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Academic abstract
Background: Histotripsy is a non-thermal, non-invasive high-intensity focused ultrasound
(HIFU) ablative technique that causes mechanical fragmentation of tissue, resulting in liquefied
acellular debris with histologically clear demarcated boundaries between treated and non-treated
tissues. The acellular debris may include tumor antigens with preserved immunogenicity and the
potential to generate systemic immune response against tumor cells. Soft tissue sarcomas (STS)
are a common form of cancer in dogs with biological behavior similar to STS in humans. Long-
term tumor control requires complete removal with extensive surgical resection, which in many
cases is not feasible. As a result, there is need for alternative therapies.
Objectives: The primary objective of this study was to demonstrate safety and feasibility of
histotripsy in a small animal model of spontaneous STS. The secondary objective was to
characterize the impact of histotripsy on the immunologic response.
Materials and methods: Pet dogs diagnosed with spontaneous STS were recruited. CT scan of
the chest, abdomen, and the tumor was performed for staging and treatment planning.
Pretreatment biopsies were obtained. Safety was monitored with physical examinations, owner
reports, and CBC/serum biochemistry. Partial tumor ablation was performed using a 500 kHz
prototype histotripsy system. A spherical treatment zone of up to 3 cm diameter in each tumor
was treated with histotripsy according to the patient-specific treatment plan using 1-2 cycle
pulses applied at a pulse repetition frequency (PRF) of 500 Hz. Anatomical ablation zones were

evaluated with contrast CT at 1- and 4-days post-treatment, with tumor resection at 4-6 days



post-treatment. Tumor microenvironment (TME) gene expression was evaluated with the
Nanostring Canine 10 panel, and the systemic immune response was evaluated using multiplex
serum cytokine levels.

Results: Ten dogs were recruited and treated. Tumor histologies included 3 grade III STS, 4
grade II STS, 2 grade I STS, and 1 malignant mesenchymoma. Six dogs were alive, three dogs
were euthanized due to disease progression, and one dog was lost to follow up. Histotripsy-
related complications were generally self-limiting, with only one patient having increased
cutaneous injury score from 1 to 2 (scale 1-5) post-treatment, likely due to prefocal cavitation at
the skin. No significant adverse events impacting patient outcome were noted in any of the
patients. Visible histotripsy cavitation bubble clouds were seen on real-time ultrasound imaging
in nine of ten treatments. Post-treatment histopathology indicated sharply defined regions of
ablation that were clearly identifiable grossly and histologically in all samples. Treatment zones
were characterized by loss of cell viability, hyalinization, and acute hemorrhage. Post-treatment
contrast-enhanced CT images revealed clear, demarcated regions of histotripsy ablated tissue in
seven of ten patients.

Differential gene expression analysis identified 79 genes with at least 2-fold change
following treatment. Genes associated with inflammation, immune cell migration, and immune
cell interactions were the highest upregulated. Amongst the gene set analyses, the myeloid
compartment gene sets obtained the highest significance score. There were no statistically
significant differences between pre- and post-treatment cytokine concentrations for any of the
analytes.

Conclusions: Histotripsy can achieve safe and effective tumor ablation in dogs diagnosed with

STS. Histotripsy induced pro-inflammatory changes within the tumor microenvironment.



Histotripsy as an immunotherapeutic treatment option needs to be further investigated.

Histotripsy has a potential to be a precise, non-invasive treatment for canine STS.
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Abstract (public)

Histotripsy is a non-thermal high-intensity focused ultrasound (HIFU) ablative technique
that uses controlled acoustic cavitation to cause mechanical fragmentation of tissue. To date, there
are no reports investigating histotripsy for the treatment of soft tissue sarcoma (STS). This study
aimed to investigate the in vivo feasibility of ablating STS with histotripsy and to characterize the
impact of partial histotripsy ablation on the acute immunologic response in canine patients with
spontaneous STS. CT of the chest, abdomen, and the tumor was performed for staging and
treatment-planning. Pretreatment biopsies were obtained. Safety was monitored with physical
examinations, through owner reports, and CBC/serum biochemistry. A custom 500 kHz histotripsy
system was used to treat ten dogs with naturally occurring STS. Anatomical ablation zones were
evaluated with contrast CT at 1- and 4-days post-treatment, with tumor resection at 4-days post-
treatment. Safety was determined by monitoring vital signs during treatment and post-treatment
physical examinations, routine lab work, and owners’ reports. Ablation was characterized using
radiologic and histopathologic analyses. Systemic immunological impact was evaluated by
measuring changes in cytokine concentrations, and tumor microenvironment changes were
evaluated by characterizing changes in infiltration with tumor-associated macrophages (TAMs)
and tumor-infiltrating lymphocytes (TILs) using multiplex immunohistochemistry and differential
gene expression. Results showed histotripsy ablation can achieve safe and effective tumor ablation
in all ten dogs. Immunological results showed histotripsy induced pro-inflammatory changes in

the tumor microenvironment. Histotripsy as an immunotherapeutic treatment option needs to be



further investigated. Overall, this study demonstrates histotripsy’s potential as a precise, non-

invasive treatment for STS.
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Chapter 1: Literature Review on Canine Soft Tissue Sarcoma

1.1 Canine Soft Tissue Sarcoma Background

1.1.1 Incidence and risk factors

Soft tissue sarcomas (STS) are a common cancer in dogs that arise from mesenchymal
tissue with certain unique features based on the cell type of origin. STS comprise of 15% of all
skin and subcutaneous tumors in dogs !. They are rare tumors in humans, comprising of only 1%
of all adult malignancies 2. Most STS are solitary lesions seen in middle to older-aged large-
breed dogs, excluding rhabdomyosarcomas that affect younger-aged dogs, with no breed or sex
predilection !. The reported annual incidence of canine STS is about 35 per 100,000 of the
population at risk 3.
1.1.2 Pathology and clinical behavior

STS is a heterogenous group of tumors of different subtypes classified based on tissue of
origin diagnosed on histopathology. Sarcomas are mesenchymal in origin and arise from
connective tissue that can produce benign and malignant types of cancers from muscle, adipose,
neurovascular, fascial, and fibrous tissue. Thus, STS can develop from a variety of anatomic
locations. STS commonly effect the skin and subcutaneous tissues, and most have similar
biological behavior. There are also tumor types that arise from soft tissue that are not categorized
with the general, umbrella term of STS based on differences regarding anatomic location,
biological behavior, and histologic characteristics that exist. These tumors types can include
histiocytic sarcomas, rhabdomyosarcoma, peripheral nerve sheath tumor, and hemangiosarcoma,
and they all display a higher metastatic rate and commonly are located in visceral locations.

