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Abstract: High-intensity focused ultrasound (HIFU) is a non-invasive and non-ionizing
sonic energy based therapeutic technology for inducing thermal and non-thermal
effects in tissues. HIFU transducers are designed to focus high-energy pulses on a
well-defined target region to minimize toxicities to healthy tissues. Depending on
the parameters, HIFU can ablate tissue by heating them to >55°C to induce
denaturation and coagulative necrosis, improve radio- and chemo-sensitizations
and local drug delivery from nanoparticles (NPs) at moderate hyperthermia (~ 41-
43°C), and mechanically fragment cells using acoustic cavitation (also known as
histotripsy or HT). HIFU has already emerged as an attractive modality for
treating human prostate cancer and neuromodulation. Based on this premise, the
objective of this doctoral research was to investigate the feasibility of translating
HIFU for treatment of veterinary cancers and bone-infections. Veterinary and
human patients demonstrate anatomic and physiological similarities, and we
hypothesize that HIFU will have a strong promise and translation basis for
comparative oncology use. Veterinary research using HIFU can also inform on
device innovations needed for human translation against various indications. In
this project, we investigated several HIFU parameters to understand efficacy
against a variety of veterinary cancers. We also determined immunopathological
outcomes to provide the foundations for new treatment protocols. Unlike soft-
tissue based tumors, the efficacy of HIFU in treating acoustically attenuating bone
tissues that harbor metastasis or recalcitrant biofilm implant-associated
osteomyelitis is still unclear. To address this question, a comprehensive
assessment of HIFU against established implant-associated bone osteomyelitis
was performed. Specifically, the ability of HIFU to induce bacterial killing and
improve antibiotic treatments from NPs was determined. Our data from rodent
and veterinary cancer studies provided important insights on the opportunities and
challenges of HIFU technology, and we believe that the research studies can help
jumpstart several clinical trials leading to greater use in patients.
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CHAPTER |

INTRODUCTION AND LITERATURE REVIEW

1. MEDICAL ULTRASOUND

Ultrasound transducers transmit soundwaves with frequencies that are significantly
higher than the range of human hearing (>20,000Hz). Medical ultrasound falls into two
distinct categories: diagnostic and therapeutic. While diagnostic imaging is the most
widely recognized for non-invasive image examination of internal body structures (e.g.,
obstetric ultrasonography), therapeutic ultrasound pre-dates diagnostic ultrasound by at
least several decades [1]. The earliest investigation of focused ultrasound in experimental
biology was reported by Lynn et al. in 1942 [2]. But despite its early start, the
applications of therapeutic ultrasound did not see much use due to a lack of adequate
image guidance to target and monitor treatments [3]. However, with recent advances in
imaging, therapeutic ultrasound is making a resurgence in the medical community.
Therapeutic ultrasound generates a biological effect as opposed to standard imaging and
diagnostics by focusing acoustic energy in a defined region to produce thermal and
nonthermal mechanisms including cavitation [4]. This approach is called high intensity

focused ultrasound (HIFU) therapy. HIFU augments blood flow, stimulates tissue



regeneration, or destroys tissue by thermal and mechanical effects [5]. In the following
sections, we describe HIFU elicited targeted physiological changes in tissue
microenvironments, and ways this doctoral research leveraged those changes for treating

soft and hard (calcified) tissues.

2. HIGH INTENSITY FOCUSED ULTRASOUND (HIFU)
HIFU is a non-invasive, therapeutic modality with acoustic intensities that are generally
1,000 to 10,000 time greater than traditional diagnostic devices (Table 1) [3, 6]. HIFU
ultrasonic energy is deposited to a well-defined region of tissue (focal zone) resulting in
thermal or mechanical ablation of tissue at the focal region. This ability to ablate
millimeter sized targets without harming surrounding tissues has made HIFU a highly
appealing alternative to other treatment modalities like radiation and surgery. Currently,
there are 152 clinical indications or disorders utilizing HIFU in various stages of
development, most of which are in early stages of investigation. Worldwide, 34
indications have obtained regulatory approval for HIFU use. In the United States, HIFU

has been approved by the FDA for 7 indications [7] .

HIFU [3] Diagnostic [6]
Intensity (W/cm?) 1000 to >25000 1.75
Power (W) >10 0.05
Frequency (MHz) 0.8-20 1-20
Intended tissue temperature (°C) | >56 37

Table 1. Typical parameters of HIFU versus diagnostic ultrasound [3, 6].



2.1. PROPAGATION AND FOCUSING OF ULTRASOUND WAVES

To achieve localized effects, HIFU transducers are designed to converge beams of
ultrasound waves at a single focal point. A transducer is a device that converts energy
from one form to another. In HIFU, electrical energy is converted to sound energy using
piezoelectric crystals that oscillate upon application of an alternating voltage, resulting in
the generation of ultrasound waves in the receiving medium. Focusing can be
geometrically achieved by using a spherical/ concave curved transducer or by using a
plane transducer with an acoustic lens to mimic a concave surface transducer [8]. Beam
focusing can also be achieved via electronic steering in phased array transducers,
composed of multiple piezoelectric elements (Figure 1) [8, 9]. The overall geometry of
the transducer and frequency of the piezoelectric elements determine the characteristics

of the transducer, including focal depth and width and length of the focal zone.

An ultrasound wave from a transducer outside the body must travel through multiple
tissue layers, (including skin, subcutaneous fat, muscle), prior to reaching the target
organ. At each tissue interface, part of the energy carried by the sound wave is reflected,
whilst the remaining energy is transmitted into the tissue. The acoustic impedance, Z,
which is the product of the speed of sound and density of tissue, determines the
transmission coefficient. Apart from fat, air and bone, most human tissues have acoustic
properties like those of water. Therefore, aqueous media are optimal for transmitting
ultrasound energy from the transducer into the body. Furthermore, the loss in incident
acoustic energy (due to absorption/heating or scattering) in a medium is characterized by
its attenuation coefficient, which in turn is inversely related to the ultrasound frequency
[10]. An increasing attenuation is correlated with decreased water content and increased

3



protein content [11]. For example, tissues such as tendons, with high protein content,

have higher absorption of ultrasound waves and therefore greater heating effects

compared to high water containing tissues like blood and fat [12]. Therefore, target tissue

properties also need to be considered when deciding on the HIFU treatment parameters.

3. BIOLOGICAL EFFECTS OF HIFU:
Application of HIFU can result in one or more diverse bioeffects that may be broadly
categorized as tissue destruction, localized drug delivery, immunomodulation, or other
effects.
3.1. TISSUE DESTRUCTION
This is the most common application of HIFU [13]. HIFU induced tissue destruction can
be achieved by either using thermal energy to induce tissue protein denaturation [14] or
mechanical energy to induce cell membrane destruction via cell stress [15].
3.1.1. Thermal Ablation
During ablative treatment, high intensities of acoustic energy deposited in the focal
region by HIFU leads to rapid heating. Temperatures quickly rise to more than 55°C to
60°C within seconds, that causes rapid cellular necrosis in the targeted area with minimal
damage to the surrounding tissue, as shown in Figure 2 [3]. These exposures are usually
high power, short duration exposures producing well demarcated coagulated lesions
surrounded by apoptotic viable cells in the order of a few cellular layers [16] [17]. The
classic individual thermal lesion can be the size of a rice grain [8], depending on the
equipment and parameters used, allowing for an extremely localized treatment and sharp
treatment borders. The threshold for thermal necrosis depends on the temperature reached

4



in the tissue, the rate of HIFU application and the thermal sensitivity of the target tissue
[18]. Magnetic Resonance (MR)-guided imaging allows for the monitoring of
temperature rise in real time, allowing quantification of the therapeutic dose [19].
Additionally, ultrasound imaging and tissue characterization techniques can be used for

treatment monitoring for many clinical applications [20].

The thermal effects of ultrasound for therapeutic purposes [2] [21] has been extensively
explored for non-invasive treatment of a variety of clinical conditions such as uterine
fibroids [22, 23], tumors in the prostate [24], breast and liver [8], musculoskeletal pain
[25] and neurologic disorders such as essential tremor, Parkinson’s and neuropathic pain

[26-28] among many other conditions.

3.1.2. Mechanical destruction

Using high power and very short pulse durations create a large pressure change in the
tissues, low energy deposition and minimal thermal rise in tissues. However, the high-
pressure exposure conditions lead to occurrence of acoustic cavitation [29]. This is the
most prominent mechanical effect of HIFU. In general, acoustic cavitation can be thought
of as the formation of a bubble cloud, as the traveling ultrasound waves interact with
dissolved gases in the tissues, in response to an acoustic pressure field. This phenomenon
can occur during ultrasound propagation in water [30] as well as biological tissues. The
threshold of pressure amplitude that is required to initiate thermally significant cavitation,
in vivo, is inversely proportional to the frequency of ultrasound treatment [31]. The
nucleation of bubbles within tissue can also be injected in the form of microbubbles apart

from being generated by the ultrasonic peak negative pressure itself [32, 33]. The



pressure threshold for cavitation to happen is dependent on the acoustic parameters such
as frequency, pulse length, and peak pressure as well as environmental properties such as

the tissue type and tissue temperature [34].

Types of acoustic cavitation include stable and inertial cavitation (Figure 3) [35]. Stable
cavitation occurs when bubbles oscillate steadily and grow in size , as the pressure
changes at the focal point, creating shear stress and microstreaming of the surrounding
fluid [8]. It can induce moderate changes at the cellular level, such as enhancing cell
membrane permeability to drugs and other molecules [36]. The main application of stable
cavitation is to alter vascular permeability for increased drug/gene/nanoparticle
extravasation, penetration, and thus improved delivery to whole tissues [37]. By altering
cell permeability and action potential, via ion channel and receptor stimulation, it also

facilitates drug delivery to cells [38].

Inertial cavitation occurs when above a certain pressure threshold causes a violent
collapse of the microbubbles releasing a shockwave capable of destroying cell
membranes and even liquefying or ‘ablating’ cells at the focal point [33, 39]. The use of
inertial cavitation to create mechanical lesions with clearly demarcated margins of tissue
fractionation is known as histotripsy [40]. Using injected microbubbles, which are easily
visible with ultrasound imaging, to lower the threshold for inertial cavitation only at the
target, acoustic cavitation can be monitored in real-time to guide accurate targeting with
the goal of minimizing unwanted tissue damage [39, 41, 42]. High precision and tissue
selectivity are thus the well-established hallmarks of histotripsy procedure [43-45]. Other
physical phenomena like acoustic streaming and radiation forces also contribute to

mechanical-based bioeffects [46]. Unlike most other ablation therapies, because
6



histotripsy is non-thermal in most cases, it is not affected by the heat-sink effect, and
therefore remains safe and efficacious for use near the selective tissues such as
vasculature [47]. Histotripsy treated tissues have shown rapid dissolution after treatment,
compared to the other ablation modalities [48, 49]. For e.g., healthy rat livers treated with
cavitation-cloud histotripsy showed rapid shrinkage of treated volumes, granulation and
growth of healthy hepatocytes within 28 days post treatment, with minimal scarring [48].
Histotripsy has been investigated for a wide range of preclinical applications in large and
small animal models for tumors including liver cancer [48, 50], prostate cancer [41],
renal cancer [51, 52], pancreatic cancer [53, 54], musculoskeletal tumors [55], as well as
brain applications [40, 56, 57]. Clinically, three Phase I trials have been conducted to
investigate the safety of histotripsy in patients with liver cancer [58], calcified aortic

stenosis [59], and benign prostatic hyperplasia [60].

3.2. TARGETED DRUG DELIVERY

HIFU assisted delivery of drugs has gained increasing attention in recent years as it
permits spatially confined delivery of therapeutic compounds in target areas, such as
tumors [61]. Different HIFU mechanisms can be used for enhanced cellular drug uptake,
namely, sonoporation, vasodilation and increased vascular permeability, local

hyperthermia and drug delivery vehicles [38] .

3.2.1. Sonoporation

Sonoporation is the process where the pore size in the cell membrane increases because

of ultrasound induced mechanical impact via stable cavitation. Stable cavitation
7



physically disrupts the integrity of membrane assembly leading to membrane poration
[36]. The reversible changes thus formed at the cellular level, allow passive entry of drug
molecules, genes or nanoparticles into cells [36]. Additionally, stable cavitation produces
microstreaming, which increases the flow of fluid in a cell’s environment. This increase
in flow may further assist the opening of pores, allowing a greater volume of
drugs/compounds to be directed towards the cells, which enhances cellular uptake [62].
Ultrasound-induced sonoporation for improved delivery of DNA to mammalian cell was
first demonstrated by Fechheimer et al. (1986) [63]. This method can also be used in vivo
for delivery of genetic material compared to the alternatives and greatly increase the
specificity of treatments [64]. Focused ultrasound-assisted gene therapy can be used to
treat several indications ranging from glioblastoma, cardiovascular indications,

Parkinson’s disease, and even certain types of cancer [65-69].

3.2.2. Vasodilation and increased vascular permeability

Physiological barriers between the blood vessels and their surrounding tissue can limit
delivery of drugs to the intended targets. Focused ultrasound can reversibly cause
widening of blood vessels, vasodilation, and increase their permeability, thereby
increasing blood flow and temporarily allowing drugs to pass through them and into the

targeted region.

Focused ultrasound can create a pressure change at the applied location, triggering the
endothelium of targeted blood vessels to release nitric oxide, the chemical signal that
causes smooth muscle relaxation and the dilation of blood vessels [70]. Vasodilation can

be induced in ischemic tissue to enhance the effects of radiotherapy by increasing the



delivery of oxygen and blood to the target. VVasodilation can also aid treatments by
increasing the amount of the drug delivered in the targeted tissue/region. It is a reversible
process, with no permanent damage to targeted tissue. Moreover, pulsed HIFU causes
minimal thermal effects [71]. There are numerous clinical indications that could be more
effectively treated with the enhanced drug delivery effects of vasodilation, and it can also
be used as a neo-adjuvant therapy to enhance efficacy of other therapies like
radiotherapy. The delivery of drugs across vessel walls is controlled by a network of
endothelial cells joined by tight junctions. The mechanical effects of HIFU disrupt these
tight junctions to increase permeability, which can be more efficiently induced by using
microbubbles [72]. This same effect had been employed to non-invasively open the
blood-brain barrier, which has unlocked a vast array of potential treatments for many
neurological disorders Parkinson’s disease, Alzheimer’s disease, and glioblastoma [73-

75].

3.2.3. Local hyperthermia

Hyperthermia involves heating of tissues to 40-450C for longer period as opposed to
ablative heating which induces rapid heating of targeted tissue to temperatures >600C
within seconds leading to coagulative necrosis. Elevating and maintaining tissue
temperature to a mild~ 40-45°C for several minutes can increase blood flow and drug
absorption in the targeted region [76]. Hyperthermia increases blood flow to the heated
region, increasing tissue perfusion drastically [77] which also increases oxygen delivery
to the area, thus enhancing the metabolic activity and sensitivity of the targeted cells to
drugs [78]. This has been used clinically to enhance drug delivery and efficacy in regions

with restricted blood flow, especially tumors. Since HIFU has the ability to penetrate into
9



the deeper tissues of the body, with precision, it has numerous and wide-ranging potential
clinical applications [79]. Tissue temperatures can be monitored in real-time using MRIor
interstitial temperature sensors such as thermocouples, which allows for accurate
temperature control. This approach has been applied in patients since the 1970's [80].
Some of the earlier patient treatments with Focused Ultrasound for hyperthermia used
invasive thermocouples to monitor the temperature of heated tumors [81]. However, use
of invasive thermocouples could introduce errors when placed within the focus of an
ultrasound field [82], so non-invasive methods such as magnetic resonance thermometry

are preferred.

HIFU-induced hyperthermia has shown to significantly enhance the delivery of
anticancer treatments to targeted tumor sites in vivo [83]. For hyperthermia applications,
it is desirable to achieve a stable temperature for a specific duration of time (tens of
minutes to several hours) with a maximum volume of the target treated. For example, in
the case of drug delivery systems using systemically administered temperature-sensitive
liposomes, blood circulation continuously brings the liposomes to the targeted location,
and prolonged hyperthermic heating at 400C to 450C would allow localized drug release
and accumulation at therapeutic levels (Figure 4) [84]. Stable hyperthermia at 410C has
been shown to be the most effective for drug deployment via temperature-sensitive
liposomal systems [85]. Kong et al., 2001, observed that there is a much higher
probability for tumor blood vessels to collapse above temperatures of 440C, resulting in
significant decrease in liposomes arriving via the microcirculation and hence, a decrease
in drug release in those regions. Other studies have shown that the application of
moderate HIFU hyperthermia (~420C to 460C) can significantly increase perfusion

10



within the infected tissues, enhance tissue delivery of antibiotic from temperature
sensitive liposomes and consequently improve bacterial killing in mice [86], without

damage to surrounding tissues.

3.3. HIFU BASED IMMUNOMODULATION

A healthy immune system can identify a broad range of pathogens and cancer cells. It is
when the immune system is compromised that leads to the advancement of chronic
conditions like cancer, chronic infections, and others. During chronic infections, the
pathogens (e.g., Staphylococcus aureus) or cancer cells develop various ‘acts’ of immune
evasion by intracellular colonization of host/immune cells [87], releasing immune-
suppressive cytokines, or depleting the tumor associated antigens [88]. Extensive
research has been done in the field of cancer immunology and its application, cancer
immunotherapy since the concept of cancer immunosurveillance was first proposed in
1957 by Burnet and Thomas [89]. Anti-tumor immunity requires specific identification of
cancer cells by the immune system of the patient, for cancer elimination. To produce a
cancer specific response, the cancer cells need to indicate tumor associated antigens.
However, majority of cancer types are immunologically unresponsive. HIFU is a
noninvasive technique that can potentially turn immunologically ‘cold’ tumors to
immune-responsive ‘hot’ tumors [90]. When a tumor is ablated, it releases cellular
proteins and debris and neo-antigens which can trigger an immune response to the tumor,

at the primary site as well as potentially at distant metastases [91, 92]. Depending on the
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HIFU parameters used- thermal ablation, histotripsy (mechanical cavitation) or

hyperthermia, there may be different immune responses.

3.3.1. Thermal ablation-induced immunomodulation

Thermal ablation of HIFU has been shown to upregulate the expression of intracellular
molecular chaperones, i.e., HSP70, in vitro and ex vitro [93, 94], which can result in
potent cellular immune responses. When a tumor is targeted with HIFU ablation, there is
a marked increase in the antigen presenting cells (APC), such as dendritic cells [95]. The
increased abundance of tumor antigens released are recognized by the APCs, which in
turn activate lymphocytes for a specific immune response [96]. Increased tumor
infiltrating lymphocytes (TILs) particularly cytotoxic CD8+ cells and NK cells along the
ablated region can increase the clearance chance of surviving cancer cells [97].
Immunosuppression in a patient with malignant tumor is a major obstacle in cancer
treatment. In a study investigating changes in the circulating level of immunosuppressive
cytokines in patients with malignancy, before and after HIFU treatment, showed that
serum immunosuppressive cytokine levels decreased after HIFU. Significant decrease in
VEGF, TGF-betal, and TGF-beta2 after HIFU treatment was observed in addition to
direct tumor destruction [98]. Clinical evidence suggests that HIFU treatment may also
enhance local antitumor immunity in prostate cancer patients [99] and upregulated

expression of HSP70 in breast cancer tumor debris [100].

