLNs were activated compared to those 

in non-draining LNs and in sham controls [236]. Although tFUS may denature some tumor antigen 

as compared to boiling histotripsy, it would be useful to observe whether DC antigen acquisition, 

maturation, and activation occur to understand the robust response we observe with tFUS 

combined with DC101 and/or anti-PD1.  

6.7.3 B LYMPHOCYTES POST-TFUS COMBINATION THERAPY 

 Third, another cell type we do not assess in Chapter 4 are B lymphocytes, or B cells. This 

lymphocyte subset has a wide range of potential functions, including antigen acquisition, 

presentation, T cell activation, antibody production, and anti-cancer cytotoxicity. B cells are 

activated either through helper T cells’ binding to B cells CD40 protein or by large antigen 

fragments [237]. Like DCs, B cells can also acquire antigen and present it to T cells, which can 

yield T cell activation [238]. Additionally, B cells produce antigen-specific antibodies—if this 

antigen is present on a cancer cell’s cell membrane, the antibody can bind to it and mark it for cell 

death [239]. B cells can also produce cytokines like granzymes that can themselves induce cancer 

cell death [239].  

 B cells are an understudied lymphocyte population in the development of 

immunotherapies, a trend that extends to focused ultrasound immunomodulation. However, 

although they do not study the impact of B cells, some preclinical and preclinical studies do 

observe changes in B cells post-sonication. Our lab group has observed that a day post-



histotripsy treatment of B16F10-Zsgreen tumors, the number of B cells in TDLNs that have taken 

up tumor antigen compared to sham control mice markedly increases [186]. Similarly, 1-2 weeks 

post thermal ablation of human breast tumors, histological samples have a much higher number 

of intratumoral B cells than control tumors [240]. Although we have not measured B cells in our 

studies, we expect that if antigen is being released and acquired by DCs in TDLNs, the same is 

likely true for B cells. Flow cytometry assays could be used to evaluate antigen acquisition post-

tFUS in addition to measuring B cell activation markers, both of which may help us better 

understand the development of adaptive immunity post-tFUS combination therapy.  

6.7.4 MECHANISMS OF TUMOR ERADICATION POST-TFUS COMBINATION THERAPY 

 Fourth, although we test the T cell dependence of secondary rechallenge in Chapter 4, 

we do not test the T cell dependence of primary tumor eradication. Therefore, performing CD4 

and CD8 depletions soon after tFUS would help answer an essential question: through what 

mechanisms does tFUS combined with DC101 and anti-PD1 eradicate EMT6 tumors? The 

clearest, most linear hypothesis is that that long-term T cell-dependent immunity stems from a T 

cell-dependent response against the primary tumor. In this case, now-activated dendritic cells 

expose effector T cells to tumor antigen, followed by T cell infiltration of tumors and killing of 

cancer cells. Another possibility is that the acquisition of tumor antigen occurs separately from 

primary tumor eradication. Although we establish that our tFUS ablation is partial, the tFUS 

regimen we employ may debulk the tumor sufficiently to cause its eradication, which could 

plausibly occur in parallel with an increase antigen acquisition by DCs post-tFUS. T cells could 

thus be exposed to antigen by DCs, resulting in the formation of long-term T cell memory. Yet 

another possibility is incomplete T cell depletion—antibody depletion has been found to 

incompletely deplete tissue-resident memory cells [183], [241], which may also be the case for 

tumors whose vasculature is no longer highly functional. In this case, although circulating T cells 

may be depleted, anti-CD4 and anti-CD8 may not be able to reach T cells within the tumor, 



resulting in their persistence and contribution to lasting anti-tumor immunity. There are many 

mechanisms that may link the primary tumor eradication and T cell-dependent rechallenge 

rejection we observe, and better understanding the connection between the two will inform the 

implementation of tFUS-based therapies going forward.  

6.7.5 ABSCOPAL EFFECT POST-TFUS COMBINATION THERAPY 

 Finally, we do not evaluate the effects of DC101 + anti-PD1 + tFUS on distal EMT6 tumors. 

This is important to explore given that most patients with solid tumors do not die from primary 

tumor complications, but from metastases [242]. Using a rechallenge model to assess long-term 

immune responses is a useful mechanistic exercise but does not directly address how anti-tumor 

immunity would combat metastatic spread or growth. We do evaluate metastasis in the 4T1 model 

after treating with DC101 + tFUS, where we find that this combination results in a trending 

decrease in lung metastasis—however, EMT6 tumors do not readily metastasize. This leaves two 

options to test whether DC101 + anti-PD1 followed by the sonication of a primary tumor can 

control an unsonicated tumor: a secondary, subcutaneous tumor, or induced lung metastasis. 

Importantly, these two models would yield distinct outputs. Measuring the growth of a secondary, 

subcutaneous tumor is straightforward and could be tracked in parallel with the primary, sonicated 

tumor. Despite the ease of this approach, most metastases in humans are much smaller than 

their primary tumor at the time of treatment, so inoculating two tumors at once in a mouse and 

sonicating one does not represent a commonly occurring human cancer condition. Additionally, 

most human TNBC metastasis does not occur in or beneath the skin. A secondary subcutaneous 

tumor could be induced after the primary tumor, but the timing of the secondary tumor’s 

inoculation would require optimization, as its size and a mounting immune response with the 

injection of DC101 + aPD1 may result in the secondary tumor not growing at all. The other 

secondary tumor approach would involve an intravenous injection of EMT6 cells into the mouse 

already bearing the primary tumor, which is known to yield lung metastases [243]. This model 



would better recapitulate the common clinical condition of lung metastases in human TNBC 

patients [244], but would also require either the euthanasia of animals to measure metastases at 

a given time point, or the use of survival data, since the secondary tumor would be challenging to 

measure while the animal is alive. Whichever the method, asking whether the treatment 

combinations we devise in Chapter 4 induce abscopal control of distal, unsonicated tumors is 

worth pursuing and would be enlightening for future clinical translation.  