Cutaneous and subcutaneous STS are less likely to metastasize and the incidence of local
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recurrence is low to moderate following surgical excision, but may be more prevalent depending
on grade, subtype, and completeness of excision.

In both dogs and humans, STS are rapidly growing tumors with low metastatic potential,
but have the tendency to be locally aggressive. STS slowly grows between fascial planes. But
since STS do have the potential to rapidly grow, some tumors have secondary intratumoral
hemorrhage and necrosis noted on histopathology. STS often form a pseudocapsule, which is
formed by the compression and atrophy of the surrounding tissue as the mass expands, and the
expansion of tumor results in a reaction between tumor capsule and normal tissue 4. The mass
can be either firmly fixed or easily moveable to either the underlying skin, subcutaneous space,
or musculature. STS can be firm or soft, making them hard to definitively diagnose with just
palpation alone.

STS can be further divided into different subtypes depending on the tissue of origin.
These subtypes include tumors of fibrous tissues, vascular wall, peripheral nerves, adipose tissue,
skeletal muscle, or lymphatic tissue to name a few. Often times STS can be difficult to
subclassify as they commonly include collagen matrix and mesenchymal cells forming bundles
or whorls. Identifying subtypes may be useful, as some are associated with a higher metastatic

rate and unfavorable prognosis.

1.2 Specific Malignant Tumor Subtypes

1.2.1: Tumor of Fibrous Tissue
1.2.1.1: Fibrosarcomas (FSA)
FSA originate from malignant fibroblast that arise on the skin, subcutaneous space, or in

the oral cavity. FSA are seen in older-age dogs with no breed or sex predilection. There are few
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reports that shows FSA are more prevalent in Golden retriever and Doberman breeds °. FSA can
range from well-differentiated to anaplastic morphology on histopathology. FSA tend to have
higher mitotic rates and are more likely to recur after incomplete surgical excision but more
likely to be lower grade °.

1.2.1.2: Myxosarcoma

Myxosarcomas are derived from fibroblasts with abundant myxoid matrix on the trunk on
limbs from the subcutaneous space 6. However, there are few reports of myxosarcoma arising
various parts of the body such as the brain or heart ¥, Myxosarcomas are seen in middle-age to
older dogs. Myxosarcoms are infiltrative with ill-defined margins and may be associated with
higher local recurrence rates and risk of metastasis than other STS. In a recent retrospective
study on 32 canine myxosarcoma, there was a high local recurrence of 40.6% and shorter median
time to recurrence of around 100 days regardless of other therapy®. The metastatic rate to
regional lymph nodes and lungs was 25%.

1.2.1.3: Pleomorphic Sarcomas

Pleomorphic sarcomas has histologic characteristics including histocytes and fibroblasts
10 There is no sex predilection, and these tumors are more prevalent in middle to older aged dogs
are. Rottweilers, flat-coated retrievers, and Golden retrievers are overrepresented breeds '!.
Pleomorphic sarcomas are more commonly seen in the subcutaneous tissue, hind limbs, and
spleen in dogs. Immunohistochemistry (IHC) staining patterns are not widely used, but these
tumors will typically be positive for vimentin and negative for CD18 2. There are four histologic
subtypes within pleomorphic sarcomas, including storiform-pleomorphic, myxoid, giant cell, and
inflammatory. In humans, giant pleomorphic sarcomas have been described as having a higher

local recurrence rate and metastatic rate than other subtypes. Giant cell pleomorphic sarcomas
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have also been observed to have highly metastatic behavior to the subcutaneous space, lymph
nodes, lung, and liver with a median survival time (MST) of only around 60 days in 10 dogs '!.
1.2.2: Tumors of the Vascular Wall

1.2.2.1: Perivascular wall tumors (PWT)

PWT arise from the vascular wall without the endothelial lining!3. The vascular wall
includes different cellular component, and this is dependent on the different kinds of vessel.
Capillaries are made up of the basement membrane, endothelium, and pericytes. Great veins and
arteries also include subendothelial lining of cells. Broken down these cells include smooth
muscle and an adventitial layer of fibroblasts. PWT are defined of high cellularity, capillaries,
and spindle cells. PWT have a less aggressive biologic behavior and are unlikely to have local
recurrence compared to other histologic subtypes.

1.2.3: Tumors of Peripheral Nerves

1.2.3.1: Peripheral Nerve Sheath Tumors (PNST)

PNST are tumors from Schwann cells which are from nerve sheaths 4. The most
common type of PNST are schwannomas and neurofibromas. These benign tumors are well
demarcated and located on the skin or in subcutaneous tissue. Malignant PNST are often
cutaneous, ill-defined, and invasive to the deeper tissues and can have poor survivial times due to
high rate of local tumor recurrence. Malignant PNST can be differentiated from PWT with [HC
staining. Malignant PNST stain as vimentin, glial fibrillary acidic protein, S-100, neuron specific
enolase, and nerve growth factor receptor positive '>. PNST can also affect macroscopic nerves.
Plexus PNST can affect the brachial or lumbosacral plexus. In those cases, patients will show

signs of limb lameness, muscle wasting, and pain or paralysis '6. Plexus PNST can invade the
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spinal cord and most aggressive treatment options include surgery with adjuvant radiation
therapy (RT).
1.2.4: Tumors of Adipose Tissue