Additional studies have also defined B cell activation, the maintenance of plasma cells,
and even the generation of tumor specific antibodies following local tumor ablation along

with dendritic cell activation [101, 102]. In a prospective study investigating the adaptive
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immune responses of radiofrequency ablation against tumor-associated antigens (TAA)
in patients after treating secondary liver tumors, it was found that only 6 of 49 patients
studied had increased antibodies, or TAA-reactive CD8+ T cells months after treatment.
Although the number of TAA tested was limited, the study pointed to a weak effect of RF

ablation on the adaptive immunity [101].

Although many promising pre-clinical and clinical studies have shown that ablation
therapies can control tumor growth locally and have positive effects on systemic immune
response, there have also been reports of the opposite. There are several pre-clinical
reports of the RFA treatment of hepatocellular carcinoma tumors and colorectal

metastases potentially stimulating growth of

existing and distant tumors [103, 104]. One main hypothesis to explain this phenomenon
focuses on the sub ablative hyperthermia that affects peri-ablation zone tissues. Studies
investigating this have linked these pro-oncogenic effects to upregulation of
inflammatory pathways in this region, including the IL-6-HGF/c-Met-STAT3-VEGF axis
and the HSP70 related pathways [103, 105, 106]. One study, Ahmed et al., demonstrated
that a higher temperature/shorter duration treatment paradigm, alone or in combination
with adjuvant HSP inhibitors, limited off-target systemic pro-oncogenic effects after
hepatic RFA of rat livers [103]. Another cause associated with increased tumor growth
after the minimally invasive ablation of tumors is the tumor cell seeding that can occur
along the needle track [107]. This particular issue is avoided in HIFU ablation which uses
a completely non-invasive extracorporeal transducer system for highly focused
ultrasound treatment application. A study by Jenne et al., comparing HIFU ablation with

other thermal ablation methods, noted that controlling the variability of lesion shape and
13



size was the major advantage of HIFU [108]. Other advantages of HIFU are its ability to
ablate tumors in difficult locations such as close to the heart of diaphragm, where RFA
would be technically impossible [109]. Furthermore, the HIFU- associated heat-sink
effect was minimal due to extracorporeal energy delivery unlike RFA, where energy is
delivered using an active treatment electrode, which can lead to incomplete tissue

ablation [110].

3.3.2. Histotripsy-induced immunomodulation

Histotripsy induced cavitation breaks down tissues, ablating cells into subcellular
fragments and acellular debris resulting in modulation of immune processes, cells, and
molecules. Histotripsy’s postulated roles in immunomodulation are summarized as-
decrease in pro-tumor immune cells, cellular immunity, and systemic immunity [111,

112].

Studies by Pahk et al., demonstrated that the supernatant from breast cells treated with
boiling histotripsy (BH) can polarize THP-1 human monocyte cells to M1 macrophages
as well as repolarize M2 macrophages to M1 state [113]. Analysis found increased
proinflammatory signaling molecules including TNF, which is a potent and well
established M1 stimulating cytokine [114]. In vivo, this would help to decrease presence
of pro-tumor immune cells and potentially alter the tumor microenvironment from ‘cold’
to ‘hot’. Although not confirmed by literature, this hypothesis is consistent with results
from some our preclinical studies. For example, we treated murine melanoma with
Histotripsy, and showed a strong correlation between improved immune effects and an

increase in mouse survival [115].
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Histotripsy generates subcellular fragments through mechanical fractionation and induce
sonic stress to enhance the expression of damage associated molecular patterns (DAMPS)
which, in turn, enhance tumor inflammation, and anti-tumor immune effects [90, 116-
118]. In addition, critical cytokines and chemokines have been found to be significantly
altered, especially IFN-Y, in multiple histotripsy studies [90, 113, 119, 120]. An in vivo
murine study of neuroblastoma treated with histotripsy showed an approximately 2-fold
increase in IFN-Y [90]. While IFN-Y is the most consistently reported cytokine across
therapies and tumor types, other important cytokines including IL-6, IL-2, TNF, IL-8, IL-
13, and IL-10 have been reportedly upregulated post histotripsy treatment [90, 113, 119,
121]. In addition to cytokines, studies have reported changes in levels of growth factors
including GM-CSF and VEGF post histotripsy [90], adding to the potential for histotripsy
to shift a ‘cold’ tumor to a more proinflammatory and tumor-suppressive

microenvironment.

In response to DAMPs and the anti-tumor mediators (cytokines and chemokines), the
cells associated with innate immunity are most rapidly recruited. For histotripsy, this
includes neutrophils, NK cells, dendritic cells, and macrophages [119, 122]. The
consequent modulation of adaptive immune cells has been strongly correlated with
clinical success [123, 124]. Reduction in the magnitude of T regulatory cells (Tregs) and
increased ratio of CD8+ to Tregs in both the tumor-draining lymph nodes and spleens of
treated mice was reported [125]. Furthermore, challenge tumors injected 6 days post
histotripsy showed reduced tumor growth indicating treatment efficacy in generating

systemic tumor-specific protection [118].
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Notably, the effects of mechanical HIFU to minimize the growth rates of treated tumors
were more effective than thermal ablation, despite primary tumor debulking being greater
(43% and 85% tumor volume reduction respectively). This suggests that the mechanical
fractionation using HIFU stimulated a stronger immune response and may be employed
in combination with thermal ablations to increase efficacy of HIFU [118]. The increased
release of DAMPs, altered inflammatory state, and enhanced cellular and systemic
immune response can potentially improve the efficiency of immune checkpoint inhibitors
(IC1) as demonstrated by Eranki et al., and Singh et al. [90, 115]. Combining boiling
histotripsy with anti-CTLA-4 and anti-PDL1 can induce a potent systemic immunity and
long-term immune memory to cure majority of mice with unilateral and bilateral
neuroblastoma tumors [90]. In an ICI refractory melanoma model, combination of boiling
histotripsy with anti-CD40 lead to improved immune sensitization of tumors via the
CXCL9-cytotoxic T cell axis and consequently mice survival rates, compared to the

monotherapies [115].

3.3.3. Hyperthermia-induced immunomodulation

HIFU mediated mild-moderate hyperthermia has been shown to increase vascular
permeability, cellular permeability, and enhance the metabolic activity of the
hyperthermic targets. This enables enhanced delivery/passage of drugs and immune cells,
increased bioavailability of drug and sensitivity to chemotherapy. While mild
hyperthermia does not cause immediate cell death typically, it has been shown to alter the
tumor microenvironment by inducing a myriad of cellular effects [126]. HIFU
hyperthermia can directly promote antigen cross-presentation and tumor specific T cell

generation and expansion [127].
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Originally based on the understanding of fever causing immunologic reactions, when
cells are exposed to hyperthermia, they undergo a stress response. Viable tumor cells that
evade the immune system experience an upregulation of HSP synthesis and surface
expression. Consequent HSP-peptide complex formation activates NK cells which have
direct antitumor activity. In addition, they also bind to dendritic cell receptors causing
activation of cascade of T cell differentiation towards activated CD8+ cytotoxic T cells,
which also have direct antitumor activity. In addition to a local response, locally applied
hyperthermia is also capable of increasing systemic levels of antitumor immune cells
[126, 128]. Wu et al. measured the levels of lymphocytes and natural killer cells in adults
with solid tumors including osteosarcoma, hepatocellular carcinoma, and renal cell
carcinoma. Patients treated with HIFU showed an increase in CD4+ lymphocytes in their
peripheral blood, obtained at 7-10 days post treatment. CD4+ helper T cells play critical
roles in initiating, regulating, and maintaining the antitumor immune response, esp. T cell

mediated antitumor response [129].

Although the effects of HIFU hyperthermia against microbiological indications haven’t
been as thoroughly explored as cancer research, a sharp reduction in bacterial growth at
temperatures above 400C was reported by Sturtevant et al., for S. aureus and S. epidermis
planktonic strains. This was accompanied with upregulations of stress response genes-
HSP60, which contributes to misfolded protein response, and murAB/Z, which is
involved in cell wall synthesis and repair [130]. Another study reported structural damage
to bacterial cells in a S. aureus biofilm and enhanced susceptibility to antibiotics, when

exposed to mild HIFU hyperthermia of 420C- 460C [86].
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Local hyperthermia has been reported to improve standard chemotherapy, especially with
drug delivery systems, for a different disease [131-133], in addition to the
radiosensitizing effects in cancer therapy [126]. With focus shifting to immunotherapy,
hyperthermia continues to offer favorable combination approaches due to its ability to
enhance both local and systemic antitumor immune responses. Singh et al., showed that a
combination of HIFU hyperthermia and anti-CD-40 improved macrophage polarization
dynamics and could enhance T cell functions to aid melanoma immunotherapy [134].
Another study assessed the combination of calreticulin nanoparticles with HIFU
hyperthermia for immunogenic cell death associated immunomodulation in a melanoma
model. Their in vitro and in vivo data suggested enhanced antigen presentation by
macrophages and infiltration of activated CD8+ T cells in tumors. Addition of HIFU
hyperthermia led to a modulation of the CRT-CD47-PDL1 axis, thus improving the

overall therapeutic response against melanoma tumors [135].

4. DRUG DELIVERY SYSTEMS
Utilizing nanoparticles (NP) to aid in drug delivery has been a promising field of
research. NP-based approaches have shown considerable promise for biomedical
applications including diagnosis and therapy. Because of their large surface-area-to-
volume ratio, as well as the flexibility in controlling the chemical and physical properties,
nanotechnology is a powerful platform for enhancing the traditional chemotherapy [136].
Additionally, drug delivery systems protect the drug from rapid degradation or clearance,
enhance drug concentrations in the target tissues. Consequently, lower doses of drug are

required, and undesirable side effects of chemotherapy can be minimized [137]. This is
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especially important when there is disparity between drug dose/ concentration and the
resultant therapeutic/ toxic effects. Once the drug-loaded nanoparticles reach the diseased
tissues, the therapeutic agents are delivered. This release of drugs can be controlled
through changes in the physiological environment such as temperature, pH, osmolarity or
an enzymatic activity [138].

Focused ultrasound can be used as a safe, non-invasive stimulus for controlled drug
release from nanocarriers that are sensitive to elevated temperatures or pressures [139].
Therefore, although the encapsulated drug is circulating through the body, it is only
released in the region where HIFU is applied. In this way, we can achieve triggered, ‘on-
demand’ drug release in the diseased area, with zero to minimum side effects
systemically (Figure 5). HIFU-induced hyperthermia [140, 141] and cavitation [36] have
been shown to augment nanoparticle accumulation and increase local drug

bioavailability.

A significant amount of recent scientific work has been devoted to optimizing the various
types of drug delivery systems such as microbubbles [142], nanobubbles [143, 144],
liposomes [145, 146], polymeric nanoparticles [147, 148], etc. as being ultrasound
responsive. Fields of clinical applications include anticancer therapy, cardiovascular
system, induction of an immune response, transdermal drug delivery, thrombolysis,

disruption of the blood—brain barrier, and antibacterial applications [149, 150].

4.1. LIPOSOMES

Liposomes were first discovered by Dr. Alex D Bangham and R. W. Horne in 1963, at

the Babraham Institute in Cambridge, when they were testing the institute’s new electron
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microscope by adding negative stain to dry phospholipids [151, 152]. Liposomes are
spherical bilayer phospholipid-based membranes that can be fabricated anywhere
between a few nanometers to micron sized. Liposomes are biocompatible and can be
broken down and integrated into cell walls. They are capable of holding drugs in their
hydrophilic core or within their hydrophobic phospholipid bilayer coat. Liposomes
provide a larger drug payload per particle and protect the encapsulated drugs from
metabolic processes [153]. Improved drug delivery is realized by interactions of
liposomes with cells and enhancing drug solubility (via membrane fusion, endocytosis,
lipid transfer, and stable adsorption of liposomes into cells), reducing toxicity to healthy
cells, increasing the half-life of encapsulated drug, shielding from the phagocytic system,
etc. [138]. The biophysical characteristics of these nanoparticles, like- vesicle size,
lamellarity, surface charge, membrane fluidity, and surface, can be modified, by the lipid
composition and/or preparation method, to confer various properties including active
targeting to substrates, temperature sensitivity, and immunological responses. Numerous
liposomal drug formulations are in clinical use for different pathologies such as
anticancer drugs, neurological applications, antibiotics, antifungal drugs, anti-

inflammatory, and antirheumatic drugs [154-156].

4.1.1. Temperature sensitive liposomes

The first formulation of liposomes to preferentially release their entrapped payload at
transition temperatures was first described by Yatvin et al. in 1978 [157]. Temperature
sensitive liposomes (TSLs) allow for external triggering of drug release both spatially and
temporally. When the external temperature is raised above the melting phase transition

temperature (Tm) of the lipids, forming the bilayer, the structure of the bilayer changes as
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a transfer from a solid gel phase to a liquid-crystalline phase occurs. The permeability of
hydrophilic drugs like doxorubicin HCI and ciprofloxacin HCI is highest at temperatures
around the Tm when the bilayer membrane is in the liquid-crystalline phase [158]. This
release generates high local drug concentrations and increased tissue penetration, when
used in combination with external stimuli such as HIFU (as explained in the previous
sections)[159]. DPPC is the major component of most TSL formulations since its Tmis
above that of body temperature (i.e., 41.4°C) [160, 161]. Unwanted drug leakage at body
temperature can be reduced by mixing DPPC with small amounts of other phospholipids,
such as DSPC (Tm= 54.9°C) [162-164]. The overall Tm of the formulation is determined
by the composition of miscible phospholipids [165]. Additionally, amphiphilic molecules
(surfactants) are often used in liposomal formulations, but they potentially affect the
vesicle stability to some extent [166]. Examples are- lipid-grafted PEG (e.g., 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N- [methoxy (polyethylene glycol)-2000],
DSPE-PEG2000) is commonly used in liposomes to create a steric barrier for inhibition
of uptake by the reticuloendothelial system and increased blood circulation time [167-
169]; Lyso PC (e.g., 1-stearoyl-2-hydroxy-sn-glycero-3-phosphocholine) is incorporated
to mediate drug release by formation of lysolipid-stabilized membrane pores in TSLs
[170, 171]. Stable drug retention at body temperature in the presence of blood
components and a long in vivo half-life, combined with a fast drug release rate around Tm
are the pre-requisites for TSL formulations. In addition to phospholipid composition, the
heat-triggered drug release depends to some degree on the drug molecule encapsulated,
vesicle size, and the presence of serum components [164, 172-175]. Some of the first

FDA-approved liposomal formulations included Doxil® (liposomal doxorubicin,
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Janssen), and DaunoXome® (liposomal daunorubicin, Galen) for anti-cancer therapy,
and Abelcet® (liposomal amphotericin B lipid complex, Sigma-tau) for fungal infections
were non-thermosensitive in nature [176]. Since their approval in 1995, several other
liposomal formulations were approved for clinical use, or are in clinical trials, for the
treatment of various medical disorders including cancer, fungal infections, inflammatory
conditions, neurological conditions, respiratory infections, infectious diseases, bacterial
infections, and dermal conditions. Additionally, the route of administration for these
formulations varies, depending on the active agent, indication, target tissue, and other
factors, and include intravenous, intramuscular, intra-tumoral, ocular, oral, pulmonary,
dermal, intranasal, intra-articular, and even vaginal [155, 156, 177, 178].

Incorporation of lysolipids in the membrane bilayer led to the development of low
temperature-sensitive liposomes (LTSLs) by Needham et al. in 2000 [179]. This
formulation is characterized by ultra-fast drug release upon heating and approximately
70% of lysolipid was found to dissociate within one hour post intravascular injection
[180]. The LTSL formulation with encapsulated doxorubicin (ThermoDox), licensed to
Celsion Corporation (Columbia, MD, USA), is designed to be used in combination with
heat-based treatments, such as radiofrequency thermal ablation (RFA), microwave
hyperthermia, or HIFU. It is currently under clinical investigation, in combination with
MR-HIFU, for treatment of refractory/ recurrent solid tumors in humans as well as for
sarcoma tumors in canine patients. Extensive research has been done and is underway to
develop liposomal formulations for a variety of cancers [158] including studies done by
our lab on colorectal tumor models which also demonstrate the feasibility of using HIFU-

hyperthermia triggered drug release and accumulation in the mice models [132, 181].
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Although not as well explored as cancer research, many studies have shown that
liposome encapsulation improves the efficacy of antibacterial drugs against a broad range
of pathogens both in vitro and in vivo. Localized delivery of antimicrobials to treat
challenging infections like biofilms and intracellular infections is a promising
approach[182, 183]. Research from our lab has demonstrated the use of LTSLs for
localized antimicrobial delivery in combination with HIFU hyperthermia, in vivo.
Additionally, at higher temperatures (42°C), extended treatment caused S. aureus
bacterial membrane deformation and structural changes in the biofilm matrix, and
consequently reduced bacterial viability in vitro [131] and in a mouse chronic wound
model [86]. Arikace™ (Transave, Inc.), a non-thermosensitive liposome-encapsulated
amikacin, is clinically approved for the treatment of Mycobacterium avium complex lung
disease. It was developed by the company as a site-specific treatment of serious lung
infections. Arikace™ received orphan drug status from the FDA in the United States and
the European Medicines Agency in Europe for the treatment of Pseudomonas aeruginosa
infections in patients with Cystic Fibrosis (CF). It has also received orphan drug status by
FDA for pseudomonas-associated non-CF bronchiectasis therapy as well as for lung
infections due to nontuberculous mycobacteria. The product is currently in phase Il
clinical trials for these indications [155]. These indicate a strong promise to translate

LTSL based systems with HIFU for wound treatments.

5. APPLICATIONS OF HIFU
HIFU is of interest to physicians and research scientists as it provides a non-invasive

paradigm for treatment of a vast range of diseases for which the conventional therapies
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pose major limitations. With advancement in technology such as phased array
transducers, real- time feedback and temperature monitoring with ultrasound guidance or
MR thermometry, new and exciting applications for HIFU have evolved. Currently HIFU
is FDA approved for the treatment of uterine fibroids, breast tumors, bone metastases,
prostate cancer, and neurological applications like essential tremor, Parkinson’s disease,
including others [8, 184, 185].

In oncology, promising research is being conducted for application of HIFU for
immunomodulation as well as targeted drug delivery. More groups are reporting data on
use of HIFU in conjunction with immunomodulation drugs and/or chemotherapeutic
drugs to boost the anti-tumor responses in various tumor types. In addition to tumor
ablation, application of HIFU has advanced to include targeted drug [186] and gene
delivery [187] opening the blood-brain barrier [188] and thrombolysis [189]. Currently
investigations are ongoing for treatment of polycystic ovarian syndrome and
atherosclerosis [190, 191] with HIFU, among others. Additionally, HIFU clinical trials
are ongoing for the treatment of soft tissue tumors and osteoid osteoma, with promising
results [192, 193].

However, HIFU has its limitations including the lack of congruity between devices for
effective treatment between its various applications. Thus, more research is required to

expand the clinical applications of HIFU.