6.5 INNATE IMMUNE RESPONSES FOLLOWING TFUS AND VASCULAR 

NORMALIZATION 

 While focusing heavily on the adaptive immune response to tFUS combination therapy in 

Chapter 4, the innate immune response is not to be ignored. Innate immune cells, particularly 

myeloid-derived suppressor cells (MDSCs), make up a large fraction of the tumor immune 

infiltrate, and often promote immunosuppression within tumors. Although adaptive immunity is 

necessary to induce long-term anti-tumor responses in the therapeutic regimens we designed, 

cells like MDSCs, tumor-associated macrophages, and natural killer cells may also be involved in 

the response to tFUS combination therapy.  

6.8.1 MYELOID-DERIVED SUPPRESSOR CELLS POST-TFUS COMBINATION THERAPY 

 MDSCs are a highly prevalent immunosuppressive innate immune cell in 4T1 and EMT6 

tumors [245]. They are thus an important part of the tumor immune environment and are 

responsible for significant immunosuppression. Eliminating intratumoral MDSCs with 

gemcitabine in combination with tFUS has proven effective at driving long-term tumor control 

and survival 4T1 tumors [54], underscoring the importance of addressing this cell type in 

immunotherapeutic interventions.  

Ablation of immunosuppressive MDSCs may occur following tFUS, as MDSCs have 

been shown to be sensitive to hyperthermia [246]. Interestingly, other groups have 



demonstrated that tFUS increases the number of MDSCs at distal tumor sites 3 and 7 days 

post-sonication [55], indicating that the inflammatory response initiated by tFUS may actually 

increase MDSC recruitment in the long term. However, even temporarily eliminating a large 

share of MDSCs via tFUS may alleviate immunosuppression in the tumor, permitting 

intratumoral T cells to better carry out their effector function. One might hypothesize that MDSC 

ablation would increase the efficacy of anti-PD1 due to a likely reduction in immunosuppression, 

but since we did not observe synergy between tFUS and anti-PD1 in Chapter 4, this may be an 

unlikely hypothesis. However, this may be a function of anti-PD1 dosing timing, so this 

hypothesis cannot be discounted.  

MDSCs also thrive in hypoxic environments, a characteristic typical of solid tumors that 

DC101 often reduces. In fact, hypoxia is known to increase the immunosuppressive capacity of 

MDSCs [72], which can be reversed upon exposure to normoxic conditions and vascular 

normalization [71]. If DC101 is improving intratumoral oxygenation in our experiments, one 

reason for synergy between tFUS and DC101 may lie in a mitigation of MDSCs’ 

immunosuppressive effects upon effector T cells. This could be measured by PD-L1 expression, 

CD39 and CD73 expression, and IL-10 and IFN-γ production by MDSCs, all of which are 

involved with MDSC immunosuppression of T cells [247].  

6.8.2 TUMOR-ASSOCIATED MACROPHAGES POST-TFUS COMBINATION THERAPY 

 Tumor-associated macrophages (TAMs) are another key myeloid cell subset within 

tumors that can either contribute to cancer cell-killing or suppression of effector T cell function, 

depending on their polarization [248]. Although TAMs’ response to tFUS has not been observed 

in many publications, one set of studies has shown that FUS hyperthermia can polarize TAMs to 

a more anti-tumor phenotype [249]. Additionally, hypoxia has been found to polarize anti-tumor 

TAMs and MDSCs into pro-tumor TAMs, resulting in greater immunosuppression [250]—

through normalizing oxygen levels in the tumor, DC101 may reduce this unfavorable TAM 



polarization. Similarly, MDSCs have been shown to make TAMs more immunosuppressive. 

Assessing the number of CD11b+F4/80+ TAMs that produce IL-10, Arginase 1, and express 

PD-L1 by flow cytometry may elucidate the role of TAMs in immunosuppression following tFUS. 

Resulting changes in TAM phenotype by agents used in the DC101 + tFUS combination group 

may partially explain the synergy we observe between the two therapeutics.  

6.8.3 NATURAL KILLER CELLS POST-TFUS COMBINATION THERAPY 

 When activated, natural killer (NK) cells promote tumor cell death by producing cytokines 

like perforin and granzymes. This innate immune cell type makes up small percentage of all 

intratumoral immune cells, but tFUS has been shown to both increase the number of NK cells in 

the spleen and TDLN post-sonication [251], in addition to tFUS increasing the number of NK cells 

in ablated breast cancer 7-14 days post-ablation in human patients [252]. Separately, NK cell 

infiltration has been shown to increase in clinical trials following tFUS. Since IFN-γ, IL-2, and IL-

12 production can be increased post-sonication [253], [254], [255], [256] and can promote NK 

cells activation and proliferation [257], tFUS may augment NK cell activity through these 

mechanisms. DAMP production is known to increase post-tFUS, but it is not known DAMPs affect 

DC activity. Although we currently know little about the contribution of NK cells to immune 

responses to tFUS, better understanding how this important immune cell type interacts with tFUS 

may be essential to mechanistically uncovering how tFUS synergizes with immunotherapy.  

6.4 SUMMARY 

In this dissertation we design novel treatment paradigms that combine DC101, a clinical 

drug analog, with two different FUS modalities. We establish that vascular normalization 

synergizes both mFUS and tFUS, allowing us to more effectively deliver drugs and augment the 

efficacy of immunotherapy in solid tumors. Future experiments will improve our understanding of 



the mechanisms behind this impactful work and move our preclinical research closer treatment 

that can impact human patients.  
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