1.2.4.1: Liposarcoma

Liposarcomas are derived from lipoblasts and lipocytes with malignant behavior type.
Liposarcomas are more commonly seen in older-aged dogs .There is no reported breed or sex
predilection 7. These tumors are usually firm and ill-defined that are usually locally invasive but
low metastatic rate. Common primary locations include the ventrum and extremities in the
subcutaneous space. Metastatic locations include the lungs and abdominal organs, such as liver
and spleen. Liposarcomas can be differentiated from lipomas based on morphologic and
cytologic appearance. Liposarcomas are heterogenous and contrast enhancing on pre-contrast CT
images. Cytologic staining with Oil Red O can be helpful in diagnosing liposarcomas over other
soft tissue sarcomas. The prognosis is usually good when adequate surgical margins are
achieved. Following wide surgical excision, the MST is around 3 years ”.
1.2.5: Tumors of Skeletal Muscle

1.2.5.1: Rhabdomyosarcoma

Rhabdomyosarcomas are rare, malignant tumors that originate from myoblasts %1%,
Rhabdomyosarcomas arise from the skeletal muscle and can be seen in a variety of different
places such as the tongue, heart, or bladder. Rhabdomyosarcomas are locally invasive with a low
to moderate metastatic rate. Metastatic locations include various locations. The histologic
diagnosis of rhabdomyosarcoma can be difficult, and this can be further subclassified as
embryonic, botryoid, alveolar, and pleomorphic. IHC staining used to identify

rhabdomyosarcomas are positive for vimentin, skeletal muscle actin, myoglobin, myogenin, and
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myogenic differentiation (MyoD) ?°. Embryonal rhabdomyosarcoma commonly arises from the
anatomical structures above the neck including muscular organs in the oral cavity and eye.
Botryoid rhabdomyosarcoma usually are seen in urinary bladders of young female, large breed
dogs. This type of cancer have a lower rate of spread compared to the other two types of
rhabdomyosarcomas, embryonal and alveolar, which have a higher metastatic rate '®. Metastatic
disease is more commonly seen in younger aged dogs.
1.2.6: Tumors of Lymphatic Tissue

1.2.6.1: Lymphangiosarcoma

Lymphangiosarcoma is a tumor that orignates from lymphatic endothelial cells 2!.
Clinical signs are secondary to edema and buildup of lymphatic fluid. Lymphangiosarcomas can
be difficult to differentiate from hemangiosarcoma, and IHC markers, such as factor VIII-related
antigen and CD31, are used to help guide diagnosis 2.
1.2.7: Tumors of Uncertain Histogenesis

1.2.7.1: Malignant Mesenchymoma

Malignant mesenchymomas are rare STS with limited literature reported on tumor
behavior, treatment options, and survival times. Malignant mesenchymoma is composed of two
or more different types of sarcoma 2*. These tumors have been reported in various different
places and are reported to have a slow rate of growth. However, metastasis has been reported.
The survival time and rate for splenic mesenchymomas is better than for dog’s with other types

of splenic sarcomas 4,
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1.3 Diagnostic Technique and Workups

For any mass or nodule of interest, fine needle aspirates for cytologic interpretation are
recommended. Because STS do not exfoliate well, a biopsy for histopathology may be needed if
cytologies are not successful. The cytologic accuracy can vary and has been reported as low as
63% 2°. In a study looking at the correlation between cytologic features and histologic grade in
STS, the number of mitotic figures was the only parameter that showed a significant correlation
with grade. Increased number of mitotic figures seen on cytology might correlate with a higher
grade. However, the sensitivity of utilizing cytology for grading STS appears to be low and
histology should be used to confirm grade 2°. Biopsies should be performed in an area of the
tumor where it minimizes surgical dose or size of the radiation field. A biopsy can give more
information about the STS than cytology samples such as the grade and subtype. However, it
should also be interpreted with caution. Histologic grade from preoperative biopsies showed a
discordance in interpretation in 41% of dogs compared with surgical samples. Of those that
lacked concordance, 29% of pretreatment biopsies underestimated the grade. Excisional biopsies
are not recommended and can cause more morbidity from an aggressive surgery or multiple
attempts at resection.

Diagnostic tests such as routine bloodwork and chest radiographs are recommended prior
to anesthesia for any middle-aged to older dogs. Although metastasis is uncommon, full staging
would include abdominal imaging to assess for tumor spread into abdominal organs. Imaging can
also include CT or MRI for staging and surgical planning if the mass is large, firmly fixed, or in

locations that may not be easily accessible for surgery.
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1.4 Prognostic and Predictive Factors

Several factors for STS are important influencers of prognosis including histology grade,
subtype, and completeness of surgical margins. Other potential features include tumor size,
invasiveness, location, and stage. Knowing this information helps to formulate treatment goals
and options for our patients.

1.4.1: Histologic Grade

Histologic grade was developed to take into account the degree of differentiation, mitotic
index, and necrosis of a tumor. Grade also helps to give us invaluable prognostic information on
recurrence and metastasis. Grade I tumors have the lowest likelihood to recur following excision.
In one study, histologic grade III STS had around a six-fold increased risk for local recurrence
when compared to grade I. When surgical margins are close, grade I tumors recur at an
infrequent rate of 7% 2°. Similarly, metastasis of grade I tumors are rare and reported at a rate of
7-13% ?7. Grade 1II tumors have the greatest potential for recurrence and metastasis. Grade 111
STS with close margins can recur up to 75%, and reports of metastatic rate for grade III STS
have been reported up to 44% . As such, grade is a useful prognostic indicator in terms of
predicting recurrence and having concern for metastasis. Prevalence of pulmonary nodules is
about 11.7% in a study with likelihood higher for dogs with grade III STS and for dogs with STS
having been present for greater than three months.

1.4.2: Histologic Subtype

Histologic subtype may also contribute to local tumor recurrence. Certain subtypes such
as fibrosarcoma have been associated with higher local tumor recurrence compared to
perivascular wall tumor subtypes. Tumor size also has been associated with a negative effect on

local tumor control. Recurrence is greater than 5-fold in PWTs larger than 5-cm in diameter
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treated with marginal resection. Dogs with fixed or invasive STS have significantly decreased
disease free interval (DFI) and MST as well 2.
1.4.3: Completeness of Surgical Margins

The body of most solid tumors is usually necrotic or hypoxic, whereas the leading edge
or legs of the tumor can be more invasive and well vascularized. Thus, the width of lateral
margins includes beyond the pseudocapsule and is dependent on the tumor type. To decrease risk
of local tumor recurrence, curative intent surgeries usually include wide excision. Wide excision
of STS attempts to obtain 3-cm laterally from the edge of the tumor and one fascial plane deep.
Radical excision can also be an option and usually requires amputation dependent on the
anatomic location of the mass. Completeness of surgical margins is a major factor for recurrence,
and it is significantly more likely achieved with wide resection compared to more conservative
approaches °. STS with complete margins is less likely to recur. Local tumor recurrence has been

associated with increased risk of tumor related death and decreased survival times %°.