6. MOTIVATION FOR VETERINARY APPLICATION OF HIFU
Veterinary medicine is often running behind human medicine, despite the best of

intentions. Domesticated dogs are exposed to the same environmental stimuli and are
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afflicted with naturally occurring, inherited and genetic diseases as do humans [194].
Naturally occurring tumors in dogs share many molecular and clinical similarities to
human cancers and that are difficult to replicate in other in vivo models [195]. Client-
owned dogs with cancer are being increasingly recognized as a resource for pre-
clinical/clinical assessment of the feasibility, pharmacology, and potential efficacy of
novel anticancer therapies [196].
The employment of HIFU as a non-invasive cancer treatment tool in dogs is in its
infancy. A recent retrospective clinical study by Ryu et al., suggested the use of HIFU as
an alternative cancer treatment for dogs with solid tumors [197]. Another feasibility study
demonstrated the potential of HIFU for treating soft tissue sarcomas in dogs [198].
Considering that these veterinary applications are also a possible model for treatment of
similar tumors in humans, there exists and opportunity to explore the feasibility, safety,
and efficacy of different HIFU parameters alone or in combination with chemo- or
immunotherapy and nanomedicine.
The specific aims of this research project were to:

1. Determine if HIFU can non-invasively induce tumor regression in veterinary

patients with and without chemotherapy
2. Evaluate and understand the local and systemic immune responses to HIFU

ablation of tumors
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7. MOTIVATION FOR MUSCULOSKELETAL APPLICATION OF HIFU
AGAINST CALCIFIED TISSUES

As a noninvasive procedure, HIFU has shown promising results for management of
numerous malignant and nonmalignant conditions, as discussed in this chapter. In the
musculoskeletal field, HIFU is FDA approved for the treatment of bone metastasis and is
currently being researched for application for osteoid osteoma, desmoid tumors, vascular
malformations, and facet joint osteoarthritis [25]. Application of HIFU in management of
musculoskeletal infections such as wound infections and osteomyelitis is yet unexplored
and in early stage.
Our group has previously showed that HIFU can be applied for the treatment of acute and
chronic wound infections by targeted antibiotic delivery using LTSLs and sensitizing the
bacteria against the antibiotic by application of hyperthermia [131]. Furthermore, these
non-healing wounds are often infested with bacterial biofilms, which have reduced
perfusion, are resistant to antibiotics and have immune evasion mechanisms. Our group
has previously reported HIFU in conjunction with antibiotics is improves non-invasive S.
aureus biofilm killing in abscess wounds via enhanced antibiotic perfusion [86]. Building
on prior success, we hypothesized that our combination therapy of HIFU with antibiotic
laden LTSLs can be used to target biofilm-infested bone infections that currently require
long duration antibiotic therapy and are limited by modest drug delivery within infected
bones. In addition, biofilm implant associated bone infections, usually caused by MRSA,
require multiple debridement and surgical interventions and the outcome greatly depends
on extension of bone damage with limb amputation or septicemia being the most serious

complications.
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The specific aims of this research project were to:
1. Establish a rat model of biofilm implant associated osteomyelitis
2. Develop antibiotic loaded low-temperature sensitive liposomes
3. Assess the feasibility and optimize the application of combined HIFU + LTSL in

the rat model of biofilm implant associated osteomyelitis
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Figure 1. Focusing principles of high- intensity focused ultrasound (HIFU) in single (a)

and array (b) transducers [9].
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Figure 2. The threshold for thermal necrosis. As the temperature reached in the tissue

increases, the exposure time needed for thermal necrosis decreases [79].
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Figure 3. Cavitation effect of HIFU. Stable cavitation occurs when the ultrasound waves
cause the tissue gas bubbles to oscillate steadily, creating shear stress and resultant
cellular damage. Above a certain pressure threshold these bubbles violently explode
resulting in shockwaves that causes tissue damage, this is known as inertial cavitation

[35].
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Figure 4. Schematic representation of targeted drug delivery using low-temperature
sensitive liposomes (LTSLs). Application of HIFU causes localized temperature
elevation (hyperthermia) which stimulates the release of drug from the LTSLs and

sensitizes the cells to the chemotherapeutic drug.
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CHAPTER II

FOCUSED ULTRASOUND ABLATIONS OF A LARGE CANINE ORAL TUMOR

ACHIEVES EFFICIENT TUMOR REMISSION: A CASE REPORT

This chapter is based on:

Ashish Ranjan*, Deepan Kishore*, Harshini Ashar*, Tina Neel, Akansha Singh & Sunil
More (2021) Focused ultrasound ablation of a large canine oral tumor achieves efficient

tumor remission: a case report, International Journal of Hyperthermia, 38:1, 552-560

* These authors contributed equally to this work.

Abstract

Purpose: Oral cancers are one of the commonly diagnosed tumors worldwide in human
and veterinary patients. Most oral cancers are surgically resected; however, obtaining an
adequate margin of safety in patients without compromising their quality of life is often
challenging. Herein, we investigated the ability of non-invasive focused ultrasound (FUS)

to thermally ablate a biopsy confirmed canine oral cancer.

Materials and Methods: A male canine patient with a large neurilemmoma (schwannoma)

mass on the left maxilla, with evidence of thinning and loss of alveolar bone and pressure
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necrosis, was treated with FUS ablation instead of the traditional maxillectomy ablations
were performed in three sessions over three weeks. Tumor remission was determined
with computed tomography and histopathological examination of the treated site.
Additionally, the anti-tumor immune effects of FUS were assessed by flow cytometry

analysis of blood and tumor samples.

Results: Complete tumor remission was noted at the treated site. Treatment related
adverse events were primarily thermal burns of the buccal mucosa, which were managed
with periodic hyperbaric oxygen therapy and surgical coverage of the underlying exposed
bones with gingival flaps. Enhanced proliferation of adaptive immunity cells (e.g., T-

cells) was observed in tumor and blood samples.

Conclusion: Our limited investigation in a canine oral cancer patient suggests that FUS
may avoid the need for large-scale resection of bony tissues, thus potentially improving

quality of life.

1. Introduction

Cancers of the oral cavity have a substantial incidence worldwide, and 3% of cancers
diagnosed in the United States are oral cancers [1]. Oral cancers can occur in various
regions of the mouth, including the buccal mucosa, tongue, lips, palate, gums, and floor
[2]. Depending on the severity and extent of progression, they are treated with a
combination of surgery, chemotherapy, and radiotherapy [3,4]. However, oral cancers
recur in 18-76% of patients after standard treatment [5]. For example, primary squamous

cell carcinomas have high local recurrence rates in patients [6], and the pattern of local
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invasion and lymph node metastasis significantly affects survival rates. In fact, 50% of
patients receiving local resection with involved and close margins die within 5 years [7].
In canine and feline species, benign and malignant oral tumors are also common [8] and
have an incidence rate similar to that in humans. For example, 6-7% of all cancers are of
oral origin in dogs [9]. These oral cancers in veterinary patients mainly include
melanomas, squamous cell carcinomas, and fibrosarcomas [10]. Herein, we evaluated the
ability of focused ultrasound (FUS) ablation to treat a relatively uncommon oral
schwannoma in a canine patient. Schwannomas are peripheral nerve sheath tumors
originating from Schwann cells in dogs and cats. Although they are typically benign,
malignant cases have been reported [11,12]. Malignant schwannoma cells demonstrate
immunoreactivity to glial fibrillary acidic protein (GFAP) [13], laminin, and S100
[14,15], and are devoid of melanoma associated antigens [12]. In humans, as in small
animals, schwannomas of neurofibromatosis type | origin in the tongue, palate, floor of
the mouth, buccal mucosa, lips, and jaws have been reported [16]. Therefore, we believe
that our case report is important because it provides insights into the feasibility of
leveraging FUS for the therapeutic management of aggressive oral cancers. FUS is an
emerging noninvasive and non-ionizing clinical modality that uses sonic energy under
image guidance to treat target tissue with high spatial precision at various locations in the
body. We and others have shown that FUS improves the delivery of both genes and drugs
and enhances the therapeutic clearance of murine tumors [17-20]. A key benefit of FUS
is its unique ability to generate both thermal and mechanical effects in tissues without the
use of any photoreactive or magnetic agents. FUS parameters are tunable and can elicit

ablative, boiling, mild heating, and low intensity mechanical stress in tumors [18,21,22].
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In particular, ablative FUS generates temperatures >60°C at the focus, thus inducing
protein denaturation, coagulative necrosis, tumor cell killing, and antitumor immunity
[23]. FUS exposure is generally performed under noninvasive magnetic resonance or
ultrasound imaging and is thus generally considered minimally toxic. Although large
randomized clinical trials emphasizing the assessment of normal tissue toxicity of FUS
are rare, some breast and liver cancer trials have reported mild to moderate skin burns in
some patients [24,25]. This outcome is probably due to damage to tumor adjacent healthy
tissues in the absence of reliable real-time thermometry [26]. Therefore, methods to
decrease the adverse effects are needed to overcome this limitation of FUS. One approach
can be through the application of hyperbaric oxygen therapy (HBOT) following FUS in
patients. HBOT allows patients to inspire 100% oxygen for a defined period to increase
the oxygen supply, angiogenesis, and fibroblast proliferation in wounds, thereby
decreasing tissue edema and infections [27-29]. HBOT has been found to enhance the
healing of thermal burns and diabetic foot ulcers [29-31], radiation induced ulcerations
of skin [32], and osteoradionecrosis of the jaw [33]. It can also reduce xerostomia in
patients with oral or oropharyngeal carcinoma by improving the saliva quality post
radiotherapy [34]. Based on this scientific premise, we reasoned that combining HBOT
and FUS will similarly reduce the thermal burns and bone necrosis in oral regions and
provide a future motivation for the investigation of this combined approach in large scale

trials for ulceration reduction.
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2. Methods

2.1 Canine patient: case history

Before the treatment, we obtained owner consent to the terms of the study, including a
follow-up postmortem analysis and release from institutional/personal (researcher)
liability. All animal related procedures were approved by the Oklahoma State University
Animal Care and Use Committee. The canine patient was a 3 year and 8-month-old pit
bull mix with an identifiable tumor of 4.3 3.8 3.8 cm (width length height) on the left
maxilla. The initial examination of the patient revealed hematological and biochemical
parameters in normal ranges. A pretreatment biopsy revealed an un-encapsulated
multinodular mass with low cellularity, composed of oval to spindle-shaped neoplastic
cells arranged in whorls or bundles supported by a loose fibrovascular stroma (Figure 1).
The neoplastic cells had variably distinct cell borders with moderate amounts of
eosinophilic fibrillar cytoplasm and single nuclei with finely stippled chromatin and
indistinct nucleoli. Anisocytosis and anisokaryosis were mild. The neoplastic cells
showed diffuse, moderate to strong cytoplasmic immunoreactivity toward GFAP,
laminin, and S100 proteins—findings indicative of an aggressive neurilemmoma

(schwannoma) tumor.

2.2 FUS setup and treatments

We performed the FUS treatment under ultrasound guidance with an Alpinion dry-type
platform with a 1 MHz transducer capable of treating small animals (Figure 2(A))
[17,35-38]. In the dry-type system, the transducer sits inside an acoustically transparent

membrane filled with degassed water for easy placement over tumor areas (Figure 2(B)).
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The system allowed for mechanical translation of the transducer, with rotation 180°
around the Z axis and 0-90° around the X axis. The transducer moved in 3D space with 3
degrees of freedom to adjust to the shape and size of the treated region and allow the
sonication to conform to the tumor, avoiding underlying bones as needed. Figure 2(C)
shows the ultrasound image of the oral tumor. Sonication was targeted to the center of the
oral tumor in the in the anesthetized patient, by using VIFU planning software under
ultrasound guidance to define the target boundary and slice distance in the x, y, and z
directions for automatic rastering of the transducer. The FUS parameters used were in the
ablation range: 50% duty cycle, 90W acoustic power, and ~30 s to 1 min per focal point.
Three FUS ablative treatments, each covering ~50% of the tumor core region, were
performed over 1 month. Briefly, computed tomography (CT) scans were used to co-
register with real-time ultrasound imaging at the time of FUS to improve ultrasound
imaging, and the planning and monitoring of ongoing treatment. Vital signs were
monitored with a fiber optic cuff placed around a shaved front paw, and degassed gel was
used to provide acoustic coupling. For ultrasound exposure, the tumor was aligned at a
fixed focal depth to cover a voxel size of 1 X 1 X 10 mm. VIFU-2000 software was used
to define the target boundary and slice distance in the X, y, and z directions for automatic

rastering of the transducer during treatment.

2.3 Histopathological and radiological examination

Biopsies were collected before treatment and then after each treatment. Briefly, the tumor
region was scrubbed with 2% chlorhexidine solution, and a 6mm Baker’s punch was used
to obtain a sample (4-6mm in size) from the treated region. The defects in the biopsied

regions were closed with one or two simple interrupted sutures. For histopathology,
49



formalin-fixed tissue sections were trimmed and processed, and hematoxylin and eosin
(H&E) stained slides were analyzed by a veterinary pathologist at the Oklahoma Animal
Disease Diagnostic Laboratory. Immunohistochemistry evaluations of GFAP (Dako,
Denmark), S100 (Dako, Denmark), laminin (Cambridge, MA), and Cluster of
differentiation 3 (CD3) (Leica, Buffalo Grove, IL) were performed with commercially
available laboratory methods. Additionally, CT was performed before treatment, on days
30 and 90 after FUS treatments by a board-certified veterinary radiologist (Vimago, GT

30 Epica International).

2.4 HBOT treatment and post-treatment surgical management

HBOT exposure was performed with a 2800 Sechrist Monoplace Hyperbaric Chamber
(Sechrist, USA) pressurized to 1.5 ATA. A total of 16 HBOT sessions were performed
after the first FUS treatment between day 8 and day 28 (three times/week, two
sessions/day). Each session lasted 45 min. Briefly, the patient was placed in the
monoplace hyperbaric oxygen chamber and exposed daily (Figure 5). After the
completion of FUS ablation and healing of thermal burns, the exposed bone tissues were
gently debrided once on day 30, and a synthetic dental bone graft (Synergy) and
clindamycin (clindoral 2% gel, VEDCO) were placed to encourage bone healing. Vertical
diverging incisions were made in the gingiva around the alveolar bone, and a periosteal
elevator was used to elevate the HBOT healed gingiva and cover the bony regions. The
gingival flap was closed with a 3-0 suture with no tension in a simple interrupted pattern.
The patient was administered carprofen (2.2 mg/kg BID for 7 days) for pain control, and
follow-up evaluations were performed to assess patient eating and drinking, as well as

flap healing.
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2.5 Flow cytometry analysis of tumors and blood

Blood samples were collected in BD Vacutainer EDTA tubes, and biopsy samples were
collected into RPMI supplemented with 2% FBS. Samples were transported and stored
on ice or at 4°C until further analysis. Single-cell suspensions were obtained through
mechanical disruption of the tumor biopsy tissues followed by enzymatic digestion with
200 U/ml collagenase 1V (Life Technologies, NY, USA). The lysates were filtered
through a 70 mm cell strainer (Corning Inc, Corning, NY). Blood samples collected in
EDTA tubes were incubated with 1X RBC lysis buffer (multispecies, Invitrogen) for 10—
15 min before antibody staining. The following fluorochrome- conjugated anti-dog
antibodies were used to stain cells for 30 min in the dark on ice: anti-CD3+, anti-CD4+,
anti-CD-8+ (dog T lymphocyte cocktail, cat. 558699, BD Pharmingen), and APC labeled
anti-CD45. (YKI1X716.13, cat. MCA1042, Bio-Rad). For detecting interferon IFN-Y and
Foxp3 positive T regulatory (Treg) cells, the cells were washed after surface marker
staining, fixed, permeabilized with a transcription factor buffer set (BD Biosciences, San
Jose, CA), and incubated with Alexa Fluor 700 labeled anti- IFN-Y (CC302, Novus
biologicals) and e-fluor 450 labeled anti- Foxp3 (FIK-16s, cat. 5016374, Fisher) for 50
min in the dark on ice. Stained cells were sorted with a FACS Aria 1l (BD Biosciences)
instrument within 24-48 h. Compensation was performed with single-stained Ultra Comp
eBeads (Invitrogen). Datasets were analyzed in FlowJo software v.10.2 (Treestar Inc,

Ashland, ORUSA).
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3. Results

3.1 FUS induced efficient remission of the treated tumor, and HBOT enhanced

wound healing

The efficacy of FUS at the indicated time points was evaluated with longest tumor
diameter (mm) measurements and recording of new lesions according to Veterinary
Cooperative Oncology Group (VCOG) response evaluation criteria in solid tumors
(RECIST) v1.1 guidelines [39]. Complete response involved disappearance of all target
lesions, partial response involved a>30% decrease in the sum of tumor diameters, and
stable disease involved a<30% decrease in tumors or >20% increase in the sum of the
diameters of target lesions after FUS treatments. Significant tumor regression after the
first FUS exposure, as compared with the pretreatment value, was observed on day 8 by
visual examination, and complete remission of the treated tumor was achieved after the
3" FUS treatment (Figure 3(B, C)). The treated regions showed a calcified mass in the
tumor, which probably caused thermal burns in the adjoining buccal mucosa, owing to
high acoustic absorption (Figure 4(A)). The calcified mass was debrided on day 10 before
the 2nd FUS exposure on day 14. After the completion of FUS treatments, the patient
was followed for an additional 3 months. No new lesions were observed during the entire
monitoring period (Figures 3 and 4). These findings were also verified by CT
examination, which showed an absence of soft tissue mass in the treated regions from day
30 onward (Figure 4(B)). To aid in the healing of thermal burns, we administered HBOT
from day 8 onward (Figure 5(A)). Compared with the pretreatment burn levels (42 X 22
mm) of the buccal mucosa (Figure 5(B)), the extent of ulceration decreased progressively

by day 20 (24 X 10.4 mm; Figure 5(C)) and resolved completely by day 25. After the
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thermal burns were replaced with healthy granulation tissues in the treated region, HBOT
was stopped on day 28, and the exposed bones underlying the tumor were gently
debrided on day 30 (Figure 5(D)); this region was then covered with a gingival flap
(Figure 5(E)). At 2-3 days post-surgery, normal eating, drinking, and other behavioral

responses were reported in the treated patient.

3.2 Histopathology showed an absence of viable tumor cells in the treated regions

H&E staining of post-treatment biopsy samples on day 10 and day 16 showed minimal
areas of necrosis, and tumor cells were surrounded by inflammatory cells. On day 26,
coagulative necrosis was observed within the mass, as characterized by hypereosinophilic
neoplastic cells lacking nuclear details (Figure 6(A—C)). Additionally, moderate numbers
of inflammatory cells including CD3+ T-cells surrounding tumor cells were observed
(Figures 6(E—H) and 7(A)). In general, the tumor periphery showed large numbers of
degenerate to non-degenerate neutrophils, low numbers of lymphocytes, and
macrophages admixed with a sero-cellular crust. Evaluation of the treated region on day
102 showed an absence of tumor cells, and the submucosa mostly consisted of collagen

bundles, a few lymphocytes, and melano-macrophages (Figure 6(D, H)).

3.3 FUS ablation enhanced antitumor immunity

Local and systemic evaluation of the immune responses of harvested tumor biopsy and
blood samples after FUS ablation revealed an overall increase in CD3+ T cells from days
10 to 23, relative to the pretreatment levels (Figure 7(A,B)). Additional phenotypic
characterization suggested an enhancement in CD3. CD8. and CD3. CD4. cells T cells

with high IFN-Y expression, thus suggesting an activated cytotoxic phenotype.
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Interestingly, a concurrent decrease in the population of Foxp3+ CD4+ Tregs, relative to
the pretreatment paired control levels, was observed, particularly in the blood samples,

and it became undetectable by day 102 (Figure 7(C)).

4. Discussion

Oral cancers are primarily treated surgically [3]. However, in advanced cases, resection
of tumors is combined with external beam radiotherapy and chemotherapy [40]. The
objective of this study was to investigate whether noninvasive FUS ablation might induce

remission of a spontaneous oral tumor.