1.5 Treatment Options

The goal and challenge for managing STS is local tumor control. Thus, the treatment of
choice is surgical resection. Radiation therapy (RT) may also be a treatment option, especially
for incompletely excised tumors. The treatment plan is tailored after physical examination,
staging, histologic grade, and the client’s goals.

1.5.1: Surgery

Surgical options include marginal, wide, and radical resection. The surgical approach is

based on multifactorial reasons such as tumor location, size, grade, and the client’s goals. STS

are characterized as a locally expanding mass that can be infiltrative to the underlying
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musculature as well. In a study evaluating neoplastic infiltration of the skin, about 36% of dogs
were reported to show cutaneous infiltration even in grade I tumors. Not surprisingly, there was
higher frequency of infiltration that was observed with higher grades 3°. STS have a
pseudocapsule that can give observers a false impression of the tumor being well encapsulated
and could lead to incomplete surgical resection. Regardless of subjective appearance, the
recommended margins for wide surgical resection are 3-cm lateral margins with 1-fascial layer
deep to the tumor. Radical surgery usually includes limb amputation to achieve adequate local
tumor control for fixed and invasive STS on the limb. Wide surgical excision is associated with
increased likelihood of complete excision compared to marginal excision. Marginal excision is
an option for well-circumscribed, non-infiltrative STS smaller than 5-cm in diameter. Local
tumor recurrence was more likely to occur with fixed and invasive STS as they can lead to
inadequate options margins. Treatment options for incompletely excised STS include active
surveillance, re-surgical excision, radiation therapy, or chemotherapy depending on grade 32°. In
one study evaluating dogs with subcutaneous STS, the local recurrence rate was 0% when the
tumor was completely excised. The local recurrence rate increased for incompletely excised
high-grade tumors. For incompletely excised grade I, grade II, and grade III STS, there was a
7%, 35%, and 75% risk of developing recurrence respectively?®.
1.5.2: Radiation Therapy

Canine STS have a biological behavior similar to that of low-grade STS in people and RT
improves local tumor control in people with incompletely excised STS. RT is also utilized to
manage incompletely excised canine STS. Local tumor control for incompletely excised STS
with adjunctive definitively fractionated RT is good with reported 1-, 2-, and 3- year local tumor

control rates of 71-84%, 60-81%, and 57-81% respectively *!-33, In a study using definitive intent
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radiation therapy in 41 dogs with incompletely excised high-grade STS, the overall survival time
(OST) was 981 days. During this time 24% and 20% developed metastasis and local recurrence,
respectively. Chemotherapy did not improve outcomes in dogs. The hazard of death over the
study period increased when RT duration was long **. In 35 dogs treated with curative intent
stereotactic body radiant therapy (SBRT), the time to tumor progression (TTP) and OST was 705
days and 713 days, respectively. Low histologic grade and locations on the extremity were
positive prognostic factors on survival time. Radiation therapy was overall well tolerated and
acute side effects were limited to the skin 3. There have also been cases RT was used for
macroscopic canine STS. In a retrospective study of 50 cases treated with 5 x 6 Gy protocol in
macroscopic tumors, the median progression free interval (PFI) for all cases was around 400
days and OST of around 500 days. Dogs with tumors on the limb had longer PFI and OST. The
addition of metronomic chemotherapy yielded a longer OST compared to no systemic treatment,
but it does not influence PFI. Toxicity was low during treatments.
1.5.3: Chemotherapy

The role of chemotherapy in controlling canine STS is generally unknown. Overall, the
consensus is that adjuvant chemotherapy is not effective in local tumor control 3. However, the
one study that looked into metronomic cyclophosphamide therapy with piroxicam on tumor
recurrence in incompletely resected STS showed DFI was prolonged in treated dogs compared
with untreated controls 7. There may also be a role for chemotherapy in grade III STS to

theoretically decrease the metastatic rate.
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1.6 Survival

The overall MST ranges from 1,013 to 1,796 days after surgery alone 8. This number can
change depending on specific soft tissue sarcoma subtypes. Additionally, dogs with grossly
invasive and fixed STS have a 5-fold increased risk of tumor death. The MST is good in dogs
treated wide surgical margins and is reported to be greater than 1,000 days.. This is significantly
greater than dogs treated with non-curative intent surgeries of 264 days °. Many clinical factors

need to be taken into account regarding survival times.

1.7 Conclusion and Translational Applications

STS are rapidly growing tumors with low metastatic potential, but locally aggressive
behavior. The complexity of the tumor is characterized by its variable presentation and behavior,
and treatment typically requires a multimodal approach for incompletely excised or hard to
access tumors. Adequate local tumor control requires surgical resection of tumor if the tumor is
small and accessible, or a combination of surgery and radiation therapy to address microscopic
disease to reduce the risk of recurrence. As a result, novel techniques are still needed to treat soft
tissue sarcoma to address all types of tumor scenarios.

Spontaneous tumors in dogs are becoming a translational bridge between veterinary and
human oncology research 334!, Naturally occurring cancers in animals act as a cancer research
model to address treatment challenges and tumor biology questions through their tumor
heterogeneity. Soft tissue sarcomas are much less common in humans, but the biological
behavior is similar in both species. Similar to humans, grade and stage are prognostic in dogs.
Most tumors were diagnosed as the human equivalent of undifferentiated sarcoma, spindle cell

sarcoma, or unclassified spindle cell sarcoma 3. There is need for alternative local therapies, and
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immunotherapy is an attractive option to address the microscopic disease. Canine STS as a
translational model provides an opportunity to advance medical knowledge and therapies for a
human disease for which the low tumor incidence can make recruitment in human patients
challenging. It also opens up the possibility on how to change the tumor microenvironment of an
immunogenically quiet tumor as there are no reports of immune cell infiltration into the tumor.
High-intensity focused ultrasound has the capability to address both the local and systemic needs

for many types of tumors, including STS.
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Chapter 2: Literature Review on High-Intensity Focused Ultrasound

2.1 High Intensity Focused Ultrasound

High-intensity focused ultrasound (HIFU) is an ablation technique able to destroy tissue
by either thermal or mechanical means *?. Within the umbrella term of HIFU, two main
modalities exist: thermal HIFU and mechanical HIFU, or alternatively known as histotripsy. Our
research team has utilized both in the treatment for canine and feline soft tissue sarcomas.

2.1.1 Thermal High-Intensity Focused Ultrasound

Thermal HIFU effect is achieved through the absorption of ultrasound energy from a
continuous wave HIFU pulse for a couple of seconds and can elevate the temperature in the local
tissue that can last for minutes 4. This temperature elevation results in thermal coagulation
which can cause protein denaturation and irreversible cell damage**. The ultrasound pulse is
focused within a small volume of treatment area to minimize potential for thermal diffusion and
secondary thermal injury to the surrounding tissues. The immunostimulatory effects of HIFU
may be related to its ability to promote immunogenic cell death. The in-situ tumor debris
remaining after thermal ablation will contain tumor antigens 4°. The tumor antigens present can
either passively enter circulation or be recognized by an antigen presenting cell in order to
present them to immune effector cells to initiate adaptive antitumor immune response. The
preserved tumor antigens could essentially function as an in-situ cancer vaccine able to stimulate
local and even distant systemic immune responses for an abscopal effect 46. Thus, thermal HIFU
is a less invasive and potentially immunogenic alternative to standard local treatment options. To
date, our team has treated 15 dogs with peripheral STS, demonstrating thermal HIFU treatment

to safely achieve complete tumor kill in the ablation zone*’. A survival analysis on the 18 dogs
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that were treated according to protocol was performed and a median survival time (MST) was
not reached. When censoring the fifteen dogs that were still alive at the time of data analysis, a
MST of 334 days were calculated. Histologically, there was a clear demarcation between treated
tissue and non-treated tissue. There was a subjective increase in CD3+ immune cells along the
zone of transition and within the ablation zone. Additionally, there was a >2-fold increase in
multiple genes associated with pro-inflammatory cytokine signaling in post-treatment samples
indicating an inflammatory response in the TME. These preliminary results in our first in-patient
trial of canine solid tumors found HIFU to be safe, feasible, and cause predictable ablation. This
opened the door to investigate the newer HIFU modality, histotripsy.
2.1.2 Histotripsy

While traditional HIFU relies on the absorption of ultrasound energy to thermally destroy
tissue, histotripsy is a non-thermal technique that uses repeated short pulses of ultrasound waves
to mechanically disintegrate tissue into a liquefied acellular debris *8->!. Histotripsy is applied in
short cycles of high pressure pulses to produce inertial cavitation bubbles, which form a precise
histotripsy bubble cloud at the targeted location within the tissue 3°3. The human body has small
nanometer endogenous gas pockets that are stabilized with high surface tensions. Using
histotripsy, we can raise the pressure outside of the gas pocket high enough to overcome surface
tension. This will make the gas pocket grow in size and form microbubbles in the tissue of
interest. Using just a single ultrasonic pulse, we can exceed the intrinsic cavitation threshold, or
the threshold at which microbubbles appear, of that tissue to reliably generate a single bubble
cavitation. Within 3-4 cycles, a large bubble cloud can form. The quick growth and breakdown
of these bubbles causes mechanical disruption of the cellular structure resulting in emulsified

acellular debris that can be absorbed as part of the body’s physiologic healing process %4,
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Through bubble cavitation, histotripsy results in localized tissue removal with sharp boundaries.
Histotripsy treatment is typically guided in real-time by ultrasound imaging, allowing the precise
and non-invasive targeting of tissues.

The inherent intrinsic stiffness of the tissue is strongly correlated with the cavitation
threshold. Fibroblast have a higher cavitation threshold compared to squamous cell carcinoma.
Following histotripsy of the kidney, there is more damage in the cortex compared to the
medullary tissue since the medulla contains more fibrous connective tissue . This has also been
reported in prostatic tissue where the urethra is stiffer than the prostate and more acoustic pulses
are needed to preferentially ablate the urethral tissue 3°. Knowing the intrinsic stiffness of the
tissue can be advantageous as the user can choose optimal histotripsy settings to destroy one type

of tissue and salvage another, such as blood vessels, within the treatment zone.

2.2 Immune Modulation from Histotripsy

In addition to its ablative potential, histotripsy may also promote immunostimulatory
effects related to its ability to induce immunogenic cell death *7. Studies of HIFU in rodent tumor
models have demonstrated that HIFU is immunogenic and that histotripsy may result in more
robust immune responses than thermal HIFU 434638 The in-situ tumor debris remaining after
mechanical ablation may include tumor neoantigens in their native form, preserving
immunogenicity and the potential to generate a systemic immune response against tumor cells.
These tumor neoantigens can be recognized by antigen presenting cells, activating immune
effector cells and initiating immune cell infiltration. The resulting antitumor immune response

may then stimulate local and systemic immune responses 8. Early studies investigating these
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effects have reported that histotripsy treatment in a murine cancer model can alter the tumor
microenvironment and activate the immune response 46762,

Rodent xenograft and in vitro studies have demonstrated that HIFU is immunogenic, and
studies report a more robust immune response and decreased rate of metastasis following
histotripsy compared to thermal HIFU. In a recent study, histotripsy ablation of subcutaneous
melanoma tumors resulted in a significant increase of intratumoral CD8+ T cell infiltration in
mice compared to radiation or thermal ablation therapy %. The immunostimulatory effects of
thermal ablation may be related through heat-based denaturation and necrosis. In contrast,
histotripsy exerts its immunostimulatory effects through its ability to promote immunogenic cell
death. Histotripsy instigates cell membrane disruption while preserving subcellular components
that could have immunogenic effects on tumors cells. The nonviable tumor debris created by
histotripsy still contains peptide tumor antigens with preserved immunogenicity. A two-tumor
model in this study demonstrates that single histotripsy tumor ablation is capable of stimulating

abscopal CD8+ tumor infiltration response seen by diffusely localized T-cell infiltrates at distant

tumor sites 3. The abscopal effect is shown by inhibiting distant pulmonary metastases.