To investigate this possibility, we recruited a canine patient with schwannoma.
Schwannoma or neurilemmoma is a rare tumor that can be found in areas such as the lips,
jaws, tongue, and mucosa [41,42]. It is treated with transoral excision; however, excision
may be challenging to perform in larger tumors requiring sufficient margins [43]. Like
human schwannoma, canine schwannoma is a typically benign and solitary lesion;
however, malignant cases have also been reported [15]. After enrollment, we performed
FUS ablation of the tumor in three sessions over 3 weeks. The premise of this design
stemmed from a study in a uterine myoma patient where FUS induced TLS and acute
kidney injury [44]. Thus, we reasoned that a single ablative session might similarly
induce tumor lysis syndrome (TLS), which occurs when tumor cells rapidly release their
contents into the systemic circulation, thereby resulting in hyperuricemia, hyperkalemia,
hyperphosphatemia, and hypocalcemia. These metabolic disturbances can cause cardiac

toxicity and neurophysiological abnormalities [45,46]. Our longitudinal assessment
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indicated that the patient tolerated the treatment and showed a normal appetite and mild
pain at the treated region. Additionally, renal function examination did not indicate any
signs of acute toxicity. Studies are currently underway in our laboratory to verify whether

TLS is indeed a sequalae of FUS in a larger cohort of patients.

We performed the ablative treatments under ultrasound guidance (Figure 2). Unlike MR-
guided FUS, which provides absolute temperature mapping by proton resonance
frequency shifts, ultrasound is limited in providing real-time thermometry of the targeted
region [47]. To overcome this barrier, we relied on temperature monitoring with fiber
optic temperature sensors [17]. At the selected FUS parameters, we found that the
temperatures were in ablative ranges. Progressive tumor remission was observed with
each treatment, and the tumor became undetectable after approximately 4 weeks of
treatment (Figure 3). Mechanistically, the FUS treatment induced coagulative necrosis
and increased the populations of inflammatory cells in the treated tumor. Prior research
has shown that FUS ablation enhances access to the intracellular tumor-associated
antigens and the presentation to immune system components, thus improving the
immunotherapeutic response [17,23,48,49]. Our findings were in line with those
observations. For example, flow cytometry analysis of tumor and blood samples collected
during the course of treatment suggested an increase in the populations CD4. and CD8.
cells with IFN-Y production in tumor and blood samples, as compared with the
pretreatment levels (Figure 7) [18,50,51]. We hypothesized that partial ablation of the
tumor core generated a heat gradient and moderate hyperthermia in the tumor periphery,
thereby releasing heat-shock proteins and tumor antigens and improving antigen
presentation. The enhanced T-cell function was also associated with a decrease in the
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local and systemic populations of Tregs, thereby indicating an activated antitumor
immune system [52]. Longitudinal assessment of prophylaxis against local recurrence in
more aggressive tumor types (e.g., squamous cell carcinoma) should be investigated in

future studies to understand these mechanisms in greater detail.

Although our treatments were highly conformal, evaluation of the tumor after the first
FUS treatment revealed the presence of a calcified mass in the tumor core (Figure 4).
Calcified tissues (e.g., bone) have high acoustic absorption, exceeding the threshold of
necrosis by >4-fold. Additionally, the reflected waves from such regions back to the
transducer can induce fluctuations of +15°C, thus potentially damaging nearby healthy
tissues [53]. On this basis, we believe that the unanticipated normal tissue toxicity in the
buccal mucosa was probably induced by this process. To enhance healing of thermal
wounds, close to the tumor, we used HBOT because it is known to decrease tissue
hypoxia and infection and enhance neovascularization [54]. Visual examination of the
oral regions suggested improved healing rates in the presence of HBOT (Figure 5). The
ability to approve or disapprove HBOT in burn settings remains questionable, because of
the high variability in individual outcomes [55]. However, enhanced microcirculation
was found to aid the regeneration and healing of oral mucosal surgical flaps in HBOT
group (2.5 bar O2/90 min) relative to the control group on days 7, 9, and 11 in a rabbit
model via enhanced neo-angiogenesis in sub-ischemic region [56]. HBOT (28 sessions,
240 kPa for 90 min; n=14 patients) also improved oxygenation and vascularization of
irradiated facial skin and gingival mucosa at 3- and 6-months post treatment compared to
HBOT minus irradiated patients (n=8 patients), and transmucosal oxygen tension from 50
to ~80% in human oral mucosa of 10 patients [57]. These suggest that adding HBOT may
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plausibly enhance vascularization in mucosal regions to hypothetically improve the
healing of thermal burns. Because the recovery rates were not compared with controls
without HBOT, a large veterinary clinical trial will be needed in the future to verify our
findings. It may be noted that HBOT alone does not directly induce tumor cell death [58].
However, in mouse models, HBOT has been shown to decrease inflammation by
downregulating Toll-like receptor expression, cytokine production, and NF-jB activation
[59,60]. A mouse glioma study has also shown that HBOT decreases the populations of
CD3+, CD3+/CD8+, CD3+/CD4+, and Treg cells via modulating reactive oxygen
species signaling in thymus and tumor cells [61]. Our immunological analysis showed a
trend toward enhanced CD8. and CD4. populations after FUS and HBOT exposure in the
tumor and blood. In contrast, the proliferation of Tregs was markedly diminished in the
blood 2—3 weeks post treatment. On the basis of our findings, we propose that local FUS
increased the killing of tumor cells, and its combination with HBOT modulated the tumor
microenvironment and hypoxia mediated stress pathways [62], thereby collectively

enhancing the activated T-cell populations in the tumor and blood.

This case report has some limitations. The tumor was easily accessible for FUS therapy
in the schwannoma patient. However, the ability of FUS to acoustically couple with
tumors located in the soft palate region is likely to pose a challenge. Also, additional
investigation is needed to determine whether HBOT exposure modifies tumor
physiology. In summary, our data suggest that FUS ablation can induce regression of a
large schwannoma. Local FUS also generated an inflamed tumor microenvironment that
may possibly aid in antitumor immunity. Additional studies in malignant models are
needed to shed more light on the therapeutic mechanisms.
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Figure 1. Schwannoma cells forming multinodular masses (arrow) supported by a loose
fibrovascular stroma (H&E stain, 100X magnification). The neoplastic cells showed
strong cytoplasmic immunoreactivity for GFAP, laminin, and S100 (immunostaining,

100X magnification).
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Figure 2. FUS device and treatment setup. (A, B) Dry type FUS transducer for tumor

treatment in an intubated dog lying on the right side. (C) FUS planning and targeting.
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Figure 3. Treatment timeline and response rates. (A) Three partial FUS treatments
(~50% of tumor volume/session) were performed over 3 weeks. Tumor biopsies were
collected before and after FUS treatment. HBOT was administered between day 10 to day
28. (B) Caliper measurements of the longest diameter of treated tumor after various FUS
sessions. Complete local tumor remission was observed by the end of the 4" week; (C)
Therapeutic efficacy evaluated with the response evaluation criteria in solid tumors
(RECIST v1.1) suggested complete response at the treated site without emergence of new
lesions at 3 months post-treatment (CR: complete response; PR: partial response; SD:

stable disease).
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Figure 4. Representative images of the treated tumor regions over 102 days. (A)
Complete remission of the treated tumor (arrow) was observed as time progressed.
Briefly, necrosis and a calcified mass in the treated tumor were observed 1 week after the
first FUS treatment and were associated with thermal burns (ellipse) of the regional
buccal mucosa, probably because of high acoustic absorption and heating of the calcified
mass during FUS treatment. The calcified mass was debrided on day 10. Additional FUS
treatments were administered on days 14 and 21 to induce complete tumor remission.
Longitudinal monitoring of the treated regions from days 25 to 102 showed an absence of
the tumor in the treated region. (B) CT revealed a central gas filled defect in the left
caudal maxilla (green arrow) in the area of FUS focus on days 30 and 102 post-treatment.
New bone formation appeared to fill the depth of the osseous defect in the left caudal
maxillary crest by day 30. A mild amount of amorphous new bone on the floor of the left

orbital dorsal region of the removed soft tissue mass was also observed.
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Figure 5. HBOT chamber for management of thermal burns. (A) HBOT device and

setup. (B) A thermal burn (42 X 22 mm) was observed in the buccal mucosa (ellipse)
region close to the treated tumor on day 8. (C) HBOT administration decreased the zone
of thermal burns (24 X 10.4 mm; ellipse), as compared with the pretreatment levels. (D,
E) The exposed bones underlying the tumors were closed with a gingival flap (arrow)

after complete tumor remission and healing of thermal burns on day 30.
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Necrosis

Inflammation

Figure 6. Longitudinal histopathological analysis. (A—C) Marked areas of coagulative
necrosis within the mass, characterized by hyper-eosinophilic neoplastic cells lacking
nuclear details. (D, H) Evaluation of treated regions on day 102 showed an absence of
tumor cells with submucosa composed of collagen, fibroblasts (arrowhead), and
melanomacrophages (arrow). (E-H) The tumor showed infiltrated neutrophils,
lymphocytes, and macrophages admixed with tumor cells between day 10 and day 26,

and they became rare by day 102.
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Figure 7. Local and systemic evaluation of immune response to FUS treatments. (A) A
day 10 tumor biopsy sample showed low to moderate numbers of CD3. lymphocytes
surrounding the tumor cells (arrow, 200X magnification). (B, C) Trends in the treatment
effects on T cells in the tumor and blood over time, relative to the pretreatment controls.
FUS ablation increased the frequency of CD3+, and IFN-Y expressing CD3+ CD4+ T
cellsand CD3+ CD8+ T cells at 1-3 weeks post-treatment in the tumor, as compared
with the pretreatment levels. The population of T-cells became undetectable on day 102
in the tumor region. Similarly, an elevated population of IFN-Y expressing CD3+ CD4+
T cells and CD3+ CD8+ T cells was observed in the blood 2—3 weeks post-treatment, and
these cells became undetectable by day 102. A consistent decrease in the populations of
the immunosuppressive Treg cells in the blood was observed post-treatment, and these

cells became undetectable in both the blood and tumor by day 102.
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CHAPTER Il

FOCUSED ULTRASOUND TREATMENT OF SPONTANEOUS OCCURING
CANCERS: LOCAL EFFECTS AND SYSTEMIC IMMUNE EVALUATIONS IN

VETERINARY PATIENTS

Parts of this chapter are based on:

Harshini Ashar, Danielle Dugat, Kalyani Ektate, and Ashish Ranjan “Immunological
and therapeutic effects of focused ultrasound in canine cancer patients.” Focused

Ultrasound Symposium (2020).

Harshini Ashar, Deepan Kishore, Danielle Dugat, Tina Neel, Akansha Singh, and

Ashish Ranjan. "Final Report FUS Grant." (2021).

Abstract

Over the last decade, the use of novel therapeutic devices to treat solid tumors are on the
rise. High-intensity focused ultrasound (HIFU) is a non-invasive therapeutic modality

that destroys cancer cells via thermal and mechanical effects. It can be used to treat
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tumors of any size and shape or depth, and minimally affects surrounding critical or non-
critical structures. The objective of this study was to investigate whether HIFU can be
utilized for the treatment of veterinary cancer patients. Companion pet dogs and cats
present with a variety of naturally occurring tumors. While the rodent models used for
majority of cancer studies allows high throughput studies, they do not mimic the
anatomical and physiological stressors that companion animals experience. In addition to
providing a desired alternative therapeutic option for pets with cancer, veterinary clinical
trials can also be an excellent resource for future use in human patients. The specific aims
of our veterinary trials were to investigate the ability of HIFU to induce thermal or
mechanical ablation of mostly head, neck, or extremity tumors solid tumors, with or
without chemotherapy in patients. Treatment response was characterized by tumor
measurements and histopathological examination of the treated site. Additionally, the
anti-tumor immune effects of HIFU were assessed by flow cytometry, analysis of blood
and tumor samples. Data suggests that HIFU ablation modalities can improve clinical

outcomes, and immunologic against certain tumor types.

1. Introduction

Pet dogs get cancer at roughly the same rate as humans. As per the American Veterinary
Medical Association approximately 1 in 4 dogs will develop neoplasia at some stage in
their life, and about half of the dogs over the age of 10 will develop cancer. This is
indicative of spontaneously occurring tumors, many of which are histologically similar to

human tumors [1]. Currently, most solid tumors in veterinary patients employ non-
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invasive radiation or invasive surgery, and systemic chemotherapy, which can have
known side-effects. As an alternative, in this study, we evaluated the feasibility of High-
intensity focused ultrasound (HIFU) based solid tumor treatment regimen for improved

outcomes in veterinary patients.

High-intensity focused ultrasound is a non-invasive and non-ionizing treatment modality.
It focuses ultrasound energy precisely in the target tissue, under ultrasound (US) or
magnetic resonance (MR) image-guidance, to produce local and systemic bioeffects [2].
By varying the sonication parameters, it can generate thermal and mechanical effects at
various locations in the body. HIFU treatments can also stimulate the patient’s immune
system against the treated tumor locally and at distant metastases [3, 4]. For e.g., thermal
ablation with HIFU causes coagulative necrosis in the focal zone, due to rapid elevation
of tissue temperatures to >60°C over short exposures [5]. The exposed proteins and
cellular debris can improve antigen presentation and trigger a tumor-specific immune
response [6-8]. HIFU can also be used as an adjuvant to augment radiation,
chemotherapy, or novel immunotherapies [9-12]. Depending on the HIFU treatments
(mild hyperthermia, thermal ablation, or histotripsy), distinct immune responses can be
attained [7, 13-18]. In human medicine, HIFU is being increasingly used to treat various
malignant and non-malignant conditions, including, breast cancer, uterine fibroids,
prostate tumors, and neurological conditions [2]. Combination of HIFU with chemo- and
immunotherapies for different cancers are also being extensively investigated in pre-

clinical models, with promising results. [10-12].

Application of HIFU in veterinary medicine can not only offer innovative treatment

options to veterinarians and pet owners, but tumor-bearing dogs can also act as a unique
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resource for translation of novel therapies in human patients. The comparatively similar
size and growth rate of tumors and their microenvironmental parameters uniquely
positions dogs for translational studies of novel surgical approaches, radiation therapy
including HIFU [1]. Like humans, canine patients can be monitored for hematological,
biochemical, and immunological parameters and other sophisticated monitoring.
Furthermore, due to the large tumor size, serial biopsy and longitudinal assessment of
treatment efficacy can be evaluated including temporal endpoints such as remission or
progression free survival. This makes clinical trials in client-owned dogs an immense

resource.

Recently, studies have been conducted to test the feasibility of using HIFU in canine
patients. Seward et al., evaluated the potential of MR-HIFU in targeting canine soft tissue
sarcomas (STS). They reported that 81.1% (43/53) of STS were targetable with extremity
tumors being the most targetable [19]. Another retrospective study evaluated HIFU
therapy for surgically unresectable solid tumor in dogs. Out of the 10 dogs treated, four
dogs exhibited decreased tumor size and two dogs had partial remission, with varying
transient side effects. Additionally, they reported that HIFU could be used to control local

bleeding associated with hemorrhagic tumors [20].

Based on these premises, the purpose of this study was two-fold: 1. To determine the
potential of locally targeting solid tumors with HIFU ablation alone, and 2. evaluate the
ability of HIFU hyperthermia to enhance chemotherapy delivery in patients with sarcoma
tumors. For the HIFU ablation groups, we compared the therapeutic and
immunomodulatory effects of thermal vs non-thermal histotripsy protocols. For the

hyperthermia + chemotherapy group we compared the drug delivery and
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immunomodulatory effects of HIFU heated vs. non-heated sites between Dox alone and
Dox-loaded LTSL (LTSL). LTSLs are designed to release encapsulated contents (e.g.,
doxorubicin or Dox). The premise of these clinical trials stemmed from our various pre-
clinical studies in mouse models on developing LTSLs for enhanced Dox penetration in
tumors driven by HIFU heating [12, 21, 22] as well as on histotripsy ablation and

immune-activation in combination with immunotherapy [10].

2. Materials and methods

2.1 Patient Enrollment and Study Design: All patients were recruited from OSU
Veterinary Teaching Hospital and Neel Veterinary Hospital at Oklahoma City. All
animal related procedures were approved by the Oklahoma State University Animal Care
and Use Committee (OSU-ACUC). Prior to treatment, owner consented to the terms of
the study was obtained, including a follow-up post-mortem analysis and release from
institutional/ personal (researcher) liability. Canine patients regardless of tumor types
were assigned randomly to the ablation and histotripsy group. Biopsy positive canine
patients with sarcomas were randomly divided into two groups: 1. Dox + HIFU and 2.

LTSL + HIFU.

2.2 Inclusion & Exclusion Criteria: Patients who had received prior treatment (surgery,

anticancer drug, or radiotherapy) were not excluded from the trial.

2.3 Endpoints: For Ablation/Histotripsy study, the primary endpoints were
local/systemic tumor control and immunological analysis by flow cytometry (FC). For

the HIFU hyperthermia + chemotherapy study, the end points included drug delivery
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analysis in the heated and unheated regions, and response characterizations. tumor
measurements and local and systemic immune characterization by FC. LTSLs
(ThermoDox) were provided through a Collaborative Research and Development
Agreement with Celsion Corporation. Dox/LTSLs were injected at a dose of 0.7mg
Dox/kg body weight, dispersed in D5W (5% dextrose in water), injected intravenous
(1/V) over 30min, post HIFU initiation. Biopsies were taken immediately post treatment
from the heated and unheated part of the tumor for drug delivery analysis by high-
pressure liquid chromatography (HPLC) or spectrophotometrically, as indicated. Prior to
Dox therapy, each patient received antihistamines and steroids combinations as follows
for two days: 0.5 mg/kg of prednisone orally twice daily; 2 mg/kg of diphenhydramine
orally thrice a day and 0.5 mg/kg famotidine orally once a day. A similar regimen of

antihistamines and steroids was also utilized against mast cell tumor patients.

HIFU parameters used in the different cohorts of patients were previously optimized in
ex Vvivo tissue phantom and in vivo mouse studies (Table 1). On an average, a patient
experienced 3-6 hospital visits. Since client-owned dogs cannot be left untreated, each

patient served as its own internal control.

Pulse % of total
o Treatment
Duty Power repetition . tumor
Parameter time/ focal
cycle (%) (W) frequency spot (secs) volume
(PRF) P treated
Ablation 50 70-90 20 30-35 ~50-60%
Histotripsy 1 450-600 5 20-25 ~30-50%
Hyperthermia 50 8-12 20 300-420 ~30-40%

Table 1. Parameters used for treatment of client-owned veterinary patients with

spontaneous tumors.
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2.4 Pre-treatment clinical exam: Dogs admitted to the hospital were examined for vital
parameters (heart rate, temperature, and respiratory rate), by auscultation of the chest, and
palpation. The mass lesion was visually examined and palpated to allow for
documentation of size, character, color, signs of infection or drainage, and location in
relation to other structures. A complete blood count (CBC) and serum biochemistry panel
was performed. For metastatic cancer types such as melanomas, sarcomas and with
patients that presented with swollen draining lymph nodes, thoracic radiographs were

taken to assess for metastases.