2.3 Conclusion and Translational Applications

Previous preclinical studies have shown that histotripsy can ablate various distinct tumor
types including prostatic %, intracranial %, pancreatic 3, and hepatic tumors %7, Histotripsy has
yet to be investigated in canine soft tissue sarcomas.

A study investigating the effectiveness and safety profile of histotripsy in human patients
with primary and secondary liver tumors was able to achieve a defined tissue destruction zone in

a predictable manner. There was no treatment associated adverse events reported, and this first
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in human trial demonstrated that histotripsy is effective in destroying liver tissue predictably and
safely®®. Our group has also recently explored the use of histotripsy in feline soft-tissue
sarcomas. Results of this study showed that histotripsy was able to target and ablate superficial
feline soft tissue sarcomas. Further use of histotripsy in veterinary medicine could be a viable
option and future studies will help to guide clinical application in one-health medicine®’.

Currently, only local tumors of considerable size can be treated and not distant micro-
metastases. The immunologic effects of HIFU need to be further investigated. Canine STS create
a unique opportunity as we take an immunogenically cold tumor and assess the dog’s immune

responses following treatment.
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Chapter 3: Mechanical high-intensity focused ultrasound (histotripsy) in

dogs with spontaneously occurring soft tissue sarcoma
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3.1 Introduction

High-intensity focused ultrasound (HIFU) is a non-invasive ablation technique with the
ability to destroy tissue by thermal or mechanical means. While traditional HIFU relies on the
absorption of ultrasound energy to thermally destroy tissue, histotripsy is a non-thermal
technique that uses repeated short pulses of ultrasound waves to mechanically disintegrate tissue
into a liquefied acellular debris #-!, Histotripsy applies short (1-10 cycles), high pressure (>15-
30 MPa) pulses to produce inertial cavitation, which form a precise histotripsy bubble cloud at
the targeted location within the tissue 3>>3. The subsequent rapid expansion and collapse of these
bubbles causes mechanical disruption of the cellular structure, reducing treated tissues to
emulsified acellular debris that can be absorbed as part of the body’s physiologic healing process
50,34 Histotripsy treatment is typically guided in real-time by ultrasound imaging, allowing the
precise, non-invasive targeting of tissues ranging from deep, visceral structures to superficial,
subcutaneous tumors. Previous preclinical studies have shown that histotripsy can successfully
ablate various tumor types ex vivo and in vivo, including prostate *, kidney ®', bone 7°, brain ¢,
pancreatic >, and liver tumors %7, Additionally, a recent human clinical trial has shown safe
and effective ablation of primary and metastatic liver tumors . The results of these prior studies

suggest that histotripsy has the potential to be a paradigm-shifting method for image-guided,
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non-invasive tumor ablation. While widely explored for other tumor types, histotripsy not yet
been explored for the ablation of superficial soft tissue sarcoma tumors.

In addition to its ablative potential, histotripsy may also promote immunostimulatory effects
related to its ability to induce immunogenic cell death >7. Studies of HIFU in rodent tumor
models have demonstrated that HIFU is immunogenic and that histotripsy may result in more
robust immune responses than thermal HIFU 434638, The in situ tumor debris remaining after
mechanical ablation may include tumor neoantigens in their native form, preserving
immunogenicity and the potential to generate a systemic immune response against tumor cells.
These tumor neoantigens can be recognized by antigen presenting cells, activating immune
effector cells and initiating immune cell infiltration. The resulting antitumor immune response
may then stimulate local and systemic immune responses ®. Early studies investigating these
effects have reported that histotripsy treatment in a murine cancer model can alter the tumor
microenvironment and activate the immune response #6372, Similarly, a case of an abscopal
effect was 1dentified in the human clinical trial investigating histotripsy for liver tumor ablation
71, These findings, combined with prior work showing that thermal HIFU can target and treat
STS tumors in both dogs 7>7* and humans 7*7°, have led our team to initiate this study to
investigate histotripsy’s ablative and immunological effects for treating STS in pet dogs as a
clinical model %77,

Spontaneous tumors in pet dogs are increasingly recognized for their value in
translational oncology research 384!, Naturally arising cancers in dogs provide a cancer research
model to address pre-clinical questions and challenges through their genetic diversity, tumor
heterogeneity, and by following similar biological and therapeutic courses as their human

counterparts. Canine cancers arise naturally within the complex interactions between the tumor,
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the tumor microenvironment, and the host immune system, providing a unique opportunity to
evaluate and refine immunotherapy strategies 788!, Soft tissue sarcomas (STS) are a common
cancer in dogs and arise from mesenchymal tissues, representing different types of tumors with
similar histologic features and biologic behavior. STS compromise of 15% of all skin and
subcutaneous tumors in dogs, but are rare tumors in humans, comprising only 1% of all adult
malignancies >%2. Canine STS as a translational model provides an opportunity to advance
medical knowledge and therapies for a human disease for which the low tumor incidence can
make recruitment of sufficient human patients challenging. STS are rapidly growing tumors with
low metastatic potential, but locally aggressive behavior. The complexity of the tumor is
characterized by its variable presentation and behavior, and treatment typically requires a
multimodal approach. Adequate local tumor control requires either complete removal of the
tumor with extensive surgical resection of adjacent grossly normal tissue or a combination of
surgery and radiation therapy to address microscopic disease, reducing the risk of recurrence. As
a result, novel techniques are still needed to treat soft tissue sarcoma while preserving adjacent
healthy tissue.