2.5 HIFU treatment planning and administration: HIFU treatment was performed in
anesthetized patients using an ultrasound guided Alpinion system (Figure 1A). For
acoustic coupling, the fur was shaved as closely to the at the treatment site to ensure
complete contact with the transducer membrane. Degassed gel was additionally used to
provide acoustic coupling. The VIFU planning software was used to select the region of
interest and target boundaries in the X, Y, and Z directions for automatic rastering of the

transducer as shown in (Figure 1B).

2.6 Sample collection and flow cytometry: Tumor measurements, biopsies for
immunological analysis by flow cytometry and immunohistochemistry and blood
samples were taken before, and 7 to 14 days post treatment. Treatment efficacy was
evaluated by tumor caliper measurements and recording of new lesions according to the
Veterinary Cooperative Oncology Group (VCOG) response evaluation criteria in solid
tumors (RECIST v1.1) guidelines [23]. Complete response (CR) involved disappearance
of all target lesions, partial response (PR) involved a > 30% decrease in the sum of tumor

diameters, and stable disease (SD) involved a <30% decrease in tumors or <20% increase
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in the longest diameters of target lesions after HIFU treatments. Progressive disease (PD)
indicated either an appearance of one or more new lesions or at least a 20% in the longest

diameters of target lesions.

2.7 Doxorubicin estimation in tumors

Tissue homogenization and sample preparation for HPLC/spectrophotometric analysis
was performed using our previously published methods [22, 24]. Briefly, samples were
homogenized, and Dox was extracted using HPLC-grade acetonitrile (Sigma-Aldrich, St.
Louis, MO). Using daunorubicin as internal standard, tissue Dox was quantified by
HPLC d at fluorescence wavelengths at excitation/emission of ex.498/em.595 nm. Data
was acquired using Shimadzu LC solution software. Tissue analyte concentrations were
determined using peak-area ratios of the sample analyte to the internal standard from the
calibration curve. Alternatively, in some cases, homogenized samples were extracted
using 2% aqueous acetic acid/acetonitrile, 1:1 v/v and fluorescence (ex. 480 nm, em. 590
nm) and measured using SpectraMax M2 spectrophotometer (Molecular devices,

Sunnyvale, CA).
2.8 Immunophenotyping of immune cells with flow cytometry

For flow cytometry, blood samples were collected in BD Vacutainer EDTA tubes, and
biopsy samples were collected into RPMI supplemented with 2% FBS. Samples were
transported and stored on ice or at 4°C until further analysis. Single-cell suspensions
were obtained through mechanical disruption of the tumor biopsy tissues followed by
enzymatic digestion with 200 U/ml collagenase IV (Life Technologies, NY, USA) at

37°C for 1hour. The lysates were filtered through a 70 pm cell strainer (Corning Inc,
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Corning, NY). Blood samples collected in EDTA tubes were incubated with 1x RBC
lysis buffer (multi-species, Invitrogen) for 10-15 min before antibody staining. The
following fluorochrome-conjugated anti-dog antibodies were used to stain cells for 30
min in the dark on ice: anti-CD3", anti-CD4", anti-CD-8" (dog T lymphocyte cocktail,
cat. 558699, BD Pharmingen), and APC labeled anti-CD45" (YKIX716.13, cat.
MCAL1042, Bio-Rad). For detecting IFN-Y and Foxp3* T regulatory (Treg) cells, the
cells were washed after surface marker staining, fixed, permeabilized with a transcription
factor buffer set (BD Biosciences, San Jose, CA), and incubated with Alexa Fluor 700
labeled anti-IFN-Y (CC302, Novus biologicals) and e-fluor 450 labeled anti-Foxp3 (FIK-
16s, cat. 5016374, Fisher) for 50 min in the dark on ice. Stained cells were analyzed with
a FACS Aria Il (BD Biosciences) within 24-48 h. Compensation was performed with
single-stained UltraComp eBeads (Invitrogen). Datasets were analyzed in FlowJo

software v.10.2 (Treestar Inc, Ashland, OR, USA).

3. Results

3.1.1 HIFU ablation achieved significant tumor remission.

A total of 8 dogs with different tumor types including mast cell tumors (MCT),
mammary, connective tissue, and skin tumors received ablative therapy. The patient
characteristics, response rates and treatment side-effects are summarized in Table 2. 50%
of treated patients (n= 4/8) exhibited complete response within two weeks after the first
treatment (Figure 2). Patient #6 showed gradual tumor regression (data not shown) of
>30%, which by RECIST guidelines was considered as a partial response. But the owner
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discontinued treatment and hence further longitudinal assessments could not be carried
out. Patient #8, although evaluated as PR, showed a significant reduction in tumor mass
of ~95% decrease at the end of 11 weeks, following five HIFU treatments covering 50%
of tumor in each session (Figure 2). Patient #7 with chondrosarcoma was unresponsive to
ablative treatment, showing an open wound and major inflammation, while the MCT of
Patient #4, although initially responsive (Figure 2) at the 1-week follow-up, showed a

lack of response in subsequent sessions.

Side effects post thermal ablation consisted of moist dermatitis, minor burns, open
wounds, and skin inflammation, in the treatment regions. These were managed with
periodic hyperbaric oxygen exposures and local and systemic antibiotics. Some patients
demonstrated symptoms of diarrhea 1-2 days post-treatment which were managed with
fluid therapy. In a few cases (e.g., fibroma and apocrine gland carcinoma), significant
healthy tissue damage was noted, especially when the tumors were located very closed to

attenuating structures (e.g., bones). These were managed by surgical interventions.

3.1.2 Non-thermal histotripsy treatments were well tolerated in the canine patients.

For the histotripsy arm, 5 canine patients were treated. The tumor types for this trial
included mammary, papillary and mast cell tumors. Bubble cloud during histotripsy was
monitored using real-time US image guidance (Figure 5). Data suggested that partial
histotripsy treatments of tumors kept tumor growth in check, with stable disease
persistence (Table 3, Figure 6). Two out of 5 patients showed a partial remission of the
treated tumor; both of these tumors were of mammary tumor origin. Unlike thermal

ablation treatment that demonstrated complete remission of majority of the treated cases
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(Figure 4), the histotripsy exposures were generally well tolerated by all the patients
without any alterations in the vital signs. In addition, no side-effects on local, the tumor
adjoining healthy tissues, or even systemic reactions were reported by the owners for any

of the treated patients.

3.1.3 The immune responses to HIFU exposures depended on the tumor type

The systemic immune responses in blood samples after thermal ablation of tumors
showed moderate changes in CD3" T cells in the blood relative to the pre-treatment levels
in almost all patients (Figure 3A). Patient #6 showed a significant spike in CD3* T cells
CD3* CD8" T cells on day 14 (Figure 3C). Likewise, patient #3 and #5 showed an
increase in CD3" and CD3* CD8" T cells, and these were high IFN-Y expressing CD4" as
well as CD8" T cells (Figures 3E & F), relative to the pre-treatment levels and a decrease
in Tregs (patient #3) but increase in patient #5 (Figure 3D). Overall, the CD3* CD4* T

cell population in most patients remain unchanged (Figure 3B).

In contrast to thermal ablation, histotripsy treatments increased the populations of

CD3"Tcells and CD8" T cells in the blood of 3 out of the 5 treated patients (Figure 7A &
C). Enhanced IFN-Y activity was seen for both CD4+ and CD8+ phenotypes (Figure 7E
& F). However, this was accompanied by an increase in the Treg population in almost all

patients (Figure 7D).
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Q:tli?at:gzt Breed Age | Gender | Location | Diagnosis treai'incln ts (RReégcl)g‘f’re) Side effects
Lab _ Skin inflammation
1 retriever 6y FS Tail-base | MCT, low 1 CR and open wound
after tumor
regressed.
Prescribed topical
Great Rt. Mammary .
2 9y MI . 1 CR antibiotics. Wound
pyrenes Inguinal mass healed completely
within a week.
Thermal burn
lesions noted.
Rt. Wound managed
3 Mixed 6y MC Elbow Fibroma 1 CR surgically. Complete
and thigh healing noted within
2 weeks post-
surgery.
Treatment area
4 French 8y MC Left_butt MCT, low 1 PD inflar_ned.
bulldog region Inflammation spread
to inguinal region.
Owner reported
.| 13y Apocrine diarrhea. Open
5 Yorkghlr and FS Left gland 1 CR wound, surgically
e mix rump .
5mo. carcinoma closed and healed
well.
Mass was sensitive
Dach- Amelanotic and bled when
6 shund 10y FS Nasal melanoma 3 PR touched. Mild

ulceration where
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mass was treated and
regressed, which

healed well.
7 Labrador | 9y MC Nasal Chondro- PD Open wound, tumor
sarcoma non-responsive.
Minor scabbing
8 Mixed 11y FS Nasal MCT PR around treated

region.

Table2. Ablation patient characteristics and response evaluation using RECIST guidelines. (CR: complete response,

PR: partial response, PD: progressive disease, SD: stable disease, FS: female spayed, FI: female intact, MC: male

castrated, MI: male intact, and MCT: mast cell tumor)
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Histotripsy Tumor : : # of Response Side
Patient # Breed Age | Gender location Diagnosis treatments | (RECIST) | effects
Left None
1 Dachshund - FS mammary | Mammary mass 1 PR
reported.
mass
i Left None
2 Pitbull 8y MI antebrachium MCT, low 2 PD reported.
3 csomix | /Y | Fs Rump Lipoma 2 PD None
7mo reported.
4 Mixed 12y MC Oral-rt and Soft-tissue 1 sD None
left upper sarcoma reported.
Left Papillar None
5 Mixed 8y FS mammary q pilary 2 PR q
chain adenocarcinoma reported.

Table 3. Histotripsy patient characteristics and response evaluation using RECIST guidelines. (CR: complete response,
PR: partial response, PD: progressive disease, SD: stable disease, FS: female spayed, MC: male castrated, MI: male

intact, and MCT: mast cell tumor)
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Patient Tumor . . # of Response Side
# Breed Age | Gender location Diagnosis | Route treatments | (RECIST) | effects
Dox + hyperthermia
11 Rt. ventral
1 Dachshund MC STS, grade | JAYA 1 PD
y chest
Rt. No
2 Boxer 8y MC . STS, grade | JAYA 1 PD
antebrachium concerns
Mini 9y reported
3 6 FS Rt. shoulder | STS, grade | JAYA 1 PD
schnauzer mo
LTSL + hyperthermia
No
4 Mixed 12 MC Oral-rt. gnd STS, grade | JAYA 1 SD concerns
y left maxilla
reported
Lethargy
and
Giant 12 Left transient
5 MC proximal Osteosarcoma | 1/V 1 PR loss of
Schnauzer | vy h :
umerus appetite
was
reported

Table 4. Hyperthermia + chemotherapy patient characteristics and response evaluation using RECIST guidelines. (CR:

complete response, PR: partial response, PD: progressive disease, SD: stable disease, FS: female spayed, MC: male

castrated, STS: soft tissue sarcoma, and 1/V: intravenous)
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3.2.1 HIFU hyperthermia enhanced delivery of Dox in the heated regions of tumor.

Tumor Dox concentrations were 0.26 & 0.02 and 0.325 + 0.01pg Dox/g tissue in the
unheated and heated regions of the tumor, respectively, following Dox + HIFU treatment.
Overall, the Dox delivery to heated regions significantly exceeded those of the unheated

in the sarcoma tumors (Figure 9).

3.2.2 HIFU + Dox treatment induced tumor regressions.

The efficacy of FUS at the indicated time points was evaluated with tumor volume
measurements as per the RECIST guidelines (Table 4). Distinct tumor regression
compared with the pre-treatment value was observed on day 7 in all the treated dogs
(Figure 10). In patient #3, a regrowth of the treated mass was noted by day14 post-
treatment. In contrast, in patients #1 and #2, tumors continued to regress at 2 weeks post-
treatment. As per RECIST criteria, all the cases experienced partial tumor regressions to
stable disease, however, the removal of the HIFU treatment caused regrowth and a

progressive disease.

3.2.3 HIFU + Dox stimulated a local and systemic T cell response in all the treated

patients.

Local and systemic evaluation of the immune responses of harvested tumor biopsy and
blood samples after HIFU + Dox revealed moderate changes in CD3* T cells in the
blood, but a significantly increased infiltration (~3-fold) in tumors post treatment, relative
to the pre-treatment levels (Figure 11A & B). A concomitant increase in the CD3* T cell
subset of CD3" CD4" cells in the biopsy samples was observed. However, the population

of CD3" CD8* cells were not altered, except for minor fluctuations, in both blood and
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biopsy samples. Additionally, there was an increase in the IFN-Y expressing T cells
relative to the pre-treatment paired control levels, accompanied with an increased

population of CD4" Foxp3* Tregs in the blood and biopsy samples (Figure 11C).

3.2.4 HIFU + LTSL for targeted drug delivery in sarcoma patients

In this treatment group, 2 dogs sarcoma patients were enrolled (Table 4). Since the case
requirements varied amongst the three patients, results for each patient are reported

separately.

Patient #4: 12 yr. old dog with soft-tissue sarcoma in the right and left maxillary

masses.

Compared to Dox alone cohorts, the drug delivery from LTSL increased by ~4-fold in the
heated region, and 2-fold in the unheated regions of the treated tumor (Figure 12A). This
suggests that clinical-grade LTSL can significantly improve drug delivery to tumor

tissues compared to Dox alone, when combined with local hyperthermia.

A resulting decrease in tumor volumes was observed at Day7 post-treatment (Figure
12B). HIFU + LTSL treatment led to an increase in CD3* T cells in the blood (Figure
12C). However, no differences were seen in the CD3+ subsets (Figure 12C). This patient
dropped out of the study 1week post-treatment, preventing longitudinal follow-ups or

additional treatments.
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Patient #5: 12 yr. old dog with end-stage metastatic osteosarcoma in the left

proximal humerus.

This patient had a history of prior chemo- and stereotactic radiation therapy at Colorado
state university and was referred to OSU. CT revealed significant pulmonary metastasis
in the patient. HIFU + LTSL was administered in the affected bone as described above
(Figure 13A). A slight improvement in clinical symptoms was reported by the owner’s
post-treatment. Blood immune analysis revealed a gradual but significant increase in
population of CD3" T cells as well as the CD8* T cell subset (Figure 13B). Additionally,
a gradual decrease in the blood Treg populations was also observed. Unfortunately, due
to poor overall health, the patient was put to sleep at 1 week post treatment. Biopsy
samples were collected post-mortem to evaluate local treatment effects, from treated leg
as well as contralateral bone, which could help tailor future treatments for similar cases.
The analysis showed a promising treatment effect with significant increase in CD3" T
cells and concurrent decrease in Tregs, in the heated tumor regions, which contrasted
with the respective cell populations in the unheated tumor region (Figure 13C).
Furthermore, an abscopal increase in CD3" T cells and CD3"CD8* T cells was observed
in the contralateral bone, along with increased Tregs, compared to the heated bone

biopsy.

Immunologically, an increase in the populations of CD3*T cells was seen, over time, with
moderate changes in the T cell subsets (Figure 13C). In contrast, a decreased population

of the pro-tumoral Treg cells was observed in blood post-treatment.
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4. Discussion

Each year in the United States, more than 1 million new cases of cancer occur, and it is
the most common cause of death in dogs (~30% estimated rate) based on retrospective
studies on canine mortality [25, 26]. Conventional therapies including surgery, radiation,
and chemotherapy provide clinical benefit, but can be associated with adverse effects.
HIFU achieves diverse tissue bioeffects, thus its incorporation in the existing cancer
regimens can be an important step forward [3, 27]. In this pilot study, we tested the
feasibility and effectiveness of HIFU alone and in combination with doxorubicin

chemotherapy for the treatment of a variety of solid tumors in dogs.

Spontaneously occurring tumors in dogs are a unique cancer population for investigation
of experimental therapeutics [28, 29]. Success of clinical trials can herald new therapies
for veterinary patients and also be guide for translation to humans. Veterinary clinical
trials allow highest quality management and data collection and be relatively less costly
than human oncology trials. These benefits have spurred the enrollment of dog patients
with spontaneously occurring tumors in translational radiation therapy studies, novel
surgical approaches, drug delivery, amongst others [1]. For e.g., critical proof-of-concept
studies for accurate radiation dosimetry by Gilette et. al., conducted in the 1970’s in dog
patients is still in use for human radiation dosing [30-33]. Observations and surgical
refinements developed in dogs with spontaneous osteosarcomas, by human and
veterinary surgical oncologists, led to use of these approaches in human limb-sparing

surgery [34].
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Tumor ablation modalities such as HIFU that offer alternatives to surgical resection are
sought-after by veterinarians and companion animal caregivers, committed to the overall
welfare of their pets. The most common application of HIFU, tissue destruction, can be
achieved either by thermal energy to induce tissue protein denaturation [35] or
mechanical energy (histotripsy) to induce cell membrane destruction via cell stress [36].
We compared the effectiveness of using thermal ablation and histotripsy in n=8 dogs and
n=5 dogs, respectively (Figure 4). Our findings suggest that in terms of tumor remissions,
thermal ablation was relatively more effective compared to histotripsy. Regardless of
tumor type, most of the canine patients treated with thermal ablation responded to
treatment (Table 2; Figure 2). N=4 patients showed complete remission while n=2
showed partial remission. Treatment was well-tolerated by the patients with minor
episodes of open wounds post tumor mass denaturation and skin ulceration around the
treated region, which were effectively managed by hyperbaric oxygen therapy as
previously reported by us [37]. Most of the ablation patients were prescribed with
antibiotics for wound management. This was also instituted by Ryu et. al. while
investigating use of HIFU for non-resectable tumors or refractory to chemotherapy [20].
They reported mild side effects, including transient hyperthermia in multiple patients,
enteritis in one dog, and skin ulceration in two dogs. Four out of the 10 dogs treated with
thermal ablation exhibited a decrease in tumor size, with two dogs showing partial tumor
response as per RECIST. Kopelman et. al., reported the successful use of MR-guided
HIFU for the treatment of hepatocellular adenoma in a canine patient. The 10 yr. old dog
was given four ablative treatments over the course of 8 weeks [38] and tumor was

resected surgically 21 days after the fourth ablative procedure. The MRgHIFU created
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necrosis and tissue destruction, accurately and in accordance with treatment planning.
They did report a focal thermal injury by the ribs post fourth treatment which was
surgically managed without further complications, quite similar to our findings.
Interestingly, out of the 3 patients with mast cell tumors (MCT), one showed CR, one
showed PR and one showed PD. All three patients had MCT in different anatomic
locations, were of different breeds, between 6 yr.- 11yr, and the 2 patients that responded
were spayed females while the non-responder was castrated male. Interestingly, the non-
responding MCT patient initially presented with the inguinal lymph node (LN)
metastasis, but with HIFU treatment, the LN reduced significantly and shrank back to
normal palpable size, however, the primary tumor underwent massive inflammation,
which gradually spread from the perineal regions to the inguinal regions. Historically,
MCTs located in the perineal/inguinal regions are reported to require intensive
trimodality therapy with surgery, radiation, and chemotherapy [39]. Additionally, dogs
with LN metastasis had significantly shorter median survival times than dogs without
nodal metastasis [40]. More studies focused on metastatic MCTs will need to be carried

out to conclusively differentiate responders from non-responders.