The objective of this study was to demonstrate the in vivo safety and feasibility of
ablating soft tissue sarcomas with histotripsy in canine patients with spontaneous STS. Our
secondary objective was to characterize the impact of the histotripsy ablation on the acute
immunologic response in the tumor microenvironment. A custom 500 kHz histotripsy system
was used to treat ten client-owned dogs with soft tissue sarcomas in order to test whether
histotripsy could achieve safe and effective ablation of targeted tumor regions in dogs with
naturally occurring STS tumors. Four to six days after histotripsy treatment, tumors were

surgically resected. Radiologic (i.e., CT) and histopathology assessments were conducted to
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determine (1) the efficacy of the histotripsy ablation and (2) the impact of a single histotripsy

treatment within a portion of the STS on the immunologic response.

3.2 Materials and Methods

3.2.1: Study Population, Screening, and Enrollment Criteria

This was a prospective, single-arm, open-label pilot study of histotripsy treatment in dogs
with soft tissue sarcomas. Client-owned dogs with naturally occurring tumors presented to the
Animal Cancer Care and Research Center (ACCRC) over an 8§-month period (September 2, 2020
- May 10, 2021) were recruited for enrollment. The owners of eligible dogs were offered
standard treatment options, including palliative care. Informed consent was obtained for all
enrolled dogs. This study was approved by the University Institutional Animal Care and Use
Committee (#20-049) and the College of Veterinary Medicine Hospital Board.

Canine patients with cytologic or histological diagnosis of a peripheral, malignant soft
tissue tumor were considered for enrollment. Tumor-specific inclusion criteria were a diameter
of at least > 2 cm; an accessible solid area for treatment; and, surgically resectable, as determined
by an ACVS-board-certified surgeon who is a surgical oncology fellow. Patients were required
to undergo routine laboratory bloodwork, and thoracic and abdominal imaging at screening. The
patient had to have an expected survival time of >6 weeks without treatment. Patients were
excluded if the tumor was non-resectable or if the recommended surgical resection was declined,
if the patient had definitive therapy other than surgery within the past 3 weeks, or if a co-
morbidity precluded anesthesia: significant cardiac dysfunction, creatinine value >1.2x the upper

reference limit (URL), ALT or AST values >3.0x the URL, or total bilirubin value >1.2x URL.
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3.2.2: Safety and Feasibility of Histotripsy Treatment

3.2.2.1: Histotripsy system and pressure calibration

The array transducer was built in-house using rapid prototyping technology and was
integrated onto a prototype clinical histotripsy system (HistoSonics, Ann Arbor, MI, USA)
before treatment [Fig. 1]. After aligning the imaging probe coaxially within the therapy
transducer, the transducer assembly was attached to a triaxial robotic micro-positioner mounted
on the clinical system via an articulating arm. The transducer was driven using a custom high-
voltage pulser designed to generate single cycle therapy pulses of controlled by a
preprogrammed field-programmable gate array (FPGA) board (Altera DEO-Nano Terasic
Technology, Dover, DE, USA). The transducer was powered by a high voltage DC power supply
(GENH750W, TDK-Lambda, National City, CA, USA) and controlled by a custom MATLAB
script (The MathWorks, Natick, MA, USA) written to receive a trigger from the clinical system.
Before treatment, focal pressure waveforms for the 500 kHz transducer were measured using a
high-sensitivity reference rod hydrophone (HNR-0500, Onda Corp., Sunnyvale, CA, USA) and a
cross-calibrated custom-built fiber optic hydrophone (FOPH) in degassed water at the
transducer’s focal point 8%, The rod hydrophone was also used to measure the lateral,
elevational, and axial 1-D focal beam profiles of the transducer by scanning the hydrophone
incrementally over a distance wider than the focal width at a peak negative pressure (p-) of ~1.8
MPa. The measured transverse, elevational, and axial full-width half-maximum (FWHM)
dimensions at the geometric transducer were measured to be 2.1 mm, 2.1 mm, and 6.6 mm,
respectively. Focal pressures were measured directly with the FOPH up to a peak negative
pressure of ~20 MPa; at peak negative pressures greater than ~20 MPa, the focal pressure was

estimated by summing measurements from a subset of a quarter and a half of the total elements
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to prevent cavitation from forming on the fiber. All waveforms were measured using a Tektronix
TBS2000 series oscilloscope at a sample rate of S00MS/s; then, the waveform data was averaged
over 128 pulses and recorded in MATLAB.

3.2.2.2: Histotripsy treatment

Patient-specific treatment plans were developed using pre-treatment CT images, physical
examinations, and freehand ultrasound imaging. Patients were anesthetized following standard
protocols for client-owned dogs. Anesthesia was maintained using inhaled isoflurane, and
anesthesia parameters were measured every five minutes (blood pressure, pulse, and ventilation)
or every fifteen minutes (oxygen saturation, carbon dioxide saturation, body temperature, and
cardiac arrhythmias). The treatment area was clipped and closely shaved using a razor to remove
overlying fur. The histotripsy transducer was positioned over the treatment site and placed in a
container of degassed water (<30% dissolved O2) coupled to the canine patient to ensure acoustic
propagation from the transducer to the skin. Fine adjustments to correctly position the transducer
over the targeted region were made using the robotic micro-positioner.

Each tumor was treated with histotripsy according to the patient-specific treatment plan
using one cycle pulses applied at a pulse repetition frequency (PRF) of 500 Hz. Prior to the
volumetric treatment, the pressure at the focus was increased incrementally until a visible bubble
cloud was generated on ultrasound imaging. A spherical treatment volume fully contained within
the tumor was set manually within the software of the system. After identifying a pressure level
for treatment and setting the treatment boundaries, an automated volumetric histotripsy was
applied to a 3D grid of equidistant treatment points within the defined boundaries. Treatment
points were spaced by 3.5 mm in the axial direction and 1.5 mm in the lateral and elevational

directions to allow overlap between the bubble cloud at each location. The robotic micro-
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positioner moved the focus between treatment locations, and each point was treated with ~500
pulses. The histotripsy treatment parameters employed in this study were chosen based on
previous histotripsy studies for other soft tissue applications 3674386 The bubble cloud and
tissue effects were monitored during treatment using real-time ultrasound imaging. The
histotripsy treatment workflow is summarized in Fig. 2.