To overcome the thermally induced side-effects of HIFU, HIFU treatments relying on
histotripsy, are increasingly be used in patients. Histotripsy uses high power and short
duration ultrasound pulses to create a large pressure change in the tissue leading to
acoustic cavitation [41]. Cavitation creates highly precise tissue fractionation minimizing
unwanted tissue damage [42]. Canine prostate models used to evaluate the potential of
histotripsy modality previously demonstrated the ability of histotripsy to yield acellular
disruption of targeted tissues [43-45]. Similarly, histotripsy treatments of canine STS and
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OS tumors conducted with a clinical histotripsy prototype, indicated precise volumetric
ablation of targeted regions [46]. In this study we determined the effectiveness of
histotripsy against many types of solid tumors in canine patients (Table 3). Compared to
ablation, histotripsy did not elicit a complete tumor remission in any of the 5 patients
treated. All the dogs showed an initial decrease in mass, however they began regrowing
by 3-4 weeks post-treatment (Figure 6). In the two patients that showed PR, histotripsy
shrunk the tumor enough to surgically resect it without having to excise major margins of
surrounding tissues. This indicated that histotripsy can be used in conjunction with
surgery to effectively reduce risk and morbidity associated with surgical resection of
tumors [46]. It should be noted that only 30-50% of tumors were treated with histotripsy,
and the results may be tremendously different if the histotripsy levels are enhanced or
decreased per-treatment session. Although histotripsy is known to induce enhanced tumor
antigen release [15], which leads to anti-tumor immune-stimulation, we reasoned that a
rapid release of tumor antigens into systemic circulation may also cause tumor lysis
syndrome (TLS). This has in fact been reported in a uterine myoma patient, where HIFU
induced TLS and acute kidney injury [47]. The blood reports in our initial studies did not
indicate any such occurrences. In effect, unlike ablation, histotripsy did not cause any
side effects or discomfort in the treated patients. Thus, having tested the safety of treating
canine tumors with histotripsy alone in smaller volumes, our next goal is to treat of larger
tumor volumes with histotripsy for effective tumor remission. In addition, we reason that
an increased frequency of histotripsy treatments may induce CR of tumor masses with
histotripsy alone treatments and more studies in a larger cohort of patients will be carried

out to evaluate this. Additionally, results on pre-clinical use of histotripsy in our lab and
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others have indicated that histotripsy modality is effective in stimulating an anti-tumor
immune response and is most effective when used in combination with drug delivery
systems and immunotherapy treatments, thereby pointing towards a need to institute these

regimens in patients [9, 10, 14, 48].

Several pre-clinical and human clinical studies have shown the positive effects of thermal
ablation and histotripsy on local tumor control and systemic immune responses [14, 49-
53]. We sought to analyze the T cell based immune responses in canine patients treated
with thermal ablation and histotripsy and found that it is highly patient dependent (Figure
3 & 7). Although by different mechanisms, in both treatment groups, patients showed an
overall increased frequency of CD3+ T cells. Most treated patients demonstrated an
increased frequency of IFN-Y expressing CD3*CD4" and CD3"CD8*T cells in the blood,
as compared with the pre-treatment levels. This is in line with study by Lu et. al., increased
tumor infiltrating lymphocytes (TILs) particularly cytotoxic CD8+ cells and NK cells after
HIFU ablation of human breast cancer [51]. Clinical evidences suggest that ablative HIFU
treatment may also enhance local antitumor immunity in prostate cancer patients [54] and
upregulated expression of HSP70 in breast cancer tumor debris [55]. Studies investigating
this have linked these pro-oncogenic effects to upregulation of inflammatory pathways in
this region, including the 1L-6-HGF/c-Met-STAT3-VEGF axis and the HSP70 related
pathways [56-58]. Distinctively, histotripsy generates subcellular fragments through
mechanical fractionation, releasing damage associated molecular patterns (DAMPS)
which, in turn, enhance tumor inflammation, and anti-tumor immune effects [9, 48, 59,
60]. In addition, critical cytokines and chemokines have been found to be significantly
altered, especially IFN-Y, in multiple histotripsy studies [9, 15, 61, 62], which is consistent
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with our clinical findings. While IFN--Y is the most consistently reported cytokine across
therapies and tumor types, other important cytokines including IL-6, IL-2, TNF, IL-8, IL-
13, and IL-10 have been reportedly upregulated post histotripsy treatment [9, 15, 53, 62].
Our present study lacks the investigation of the local and systemic cytokine/chemokine
responses, but studies are underway to assess these important end points, which will help
us in better assessing our clinical treatment outcomes. In contrast to mice studies reporting
a reduction in Tregs post histotripsy [63], some of our patients showed an increased
population of Tregs, with both histotripsy and ablation treatments. Therefore, a detailed
study of the implication of the enhancement of these cell types will need to be performed
to verify such effects in a larger cohort of patients.

A second major objective of our project was to evaluate the ability of HIFU hyperthermia
to influence Dox delivery in veterinary patients with sarcoma tumors. HIFU mediated mild-
moderate hyperthermia (42- 45°C) has been shown to increase vascular as well as cellular
permeability, and enhance the metabolic activity of the hyperthermic targets [3]. Our data
suggests that addition hyperthermia to intravenous Dox therapy enhanced drug delivery in
the heated regions of the tumor (Figure 9). This is in line with several studies that have
shown that elevating and maintaining tissue temperature to a mild 42°C for several minutes
can increase blood flow and drug absorption in the targeted region [64]. Hyperthermia
increases blood flow to the heated region, increasing tissue perfusion drastically [18] which
also increases oxygen delivery to the area, thus enhancing the metabolic activity and
sensitivity of the targeted cells to drugs [65]. All patients were given a single treatment of
the combination therapy and assessed longitudinally over 8 weeks (Table 4; Figure 10).

Tumor regressions were observed in all 3 patients at 1-2 weeks post-treatment. however,
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with a single treatment, the tumors started to grow back for all patients at 3 weeks post-
treatment. This suggests that a greater number of treatments, 2 weeks apart, may enhance
the anti-tumor response by keeping the tumor growth in check and inducing further tumor
regressions. It is important to note that since each patient served as an internal control for
non-heated tumor region, only ~40% of the tumor mass was given local hyperthermia
treatment. It is possible that if the entire tumor mass was to be heated, it would induce a
better tumor regression response to the hyperthermia + Dox treatment. Immunologically,
the local and systemic T-cell responses were supportive of the tumor regressions seen at 1-
2 weeks post-treatment (Figure 10). Statistically significant levels of CD3" T cells were
observed in the tumor biopsies at 2-weeks post-treatment, along-with an increase in the
CDA4" and anti-tumoral CD8" T cell subsets. Additionally, release of IFN-Y , which is a
key moderator of cellular immunity and CD8 T cell cytotoxic functions [66], was seen to
be increased locally and systemically. However, there was a dip in the IFN-Y levels,
accompanied by a substantial increase in the Treg population, at 2-weeks post-treatment.
This may be indicative of a waning anti-tumoral immune response stimulated by the
treatment and could explain the sudden and subsequent increase in tumor size after the 3-
week follow-up.

In addition, we compared Dox alone therapy with LTSLs loaded with Dox. When local
hyperthermia is applied to tumor tissue, the heat accentuates the leakiness of tumor
vasculature caused more LTSLS to be carried into the tumor, as well as to release their
contents rapidly ‘on-demand, directly into the tumor tissue. This is based on studies from
our lab and others that demonstrate the efficacy of HIFU hyperthermia triggered drug

release and accumulation using TSL (temperature-sensitive liposomal) formulations [21,
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22, 67]. Furthermore, Hauck et. al., performed a similar phase | pharmacokinetic trial of
liposome-encapsulated Dox combined with microwave induced local hyperthermia in
canine sarcomas and carcinomas [68]. Twenty-one patients were treated with LTSL-Dox
(0.7-1.0 mg/kg body weight) and toxicity and pharmacokinetic profiles were evaluated.
They reported decreased plasma Dox clearance with LTSL compared to free Dox as well
as ~10-fold higher intra-tumoral drug levels at 1.0 mg/kg dose levels. With our dose rate
of 0.7 mg/kg body weight, we saw similar increases in intra-tumoral Dox levels of ~4-
fold and ~2-fold in the heated and unheated regions, respectively, compared to the Dox
alone cohorts (Figure 12). This is further supported by a clinical trial in phase 1 human
clinical trial that demonstrated the safety and feasibility of ultrasound-triggered Dox
delivery from LTSLs in liver tumors [69]. Additional plasma pharmacokinetic studies are
currently ongoing to determine Dox clearance levels in Dox alone and LTSL treated
patients in the current study. The patients treated with ThermoDox combination were
given appropriate premedication and did not show any treatment/dose related renal or
cardiac toxicities [68]. The 3 patients enrolled in this group had different types of
sarcomas, unlike the Dox alone group which had patients with soft tissue sarcomas. Thus,
results and hence the discussion is reported case-wise. Although patient #4 (Table 4)
showed tumor regressions at 1-week post-treatment, accompanied by an increased levels
of CD3" T cells in the blood (Figure 12), the case dropped out of the study due to overall
old age and weak health. Similarly, patient #5 had to be euthanized at 1-week post-
treatment due to significant metastasis, despite some improvements in clinical symptoms
as reported by the owner. Since this patient had metastasis and was too old to be

repeatedly anesthetized for CT tumor measurements, post-treatment tumor regression
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data could not be obtained (Table 4). Immunologically though, patient #5 showed
promising results with enhanced CD3* T cells and anti-tumoral CD3*CD8" T cells in the
blood (Figure 13). This was accompanied by a slight decrease in Tregs, which are known
to hamper effective antitumor immunity. Moreover, this trend was also observed in post-
mortem tumor biopsy samples of the heated region, compared to the control unheated
region. These results agree with reports that show that temperature-sensitive drug-loaded
nanoparticles can induce immunogenic cell death and facilitate the antigen-presenting
ability of DCs to naive T cells, further promoting their differentiation into CTLs rather
than Tregs [11, 70, 71]. This suggests that in high grade tumors like sarcomas,

combinatorial treatments can induce a robust anti-tumoral response.

Clinical trials include studies that test new drugs, devices, or other forms of treatments.
Many clinical trials look at new ways of diagnosing, detecting, or even preventing
diseases (American Cancer Society). They are usually designed to answer important
questions not limited to but including- Does the new treatment/device work? Is it safe?
Do the benefits outweigh the associated risks, if any? Is the new treatment better than the
standard-of-care treatment? Answering these questions usually requires to be done in
steps or ‘phases’ that build on one another, each designed to answer specific questions
pertaining to the treatment/device being tested. Following this stepwise procedure
ensures patient safety as well as accuracy of results [72]. Our pilot studies, testing the
feasibility and effectiveness of HIFU for the treatment of a variety of solid tumors in
dogs, encompass the goals of phase I and some phase I clinical trials, as described in
Table 5. Building on the current data, further studies will be planned to advance our
knowledge regarding efficacy and applicability of HIFU in veterinary science.
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In summary, the tumor remissions were durable in low-grade tumors in patients who
underwent ablative treatments. Assessing the same in high grade tumors can help
establish this technology as a possible surgical adjuvant. Ablative therapy can cause
significant adverse effects. Although most can be managed by hyperbaric oxygen therapy
or by other available interventions, additional investigations using histotripsy protocols
that targets the entire tumor volume in one-session or a mixture of ablation/histotripsy
protocols can hypothetically further improve outcomes. LTSL+ HIFU demonstrated
greater Dox delivery compared to other treatments, presumably due to higher release of
encapsulated content from LTSLs. It also appears that enhanced Dox delivery in sarcoma
tumors correlates with improved local and systemic antitumor immunity, and tumor
regressions. More longitudinal studies need to be carried out in a larger cohort of patients
to generate statistically significant correlations. Additional systemic and local immune
analyses of other innate and adaptive cell populations as well as cytokine and chemokine
measurements, need to be included in the study design. Together, results from these
initial pilot studies demonstrate the effectiveness of HIFU for non-invasive treatment of
spontaneous canine tumors and the potential of utilizing veterinary oncology populations

for conducting more clinically relevant studies for cancer applications.
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What happens in different phases of clinical trials?

Phase What doctors want | Type of treatment Do people in the clinical Length and number of
to learn being tested trial get different people

treatments?

Phase | If the new drug or A new drug, medical Everyone gets the same 10 to 30 people
treatment is safe. device, test, or treatment. But people might Several months to a year.
The highest dose of | surgery. get different strengths or
a treatment that amounts.
people can get
without major side
effects or problems.

Phase Il If the new drug or A new drug, medical People sometimes get Up to several hundred
treatment works. device, test, surgery, different treatments. This people.

or combination of depends on the clinical trial. About 2 years.
treatments.

Phase 11l | If the new drug or A new drug, medical People get different 300 to 3,000 people.
treatment works device, surgery, test, treatments. Doctors compare | Several years.
better than the or combination of the new drug or treatment
regular treatment. treatments. with the regular one.

Phase IV | What happens once | A new drug, medical People do not get different Thousands of people.
doctors are using the | device, surgery, test, treatments. Doctors only Several years to many
new drug or or combination of collect information on what years.
treatment. treatments. happens with the treatment

they are studying.

Table 5. Different phases of clinical trials. Source: http://www.cancer.net/clinicaltrials
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Figure 1. Ultrasound-guided high-intensity focused ultrasound system used for dog
treatments. A. The figure inset shows the treatment transducer filled with distilled water,
with a membrane. The membrane can be inflated to adjust for the depth at which the
target lesion needs to be treated, and B. The VIFU planning software was used to select

the region of interest and target boundaries for automatic raster treatment.
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Figure 2. Representative images showing changes in tumors post treatment with thermal
ablation protocol. Tumor remissions for most cases were noted around day 7, and the
masses became undetectable after 2-weeks. In some cases, minor to significant damage of
skin and adjoining tissues were observed, and the cases were managed by surgical

intervention.
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Figure 3. Immunological analyses of blood samples of ablation-treated patients. A-F)
Trends in the treatment effects on T cells in the blood over time, relative to the pre-
treatment controls. Patient# 3, 5 & 6 showed an overall increased frequency of CD3+ T
cells. Most treated patients demonstrated an increased frequency of IFN-Y expressing
CD3*CD4* and CD3*CD8'T cells 1-2 weeks post-treatment in the blood, as compared
with the pre-treatment levels. An increased population of Tregs was also observed in

patient #2, 4 and 5.
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Figure 4. Comparison of overall treatment response with HIFU- mediated thermal
ablation vs. non-thermal histotripsy treatments. 4 out of the 8 patients treated with
ablation, showed complete remission within 1-2 weeks post-treatment. Of the remaining
4 patients, 2 showed partial remission with more follow-ups needed to determine case
outcome, while the other 2 were unresponsive to treatment with progressive disease.
From the histotripsy treated cohorts, 2 showed partial regression, 1 showed stable disease

and the remaining 2 showed progressive disease.
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Figure 5. Visualizing the histotripsy cavitation process. Bubble cloud formation
generated from intrinsic gas nuclei was captured on the ultrasound imaging during

histotripsy treatment of the tumors.
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Figure 6. Representative images showing changes in tumors post treatment with
histotripsy protocol. Histotripsy attained partial to stable disease in the treated patients.

No adverse effects were noted in the treated patients.
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Figure 7. Immunological analyses of blood samples of histotripsy-treated patients. A-F)
Patient #1,2 & 5 showed an increased frequency of CD3" T cells. Most treated patients
demonstrated an increased frequency of CD3*CD4" and IFN-Y expressing CD3*CD4*
and CD8* T cells at 1-2 weeks post-treatment, as compared with the pre-treatment levels.

A concurrent increase in Treg populations was also observed in most patients.
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Figure 8. Representative images showing the HIFU hyperthermia + chemotherapy
treatment distribution and sample collection. A) Representative image of combination
treatment in patient #6 (cat patient) with spindle cell sarcoma in the hip region close to
the femur (CT). B) Treatment regions were divided into HIFU heated and unheated parts.
C) Biopsies were collected from the farther ends of the respective regions for estimation

of Dox delivery by the combination therapy.
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Figure 9. Drug delivery in pg Dox/g of tumor in the heated and unheated regions of
tumors. Following HIFU initiation, a 0.7 mg/kg body weight I/V injection of doxorubicin
alone was given to all the patients. Data are shown as mean Dox concentration + standard

error of mean (n=3; pairwise comparison; *Indicates significant difference with unheated

region; p<0.05).
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Figure 10. Representative images showing changes in tumors post treatment with
hyperthermia + Dox protocol. Tumor regressions were observed in all patients at 1-2

weeks post-treatment. With a single treatment, tumors grew back for all patients at 3

weeks post-treatment.
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Figure 11. Immunological analyses of blood and biopsy samples of combination (Dox
alone)-treated patients. A-B) Trends in the treatment effects on T cells in the tumor and
blood over time, relative to the pre-treatment levels. Tumor biopsy samples showed
significant infiltration of CD3" lymphocytes and an increased frequency of CD3*CD4* T
cells post HIFU + Dox treatment. C) Increased frequency of IFN-Y expressing
CD3"CD4'T cells and CD3"CD8*T cells as well as Tregs at 1-2 weeks post-treatment in

the tumor and blood, as compared with the pre-treatment levels.
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Figure 12. Treatment outcomes of patient #4 treated with combination hyperthermia +
LTSL therapy. A) Comparison of pug Dox/g of tumor for heated and unheated regions of
tumors following a 0.7 mg/kg body weight injection of LTSL and Dox alone. LTSL
enhanced Dox delivery to the heated regions compared to the unheated and Dox alone
controls. B) Tumor slightly regressed at day 7 post-treatment. C) An enhanced population
of CD3+ T cell was noted on day 7, however, this was not associated with changes in the

CD3*CD4" and CD3*CD8* subsets.
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Figure 13. Treatment outcomes of patient #5 treated with combination hyperthermia +

LTSL therapy. A) Image showing positioning and treatment of the dog with HIFU B) An

enhanced population of CD3" T cells was noted on day 7. Additionally, a trend towards

an increased frequency of CD3"CD8" T cells and a slight decrease in the populations of

Tregs in blood was observed C) Post-mortem analysis of biopsy tissue indicated

increased levels of CD3" T cells in the heated region of tumor and contralateral bone,

compared to the unheated region. Presence of CD4" and CD8" T cell subsets observed in

the biopsies and a decreased Treg population in the heated region as compared to the

unheated region and contralateral bone.
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CHAPTER IV

ANTIBIOTIC TREATMENT OF METHICILLIN-RESISTANT S. AUREUS (MRSA)
BONE INFECTION CAN BE IMPROVED WITH FOCUSED ULTRASOUND

COMBINED HEAT-SENSITIVE LIPOSOMES

This chapter is based on:

Harshini Ashar, Kalyani Ektate, Ashish Ranjan. “Feasibility of treating implant-
associated osteomyelitis with focused ultrasound and antibiotic-laden thermally sensitive

liposomes.” Focused Ultrasound Symposium (2020)

Harshini Ashar, Akansha Singh, Kalyani Ektate, Sunil More, Ashish Ranjan. “Treating
non-healing bone infections with focused ultrasound and antibiotic-loaded thermally

sensitive liposomes.” International Symposium for Therapeutic Ultrasound (2021)

Abstract

Objective: Chronic osteomyelitis is a destructive bony infection typically caused

by Staphylococcus aureus biofilms in children and adults. It is characterized by reduced
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penetration and susceptibility to antibiotic treatment within infected bone tissues, and is
exacerbated in patients with diabetes, vascular diseases, open fractures, artificial hip or
knee joint replacements, or other bone surgery. To improve outcomes, the objective of
this study was to assess “heat-targeted, on-demand” antibiotic delivery and S. aureus
killing by combining ciprofloxacin (CIP) laden Low Temperature-Sensitive Liposomes
(LTSLs) with local High Intensity Focused Ultrasound (HIFU)-induced bone heating

(>40°C) in a rat model of osteomyelitis.

Methods: LTSL was loaded with CIP, and characterized for size, zeta-potential, and
targeted antimicrobial release at >40°C in physiological buffers in vitro. A rat model of
osteomyelitis was established by surgically implanting an orthopedic K-wire into the
femurs of rats and colonized with methicillin-resistant S. aureus (MRSA) strain. Infected
rats were randomly assigned to the following treatment groups to determine
biodistribution and therapeutic efficacy: (1) Control, (2) HIFU, (3) CIP, (4) CIP+HIFU,
(5) LTSL, and (6) LTSL + HIFU. For bone heating, HIFU exposures were performed
under ultrasound guidance to achieve a local temperature of >40°C (~15min) following
intravenous injection of CIP-LTSL and CIP (10 mg CIP/kg body weight), Biodistribution
analysis of bone tissues were determined spectrophotometrically 24h post LTSL
injection. Therapeutic efficacy of rats that underwent two treatments every 3 days were
determined by bacteriological and histological assessment of treated tissues.
Additionally, the implanted wires were visualized with scanning electron microscopy to

evaluate changes in biofilm masses.

Results: Our metal implantation method yielded medullary disease by day 10 in bones

and adjoining muscle tissues. This was evidenced by suppurative changes (bacterial and
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pus pockets) with remodeling and colonization of bone tissues. Adding HIFU heating
improved antibiotic delivery in the heated region by >1-fold for LTSL (2.16ug CIP/g) vs.
CIP (1.47ug CIP/g) and unheated femur (1.33ug CIP/g). The increased CIP delivery
correlated with the therapeutic effects of the CIP-LTSL combination treatment, achieving
significant reductions of MRSA load in the infected bone (2.3-log and 2.9-log) compared
to HIFU alone and free CIP groups, respectively. These were also confirmed in the SEM
imaging where a distinct reduction in S. aureus populations of the infected metal wires

was noted.

Conclusions: Our results demonstrate that HIFU improved CIP delivery to bones
increase the clearance of MRSA biofilm from infected metal implants. This approach can
be used to improve targeting of bone pathogens and therapeutic clearance of hard-to-treat

bacteria.

1. Introduction

Osteomyelitis is caused by the formation of bacterial biofilms in bone, bone marrow and
surrounding tissue. It is one of the most feared clinical complications incurring
significant health care costs. In total, the cost for treatment of implant-associated
infection is projected to exceed $1.62 billion by 2020 [230]. Osteomyelitis caused by
biofilms demonstrate reduced sensitivity to antibiotics (~1000 times) compared to
planktonic bacteria, and often requires multiple revision surgeries, resulting in functional
impairments and even amputations [231]. Notably, the risk of reinfection increases after
every revision surgery with the bacteria within such biofilms exhibiting altered growth
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rates, gene expression profiles, and protein synthesis [232]. This thereby makes the
bacterial pathogens even more resistant to the effector mechanisms of the host’s immune
system. In fact, antibiotic resistance including those that involves osteomyelitis is
estimated to cause 10 million deaths/year by 2050 [233].Thus, there is a critical clinical
need to develop innovative and novel treatment approaches that addresses the complex

variables of osteomyelitis biofilms for improved therapeutic outcomes.

In all osteomyelitis treatment scenarios, success depends on the complete removal of
infected devitalized tissues and metallic hardware. An essential factor governing
infection management is also the antibiotic-targeting of the pathogens. In this regard, the
prophylactic and therapeutic use of antibiotic loaded implant depots to allow a means of
antibiotic release near the bone surface is an innovative approach. However, it has met
with moderate clinical success [233]. Alternatively, biodegradable antibiotic laden
spacers post-surgery can be tried [234], but the high initial in-situ burst release followed
by a sub-therapeutic delivery of antibiotics can enhance the incidence of drug resistance
[234, 235]. To address this, in the present study, we investigated the feasibility of
combining high intensity focused ultrasound (HIFU) therapy with low temperature
sensitive liposome (LTSL) nanoparticles (NPs). LTSLs release antibiotics slightly above
the body temperature (>40°C). We hypothesized that LTSLs administered systemically
can be activated by HIFU heating to achieve chemotherapy of implant-associated

osteomyelitis.

HIFU is well-established clinically to achieve heating in deep seated regions of the body
non-invasively. HIFU exposure conditions can be varied by changing the parameters to

achieve thermal and/or mechanical effects, features that are particularly attractive for
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biofilm targeting. Furthermore, it can enhance delivery/passage of drugs and immune
cells, and increase bio-availability and sensitivity to chemotherapy [79]. Previously, we
demonstrated the combined effects of HIFU and CIP loaded LTSLs for management of
superficial chronic wounds [131]. However, whether LTSLs and HIFU treatment can
disrupt biofilms resident in hard-to-reach marrow regions of bones and improve antibiotic
therapy is not known. To investigate this goal, in this study, we developed a chronic
implant-associated osteomyelitis in a rat-model and optimized in vivo bone heating with
ultrasound guided treatment planning, determined localized antibiotic delivery from CIP-
LTSLs in rat femurs, and evaluated the treatment efficacy in rats. Our study suggests that
HIFU sensitizes S. aureus biofilm to CIP killing compared to free CIP, and thus may
pave the way for a minimally invasive, non-surgical treatment platform for recurrent

biofilm infections.

2. Materials and methods:

2.1 Materials

The lipids- 1-stearoyl-2-hydroxy-sn-glycero-3-phosphocholine (Lyso PC), 1,2-
dipalmitoyl sn-glycero-3-phosphocholine (DPPC), and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N- [methoxy (Polyethylene glycol) 2000] (DSPE-mPEG2000)
were obtained from Avanti Polar Lipids (AL, USA). Ciprofloxacin HCI was obtained
from Alfa Aesar (MA, USA). Reagent grade ammonium sulfate, sodium chloride, and
triton X-100 (Amresco) were purchased from VWR (PA, USA). Whatman polycarbonate
membrane filters (0.2um, 25mm) and PD-10 columns were obtained from GE Healthcare
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(IL, USA). Trypticase soy agar and broth (TSA and TSB, respectively) were obtained
from BD (NJ, USA). A human clinical isolate of bioluminescent methicillin-resistant
Staphylococcus aureus (MRSA), strain SAP231, was obtained from the Center of

Biologics Evaluation and Research, FDA (MD, USA).

2.2 Synthesis of LTSLs and ciprofloxacin (CIP) loading

LTSLs were prepared by hydration of thin phospholipid film followed by the high-
pressure extrusion through a polycarbonate membrane filter [236] (Fig. 2). Briefly,
phospholipids DPPC: LysoPC: DSPE-mPEG were dissolved in chloroform at a molar
ratio of 85.3:9.7:5.0. The organic solvent was evaporated using a rotary evaporator and
the resulting thin lipid film was hydrated using 350 mM ammonium sulfate. Hydrated
lipids were extruded five times through double stacked 200 nm polycarbonate filters to
yield blank liposomes (LTSLs). CIP loading (5mg of CIP per 100mg of lipids) was
carried out using the ammonium sulfate gradient as described previously [237, 238].
Unencapsulated CIP was removed using a PD-10 desalting column equilibrated with 150

mM NacCl.

2.3 Characterization of LTSLs and CIP release from CIP-LTSLs

LTSLs were characterized for size and polydispersity index (PDI) using dynamic light
scattering (DLS) with a NanoBrook 90Plus PALS device (Brookhaven Instruments
Corporation, NY, USA). Briefly, 10 ul of LTSLs were added to 1 ml of distilled water in
a cuvette and DLS measurements were recorded at room temperature. An average of five
measurements was taken and mean size and standard deviation were calculated. For zeta

potential measurements, 10 pl of LTSLs were added to 1.5 ml of distilled water in a
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cuvette, and an average of five measurements was taken to calculate the mean zeta
potential. CIP release was measured spectrophotometrically using a Cary Eclipse
Fluorescence Spectrometer (Agilent Technologies, CA, USA). Briefly, 10 ul of CIP-
LTSLs were diluted 300-fold in distilled water and 10X triton, and 3 ml of sample was
placed in a quartz cuvette with a magnetic stirrer. Fluorescence intensity of the
completely released CIP was recorded at an excitation wavelength of 330 nm and
emission wavelength of 445 nm from 25°C-45°C. Encapsulation efficiency of the CIP-

LTSLs was assessed using our previously published protocol [131].
2.4 Establishment of S. aureus osteomyelitis in rat model

All animal-related procedures were approved and carried out under the regulations and
guidelines of the Oklahoma State University Animal Care and Use Committee. 6-8-
week-old male Wistar rats (Charles River, MA, USA) were anesthetized with 1 L/min
oxygen and 5% Isoflurane induction and 3% maintenance dose. Meloxicam was
administered subcutaneously (S/C) at 1mg/kg BW of the rat. For metal implantation, the
rat was placed on left lateral recumbency and the surgical area around femur was shaved
and disinfected with chlorhexidine and iodine to create a sterile field. A medial incision
was made along the knee joint using a scalpel blade (No. 11). Fascia was bluntly
separated to provide better visualization of the medial patellar ligament, followed by
medial parapatellar arthrotomy and lateral patella subluxation to expose the knee joint.
Next, 100 ul MRSA grown overnight in TSB, centrifuged, washed, and diluted with 1X
PBS at a concentration 1.5 x 10 CFU/ml was injected into the medullary cavity of the
femur through the distal end of the femur using an 18-gauge hypodermic needle (Fig.

1A). The needle was slowly removed and a sterile orthopedic wire (22 gauge, ~2 cm
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long, stainless steel; IMEX veterinary inc., TX, USA) was inserted to fit inside the
medullary cavity while avoiding any irritation or infection in the knee joint. After metal
insertion, the site was rinsed with sterile saline solution, and the incision was closed using
simple interrupted intradermal skin sutures (4-0, PDS*I1, Ethicon) and tissue adhesive
(3M Vetbond). The surgical region was sprayed with a taste deterrent spray (Grannick’s
bitter apple) to avoid rats from biting or licking the suture site. Finally, Rats were X-
rayed (Bruker In-Vivo Xtreme Il, MA, USA) to confirm successful implantation of wire
and all animals were given S/C meloxicam injections for 2 days post infection for pain

management.

2.5 Invivo drug delivery and efficacy study design

To optimize infection rates, initially the rats were evaluated histopathologically on 7-, 10-
, 14-, or 21-days to track progression of osteomyelitis infection. Histological and
radiological features indicative of bone infection were observed at 10 days post MRSA
infection (Fig. 3), and thus this time-point was selected for biodistribution and efficacy
evaluations in rats. Animals with osteomyelitis were randomized into the following
groups: 1&2. S. aureus (xHIFU) 3&4. Free CIP (zHIFU) 5&6. CIP-LTSL (xHIFU). For
the drug delivery study, rats were sacrificed 24 hours post LTSL treatment and CIP
concentration was determined in the heated bone and adjoining muscle and compared
between the free CIP+/- HIFU and CIP-LTSL+/- HIFU groups (n=3) (Fig. 5A). To assess
treatment efficacy, rats were given two treatments, three days apart, and sacrificed 24

hours post second treatment (Fig. 6A).
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2.6 HIFU treatment set-up and methodology

An integrated ultrasound-HIFU Alpinion system (VIFU2000, WA, USA) with a 1.5-
MHz transducer frequency, 45-mm radius and 64-mm aperture diameter with a central
opening of 40 mm in diameter was used for treatment planning and HIFU exposure. Rats
were anesthetized with 2%-5% isoflurane and a tail vein 1/V catheter was secured prior
being restrained in custom-built animal holders, mounted on a 3-D positioning stage, and
lowered into a 37°C degassed water bath for coupling (Fig. 4A). The right femur was
aligned to HIFU beam axis using real-time ultrasound guidance. VIFU software was used
to define the target boundaries in the X, y, and z directions for automatic rastering of the
transducer. HIFU treatment parameters used were: 50% duty cycle, 5 Hz pulse repetitive
frequency, and 8 W power (equivalent to 3.6 W acoustic power). These parameters
achieved a mean target temperature of 42-45°C at the focus measured using a temperature
sensor at the bone-muscle interface. Each focal point (1x1x10 mm on the X, y, and z axes,
respectively) within the raster treatment pattern was heated for 120 seconds, and the
entire length of the femur was treated for a total treatment time of 30-35 mins (Fig. 4B).
Free CIP or CIP-LTSLs were injected intravenously at 10 mg/kg CIP concentration post

initiation of HIFU treatment.
2.7 Gait/pain analysis post HIFU treatments

To assess the impact of HIFU treatment of bone on the ambulation of rats, the rats were
scored on a scale of 0-4, where 0= normal gait and behavior, 1= animal moving around
while infrequently lifting treated leg, 2= animal moving with a slight limp (partial

weight-bearing), 3= animal reluctant to move much, moving with occasionally setting
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down the treated foot (toe-touch), and 4= animal is non-weight-bearing (Fig. S1). The
rats were monitored immediately post-treatment 1&2, at 6-hours post-treatment 1&2, 24-
hours post-treatment 1, and 48-hours post-treatment 1, since they were sacrificed for

efficacy studies at 24 hours post-treatment 2.

2.8 Post-treatment tissue analysis

Upon completion of treatment, rats were euthanized. The treated and untreated bone and
surrounding muscles and skin were collected for drug delivery, bacteriological, and

histological analysis.

2.8.1 Bacteriological assessment

For bacteriological analysis, the right femur bone and surrounding muscles and skin were
collected, weighed, and homogenized in 1XPBS using a bead-vial homogenizer (Mini-
Beadbeater-16, BioSpec, OK, USA) at 3450 oscillations/min for 3 min in 7mL
polypropylene screw-cap micro vials (BioSpec) using zirconia beads (1mm diameter,
BioSpec). Homogenized tissue samples were covered in foil and stored at -80C before
and after use. 1:10 serial dilutions were made in 1XPBS, up to 7 dilutions, and plated on
TSA plates using the drop plate method. The resulting discrete colonies were counted for
the highest dilution containing 30-300 colonies. The results were expressed as CFU/ml of

homogenized tissue.

2.8.2 Analysis of ciprofloxacin in tissues

100 mg of the homogenized tissues was added to 1.2 mL extraction medium (2% aqueous

acetic acid/acetonitrile, 1:1 v/v) and mixed using the bead-vial homogenizer with zirconia
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beads. The sample lysate was transferred to 1.5mL tubes and centrifuged to pellet cell
debris at 16,000 g for 15 min. The supernatant was transferred to another 1.5mL tube and
re-centrifuged. For CIP detection, 500ul of clarified supernatant was added to a 700pl
quartz cuvette, and fluorescence (ex: 330nm, em: 445nm) was measured using a

SpectraMax M2 spectrophotometer (Molecular devices, CA, USA).

2.8.3 Histopathological assessment

For histopathological analysis, the surgical limb was removed, cut into half in a way that
the surrounding muscle can be viewed in layers with the bone, and stored in formalin.
The paraffin embedded tissue sections were stained for Hematoxylin and Eosin (H&E)
staining and Gram staining. The samples were scored for relative abundance of
intraosseous Gram-positive cocci and extent of tissue damage by an experienced

pathologist blinded for this study.

2.8.4 Scanning electron microscopy (SEM) of S. aureus biofilms on explanted wire

For electron microscopy, the femur was cut into half and the implants were carefully
removed from the femur with sterile forceps and immediately fixed for 2 h in 2.0%
glutaraldehyde in 0.1M cacodylate buffer washed with sodium cacodylate buffer,
incubated for 1h in 1% osmium tetraoxide in cacodylate buffer, serially dehydrated in
increasing concentrations of ethanol (50, 70, 90, 95 and 100%), and dried in
hexamethyldisilazane. Individual samples were then mounted on microscopy stubs with

tape and coated with gold—palladium and viewed under scanning electron microscope.
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2.9 Statistical analysis

All analyses were performed using GraphPad Prism 9.0 (GraphPad Software Inc.). All
data were reported as the mean + standard error of mean (SEM). A one-tailed t-test was
performed to compare the mean micrograms of CIP in heated vs. unheated bone. An
ordinary one-way analysis of variance (ANOVA) followed by Fisher’s LSD test was
performed for comparing the specificity of drug delivery in bone: adjoining muscle.
Treatment groups were compared for differences in mean CFU by two-way ANOVA
followed by Tukey’s multiple comparison test. All p values were two- sided, and p < 0.05

was taken to indicate statistical significance.

3. Results

3.1 LTSL particle characterization and CIP release kinetics

The hydrodynamic diameter of LTSLs measured by DLS was in the range of 183.5 nm +
1.91 (n=5) with a polydispersity index of 0.134 + 0.009. The LTSLs had a negative

surface charge indicated by the zeta potential of -21.56 mV + 0.58 (Fig. 2B).

Ciprofloxacin loading via transmembrane ammonium sulfate gradient yielded an
encapsulation efficiency of >70% in the LTSLs. % CIP release from LTSLs started

gradually at 40°C and was rapid and complete with 100% release at 41-42°C (Fig. 2C).

3.2 Establishment of rat model of peri-implant MRSA biofilm associated

osteomyelitis
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All animals included in the study survived the metal-implant surgery. Post-operation, the
infected rats showed an initial decrease in body weight and mild limping. These signs
gradually disappeared within 3-7 days post-surgery and most rats had full weight-bearing
gait with no signs of distress or pain. No marked differences in rectal temperatures were

found in the rats postoperatively.

Analysis of radiographs at 10 days post infection showed obvious signs of osteomyelitis
with a clear difference between the infected right femur vs. the uninfected left femur in
the rats. These included periosteal reaction and osteolysis of the femur as well as septic
arthritic changes at the knee joint (Fig. 3A). This was also confirmed by histopathological
analysis of infected bone where salient features of osteomyelitis including but not limited
to loss of periosteal lining of bone and presence of extensive inflammation, fibrosis, and
clumps of bacteria especially around the distal end of femur (Fig. 3B) could be noted.
Specifically, bone necrosis and subperiosteal scalloping of cortex was observed along
with presence of intracellular bacteria and the infiltration of the immune cells infiltrated

in the infected regions.

3.3 Combining HIFU thermal therapy with LTSL increases local CIP concentration

Treatment with HIFU caused mild discomfort in the rats immediately post-treatment,
which was alleviated by 6 hours post-treatment, without any significant impact on the
ambulation (Fig. S1) or overall health. LTSL alone treatment delivered 1.33 + 0.71 ug
CIP/g in the bones (Fig. 5B). In contrast, adding HIFU to LTSLs increased CIP levels to
2.16 £ 0.07. In contrast, HIFU achieved 1.47 + 0.16 g ciprofloxacin/g of tissue from

free CIP+HIFU. Overall, LTSL+HIFU resulted in a 1.5-fold greater CIP delivery
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compared to its free CIP counterpart (p< 0.05). Also, addition of HIFU to LTSL achieved
a 1.6-fold greater CIP delivery to the bones compared to LTSL alone. We also assessed
the targeted drug delivery to the heated bone regions compared to the adjacent muscle
(bone: muscle). The relative CIP levels were 1.4-fold and 2.2-fold greater in the
LTSL+HIFU group compared to the free CIP+HIFU and CIP-LTSL groups, respectively

(p< 0.05; Fig. 5C).

3.4 Combinatorial therapy enhanced MRSA bactericidal activity and biofilm

eradication

The tissue CFU counts were analyzed for heated bones, adjoining muscles (the lateral
muscle layer was directly overlying the heated bone region while the medial muscle was
farther away from the HIFU heated regions), skin and joint space in all treatment groups.
LTSL+HIFU decreased the bacterial load by 1.4-log and 1.1-log in the overlying lateral
muscles and medial muscles respectively compared to control (n=5; Fig. 6B). This trend
was also noted in the skin and joint, compared to the other treatment groups. In line with
CIP delivery, the treatment efficacy of CIP-LTSL+ HIFU group was best observed in the
heated bones with a 2.3-log and 2.9 log decrease in tissue MRSA load compared to the
HIFU alone and free CIP+ HIFU groups respectively (p< 0.05; Fig. 6C). To verify our
findings, the bacterial burden was visualized on the SEM of the wire explants (Fig. 7).
Untreated control wires showed a thick film of S. aureus with extracellular matrix.
Treatment with HIFU alone showed changes in the density and structure of the S. aureus

biofilm compared to the control. CIP alone also reduced the biofilm mass on the wire.
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However, a greater change in the structure of the extracellular matrix network was
observed with the LTSL treatment. Interestingly, rats treated with CIP-LTSL+ HIFU
showed the greatest reduction in the overall bacterial density as well as biofilm structure,
with reduction in the extent of the extracellular matrix cover and presence of sparsely
scattered S. aureus. These were similarly observed in the histopathological analysis of the
bones and surrounding muscle layer, which exhibited a reduction in the bacterial burden
and extent of tissue necrosis in the treatment groups compared to the non-treated control
group (Fig. S2). In general, the LTSL+ HIFU group consistently decreased the S. aureus
burden and the extent of tissue necrosis compared to the other HIFU treated groups (Fig.

8).

4. Discussion

Eradication of biofilms from implant materials is a challenging aspect of orthopedic
surgery [233]. Especially, S. aureus biofilm that extends to bone and intramedullary
tissues is a serious complication of open fractures and surgical repairs [239, 240]. These
biofilms show poor antibiotic penetration, making chemotherapy challenging [241, 242].
To address this, HIFU has been investigated to improve biofilm therapy in vitro and in
vivo [243-246]. Resdiske et al. combined continuous ultrasound at 100 m\W/cm? with
gentamicin, but this approach did not reduce bacterial viability. In contrast, at 300
mW/cm?, the bacterial killing was significant, but it was also associated with some skin
damage [246]. Rieck et al. measured the killing of MRSA murine abscesses with

moderate HIFU temperature (MT: 52.3°C + 5.1°C) and high temperature (HT: 63.8°C +
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7.5°C). MT and HT groups reached target temperatures after four 9-s ultrasound
exposures applied in a square 1 x 1 mm grid, with a 1-min pause between exposures. This
resulted in a significant reduction in MRSA bacterial count in the treated areas compared
with the untreated control at days 1 and 4 post-treatment [247]. To further augment the
HIFU effects with antibiotics, we recently combined localized HIFU hyperthermia with
LTSLs to improve outcomes against S. aureus induced murine abscess [131]. We found
that our combinatorial approach improved CIP delivery, and also enhanced S. aureus
clearance compared to the unheated control [86]. Unlike superficial abscess wounds,
delivering antibiotics through the calcified tissues of bone is highly challenging due to
ultrasound attenuation of heat. The objective of this study was to determine whether
combining HIFU with LTSL is similarly capable of effectively clearing S. aureus bone

biofilms via heat-targeted and mechanical effects of sound waves.

A variety of animals models that mimic the presentation and pathophysiology of
osteomyelitis have been employed in previous research [248, 249]. To test our objective,
we utilized a rat model of osteomyelitis. A sterile orthopedic K-wire was surgically
inserted into the distal end of rat femurs to mimic intramedullary nailing. To be as close
to clinical disease representation, no promoters of infection were used besides implant
and S. aureus. We chose to do our studies with S. aureus as it is the most common
pathogen in osteomyelitis infections [233, 250] and over 50% of clinical cases are caused
by methicillin resistant strains [251]. The amount of bacteria inoculated in previous
studies ranged from 10° to 10° CFU of S. aureus [239, 240, 252-256]. For our studies, we
used an inoculum of 10® CFU of MRSA strain SAP231 injected directly into the
medullary cavity of rat femur. Histopathological and radiological evaluation showed
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clinically classifiable signs of osteomyelitis infection after 10 days (Fig.3) including
acute destructive to chronic localized and stable infection in all animals with the selected

dose of MRSA.

Over the years, the development and spread of multiple antibiotic resistant organisms has
gained much attention [257]. Moreover, clinical presentation of open wounds, diabetic
wounds as well as osteomyelitis is frequently a multi-bacterial infection including
MRSA, S. epidermidis, Pseudomonas aeruginosa, Klebsiella pneumoniae and others
[258, 259]. Ciprofloxacin is fluoroquinolone antibiotic that is active against both Gram-
negative and Gram-positive bacteria. It is indicated for the treatment of a variety of
bacterial infections, including bone and joint infections [260]. Although resistance to
fluoroquinolones, including CIP emerged rapidly due to clonal spread, especially in
MRSA and P. aeruginosa spp. [261], a clinical trial by Mulligan et. al., reported that CIP
can still be used for eradication of MRSA colonization alone or in combination therapies
[262]. Our motivation to use CIP in our study is, therefore, multi-factorial. The current
therapeutic approach is feasible against not only Staphylococcal/ gram-positive
organisms but can also be used against similar gram-negative infections. In addition, the
increased potential for resistance development allows us to address an important question
of whether our therapeutic approach can potentially reverse the antibiotic resistance. This
will have far-reaching effects considering the increasing difficulty in discovering and
developing new antibiotics. This is based on the premise that HIFU enhances the
effectiveness of antibiotics by promoting oxygenation to enhance bacterial metabolism of
the compound [263]. HIFU being a rapid focal technique, the bacteria may not have time
to adapt to the applied stresses [264].
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For treatments, we chose the liposome based delivery systems since they have already
shown great potential against S. aureus and MRSA [265, 266]. Their excellent
biocompatibility, controlled release of loaded antibiotics and biofilm penetrating features
are clinically relevant [182]. Ferreira et al. tested positively charged liposomes
attachment and anti-biofilm activity against S. aureus biofilm. While strong attachment to
biofilms were noted, it did not translate into an improved anti-biofilm efficacy. On the
contrary, the negatively charged liposomes showed a higher therapeutic potential [267].
Our LTSLs have a slightly negative zeta-potential and has been widely utilized for
localized delivery of anti-cancer drugs (e.g., doxorubicin) [132, 203, 268, 269]. We found
that HIFU hyperthermia combined with LTSLs similarly achieved higher CIP delivery
compared to the CIP-LTSL alone and free CIP+HIFU groups, respectively (Fig. 5B).
Also, the targeted drug delivery to the heated bone was superior compared to the adjacent
muscle (bone: muscle) for LTSL+ HIFU treatments (Fig. 5C). Likely, the increased bone
perfusion mediated by stable and long duration hyperthermia by HIFU induced greater
LTSL uptake in the infected tissues [132, 270, 271]. We also theorize that an increase of
localized temperature by HIFU resulted in an increased metabolic activity in bacterial
cells, which in turn, facilitated the uptake of antibiotic by biofilm bacteria. This may be
supported by the previous findings of transcriptomic and metabolic data of S. aureus in
response to an exposure of a sub-lethal (43°C) temperature, where increased metabolic

activities including ATP-generating pathways were activated [272].

Treatment of implant-associated osteomyelitis consists of implant removal, extensive
surgical debridement, and prolonged antibiotic treatment. Additionally, implant coatings
to inhibit bacterial adhesion with antibiotics, antiseptics, or metal ions can be attempted
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[233, 239]. However, to our best knowledge, the application of non-invasive means to
improve the therapeutic efficacy of HIFU for MRSA biofilm treatment in an animal
model of peri-implant osteomyelitis has not been investigated. Our study shows a
correlation of decreased S. aureus load in the heated bones as well as adjacent and
overlying muscles with improved CIP-LTSL delivery (Fig. 6). Our SEM images also
showed a distinct reduction of biofilm biomass on the wires explanted from the rat
femurs with LTSL +HIFU (Fig. 7). This is similar to our findings of S. aureus biofilms in
abscesses exposed to 42°C -46°C, where the cocci appeared damaged in presence of
HIFU [86]. Gera and Doores similarly found that E. coli treated with ultrasound showed
damaged cell wall and cell membrane [273]. Our results are also in agreement with
previous in vitro studies demonstrating biofilm detachment upon mild hyperthermia
treatments [274, 275]. These visualization of treatment effects on biofilms on explanted
intramedullary wires with HIFU provides important information about the effects of this
therapy, a further improvement in outcomes in presence of an antibiotic in vivo.
Interestingly, our histopathology analysis suggested that all the treatment groups
exhibited reduced bacterial burden and extent of tissue necrosis compared to the
untreated control group (Fig.8), without significant differences between the different
treatment groups. This discrepancy between histopathology with SEM could be due to
the limitation posed by the tissue collection process. The femurs had to sawed open to
remove the intramedullary wired without disturbing the biofilm biomass. Infected bones
being fragile, some bones were fragmented in that process, and this could have
influenced histological enumerations. Finally, some treated subjects did demonstrate

mild-to-moderate pain with HIFU exposures. This could be managed medically using
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anti-inflammatory drugs and thus we proposed that the treatments did not have a

significant impact on ambulatory status with the chosen US parameters.

In summary, our findings for the first time demonstrate the feasibility of utilizing HIFU
for physical eradication of MRSA biofilm bone infections or at a minimum, biologically
significant reduction of bacterial biomass with LTSLs in a non-surgical manner.
Although the current study assessed the effects of two treatments, a complete eradiation
of biofilm may require additional optimization of treatment duration and frequency.
Studies to address these limitations are currently underway. We propose that the
combinatorial methodology can serve as an effective adjuvant to combat recalcitrant

chronic bacterial biofilm infections.
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Figure 3. Establishment of rat model of peri-implant MRSA biofilm associated
osteomyelitis. A. Radiographic evidence of rat at 10 days post infection shows signs of
periosteal reaction, osteolysis and swelling in infected right femur compared to the
uninfected left femur, and B. Histopathological changes in the rat model of osteomyelitis
in the femur illustrate salient features of osteomyelitis, i. Extensive inflammation and
fibrosis seen in the periosteal lining of the bone; ii. Pieces of necrotic bone (black arrow)
surrounded by micro-abscess, inflammation, and fibrosis; iii. Inflammation and presence
of clumps of bacterial (black arrow heads) in the distal end of the femur; iv. Presence of

immune cells with intracellular bacteria (black arrows) was observed. Scale bars=100pum.
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two-way ANOVA with Tukey’s multiple comparisons test (p< 0.05).
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Figure 7. Reduction in bacterial burden caused by CIP-LTSL+ HIFU treatments of
biofilm infected bones was visualized by scanning electron microscopy (SEM) of
biofilm-contaminated wire explants. Increasing magnifications showing extent of biofilm

dispersal between different treatment groups, post second treatment (n=1).
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Figure 8. Hematoxylin and eosin (H&E) staining of HIFU treated femurs show reduced
bacterial burden (black arrows), suppurative inflammation (black stars) and osteonecrosis
(blue arrowheads) in the HIFU treated groups compared to the untreated infected control,

post second treatment (n=1). Scale bars- 4X= 500pum, 20X= 100um.
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Figure S1. Gait and pain scoring in rats treated with HIFU over the course of treatments.
All the rats showed discomfort immediately post-treatment 1 & 2. Signs of pain and
resultant limping resolved over 6 hours post treatments and the rats had normal gait and
behavior over the next 24-48 hours post-treatment 1. Rats were sacrificed for therapeutic
analysis at 24 hours post-treatment 2. Rats were scored from 0-4, where 0= normal gait
and behavior, 1= animal moving around while infrequently lifting treated leg, 2= animal
moving with a slight limp (partial weight-bearing), 3= animal reluctant to move much,
moving with occasionally setting down the treated foot (toe-touch), and 4= animal is non-
weight-bearing.
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Figure S2. Hematoxylin and eosin (H&E) staining of HIFU treated femurs show reduced
bacterial burden (black arrows), suppurative inflammation (black stars) and osteonecrosis
(blue arrowheads) in all treatment groups compared to the untreated infected control, post

treatment 1 and 2 (n=1). Scale bars- 4X= 500pm, 20X= 100um.
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CHAPTER V

SUMMARY OF FINDINGS AND FUTURE DIRECTIONS

High-intensity focused ultrasound (HIFU) induced thermal and non-thermal effects can
generate a variety of bioeffects in target tissues anywhere in the body, thereby
transforming the treatment of many medical disorders. The goal of this dissertation was
to investigate the role of thermal and non-thermal HIFU in improving treatment outcomes
against spontaneously occurring canine tumors and peri-implant biofilm-associated bone
infections. A variety of solid tumors in canine cancer patients were treated to establish

the safety and efficacy of HIFU with or without adjuvant low-temperature sensitive
liposomes (LTSL) chemotherapy. Additionally, the local and systemic immune responses
to HIFU ablation of the tumors was determined. Further, the ability of combinatorial
treatment to kill biofilms on osteomyelitis implants was evaluated. The key findings of

the various research works are described below.

Chapter 11

The objective of this study was to investigate whether HIFU- thermal ablation induce
remission of a spontaneous oral tumor and enhance anti-tumor immunity. A canine

patient with a benign and solitary lesion oral schwannoma, a rare tumor occurring around
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the lips, jaws, tongue, and mucosa was enrolled. Three thermal ablation treatments over 3
weeks., treating ~50% of the tumor at each treatment session were performed. Our
longitudinal assessment indicated that the patient tolerated the treatments and showed a
normal appetite with minimal to mild pain at the treated region. Renal function
examination did not indicate any signs of acute toxicity due to tumor lysis syndrome.
Progressive tumor remission was observed with each treatment, and the tumor became
undetectable 4 weeks post-treatment. Mechanistically, HIFU exposures induced
coagulative necrosis and increased the populations of inflammatory cells in the treated
tumor and blood samples collected during the course of the treatments. In particular, an
increase in the populations CD4" and CD8" T cells as well as increased IFN-Y
production in tumor and blood samples compared with the pretreatment levels was noted.
Although our treatments were highly conformal, treatment related adverse events,
primarily thermal burns, were observed on the buccal mucosa, which were managed with
periodic hyperbaric oxygen therapy and surgical closure of the underlying exposed bones
with gingival flaps. In summary, data from this study suggested that HIFU thermal
ablation can induce regression of a large oral masses and the local treatments generate an

inflamed tumor microenvironment that may possibly increase antitumor immunity.
Chapter 111

The aim of this study was to compare the therapeutic and immunological properties of
HIFU ablation versus mechanical histotripsy in canine patients. Additionally, the ability
of HIFU hyperthermia to enhance anti-tumor immunity and delivery of free doxorubicin
from LTSL in patients with sarcoma tumors were investigated. Results showed that

benign local masses were highly responsive to thermal ablative treatments but were
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associated with adverse effects in some cases. These adverse effects (minor to moderate
burns) were manageable by hyperbaric oxygen therapy or other available interventions.
In contrast, no adverse effects were noted with histotripsy, but the therapeutic protocols
were not sufficient to sustain tumor regressions. Immunologically, systemic T cell
activation was observed with both ablation and histotripsy. In the HIFU + adjuvant study,
LTSL+ HIFU demonstrated greater Dox delivery compared to other treatments,
presumably due to higher release of encapsulated content from LTSLs in sarcoma
tumors. The enhanced Dox delivery correlated with improved local and systemic
antitumor immunity, and tumor regressions. In summary, results from our pilot trials
demonstrate the effectiveness of HIFU for non-invasive treatment of spontaneous canine
tumors and its potential to improve local drug delivery and systemic anti-tumor immunity

in patients.

Chapter 1V

The goal of this study was to understand the ability of HIFU to enhance targeting of non-
healing MRSA bone infections that causes chronic osteomyelitis. Osteomyelitis is
characterized by a reduced susceptibility to treatment, and poor penetration/non-uniform
distribution of antimicrobials within bone tissues. We hypothesized that antibiotic laden
Low Temperature-Sensitive Liposomes (LTSLSs), applied systemically with High
Intensity Focused Ultrasound (HIFU)-induced bone heating (>40°C) can overcome this
barrier, by enabling externally controlled “heat-targeted, on-demand” antibiotic delivery
and synergistic MRSA killing within infected bony tissue, reducing, or obviating the need
for ultimate surgical manipulation and debridement. To investigate our hypothesis, we

developed a rat model of metal-implanted osteomyelitis, by surgically implanting
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orthopedic wires into the right femurs of rats to induce osteomyelitis. Our metal
implantation method yielded medullary disease by day 10 in bones and adjoining muscle
tissues. Histologically, suppurative changes (bacterial and pus pockets) with remodeling
and colonization of tissues with S. aureus was observed. LTSL containing ciprofloxacin
for targeted release at >40°C with HIFU were administered intravenously immediately
after the initiation of HIFU. 24h later, the rats were sacrificed, and CIP bone delivery of
was estimated. We found the CIP delivery in the heated region was increased by >1-fold
with LTSL (2.16ug CIP/g) vs. CIP (1.47ug CIP/g) and unheated femur (1.33ug CIP/g),
demonstrating that our approach can be used to improve drug delivery to infected bones.
To measure the therapeutic efficacy, rats underwent two treatments and were sacrificed
24h post second treatment for bacteriological and histological assessment of treated
tissues. Our data suggested that the increased CIP delivery in the bones correlated with
the therapeutic effects of the CIP-LTSL combination treatment, achieving significant
reductions of tissue MRSA load in the infected bone (2.3-log and 2.9-log) compared to
HIFU alone and free CIP groups respectively. These could also be verified via scanning
electron microscopy where distinct reduction in biofilm density on the implanted wire
was visualized. Our data suggests that HIFU hyperthermia and targeted antibiotic release
using LTSLs can non-invasively disrupt biofilm bacteria on implant surfaces, in vivo,

rendering the MRSA more susceptible to antibiotic clearance.

Future directions

This dissertation work established the applicability and effectiveness of HIFU for non-
invasive treatment of spontaneous canine tumors and recalcitrant musculoskeletal

infections. Although our results are highly encouraging, certain issues need to be
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addressed. First, it would be valuable to conduct HIFU canine clinical trials in a bigger
cohort of patients with low-grade and high-grade tumors. This will allow to draw more
meaningful study conclusions regarding therapeutic efficacies. Secondly, correlations
between the breed, gender, tumor type or tumor locations need to be assessed, to
personalize HIFU therapy. Third, in addition to the T cells responses, cellular responses
like antigen presenting cells as well as changes in the chemokine/cytokine levels, to gain
a better understanding of the immunomodulatory effects of HIFU treatments should be
instituted. Additionally, the molecular mechanisms driving canine cancer treatments,
using next-generation sequencing methods, can help explore novel immunotherapy

approaches

Long term exposure to bacterial antigens leads to immune cell dysfunction associated
with ineffective clearance and persistence of disease. S. aureus persistence in bone cells
further contributes to drug resistance. Thus, a successful treatment strategy, for effective
and complete recovery from chronic biofilm S. aureus infections, needs to be multitarget.
HIFU was shown to induce systemic immune response against cancer cells, thus it may
be interesting to discover if a similar mechanism operates in bone biofilms treated with
HIFU. Furthermore, with the recent transformative clinical success of checkpoint
inhibitors in cancer immunotherapy, similar advances for treatment of chronic bone

infections warrant investigation.
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