3.2.2.3: Evaluation timeline

Within 10 days prior to treatment, baseline evaluation included an examination;
Complete Blood Count (CBC) and serum biochemistry; tumor measurements using calipers and
gross photographs; contrast CT scan (SOMATOM Confidence® RT) of the thorax, abdomen,
and tumor; and pre-treatment biopsy. The pre-treatment biopsy was performed outside of the
planned treatment zone. On the day of histotripsy treatment, an exam and tumor photographs
were obtained immediately prior to, during, and immediately following treatment. One day post-
treatment, an exam, CBC, serum biochemistry, tumor measurements and photographs, and
contrast CT scan of the tumor were performed. Four to six days post-treatment, tumor
measurements and photographs, CBC, serum biochemistry, and contrast CT scan of the tumor
were performed immediately prior to surgical resection. Surgical excision and post-operative
recommendations for all canine patients were directly performed or supervised by an oncology-
fellowship-trained Diplomate of the American College of Veterinary Surgeons (ACVS). Patients
were examined and the surgery site was photographed two weeks after surgery. Post-study
monitoring recommendations were at clinician discretion, including monthly physical exams and
thoracic radiographs appropriate to the patient’s tumor type and stage. Patient outcome was

documented by communication with the owner or primary-care veterinarian.
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3.2.2.4: Evaluation of safety and scoring of adverse events

Safety was monitored with physical examinations, owner-reported outcomes, CBC, and
serum biochemistry profiles. Adverse events (AEs) were graded according to the Veterinary
Cooperative Oncology Group-Common Terminology Criteria for Adverse Events (VCOG-
CTCAE v1.1) 7. Severe adverse events (SAEs) were defined as any grade 4/5 toxicity.

3.2.2.5: Evaluation of ablation effectiveness

Tumor ablation was evaluated for targeting feasibility and ablation completeness
through a combination of ultrasound imaging, contrast-enhanced CT images, and gross and
microscopic tissue evaluation. Ultrasound imaging was used to confirm the formation of the
histotripsy bubble cloud during histotripsy treatment and to monitor for echogenicity changes
in the treated tissues after ablation. Contrast CT scans were performed at three timepoints
(baseline, one day post-treatment, and four to six days post-treatment) and analyzed to
determine changes in overall tumor volume post-treatment and to measure ablated tissue
volumes. All CT measurements were completed by a trained radiologist blinded to planned
histotripsy treatment volumes (T.J.Z.). Differences between pre- and post-treatment tumor
volumes as well as differences between 1 day post- and 4 day-post treatment ablation zone
dimensions were compared using two-tailed and one-tailed paired student’s t-tests,
respectively. Immediately following surgical removal, the tumor was sectioned and gross
photographs were obtained identifying the ablation zone. Representative sections of the pre-
treatment tumor, treated tumor, treatment interface, and untreated tumor were fixed in 10%
formalin for at least 24 hours and embedded in paraffin. A standard hematoxylin and eosin
(H&E) stain was used to stain all tissues to assess the extent of histotripsy damage to the

tissue. All sections were evaluated by a veterinary pathologist and Diplomate of the American
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College of Veterinary Pathologists (ACVP) with extensive experience evaluating ablated
tumor tissue (S.C.0.).
3.2.3: Evaluation of the Immunological Impact

3.3.2.1: Multiplex immunohistochemistry (mIHC)

Optimized chromogenic multiplex immunohistochemistry (IHC) was performed on
formalin-fixed, paraffin-embedded (FFPE) samples in order to investigate the presence and
phenotype of infiltrating immune cells following histotripsy treatment. Two multiplex IHC
panels were applied to treated and untreated tumor samples from the same patient and then
compared. Tumor-associated macrophages (TAMs) and tumor-infiltrating lymphocytes (TILs)
were investigated. The Roche Ventana Discovery Ultra Automated Research Stainer (Roche
Diagnostics, Indianapolis, IN) was used according to the manufacturer’s instructions for IHC
multiplexing. To characterize TAMs, tissues were stained with antibodies against pan-
macrophage marker IBA-1 (FujiFilm, 019-19741, 1:300), M 1-polarization marker iNOS
(Abcam, ab3523, 1:100), and M2-polarization marker CD206 (NovusBio, NBP190020, 1:200).
To characterize TILs, tissues were stained with antibodies against pan T-cell marker CD3
(DAKO, A0452, 1:100), helper T-cell marker CD4 (Origene, TA500477, 1:100), cytotoxic T-
cell marker CDS8 (Invitrogen, PAS-16893, 1:100), and regulatory T-cell marker FOXP3
(Invitrogen, 14-7979-82, 1:100). Signals were generated using the following chromagens:
IBA-1 and CD4, purple; iNOS and CDS, teal; CD206 and CD3, yellow; and FOXP3, DAB
(Roche Diagnostics, Indianapolis, IN). Multiplex-stained slides were imaged at 20X or 40X
magnification using the Vectra® Polaris™ Automated Quantitative Pathology Imaging System
(Akoya Biosciences, Marlborough, MA) and evaluated by a veterinary pathologist and

Diplomate of the American College of Veterinary Pathologists (ACVP) (S.C.0O.).
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3.2.3.2: Gene expression

Tumor microenvironment gene expression was evaluated with the NanoString Canine
10 panel (XT-CIO-12, NanoString, Seattle, WA). RNA was extracted using the RNeasy FFPE
kit (Research Products International Quick-RNA FFPE MiniPrep, RPI-ZR1008) following
manufacturer instructions. Pre-treatment RNA was extracted from formalin-fixed paraffin-
embedded (FFPE) soft tissue tumor scrolls of sections of pre-treatment samples, or from
untreated tumor if pre-treatment samples were inadequate. Post-treatment RNA was extracted
from FFPE scrolls of sections of the interface between treated and untreated tumor. RNA was
normalized to 20ng/uL. and hybridized with a target-specific Reporter and Capture Probes
(CodeSet) with the nCounter Prep station at 65 °C for 18 hours. Sample data was acquired with
the nCounter scanner. Background signal was reduced by subtracting threshold counts of 20
and normalization was performed with housekeeping genes using the nSolver 4.0 software.

3.2.3.3: Serum cytokine analysis

Multiplex serum cytokine analysis was performed using a commercially available
canine-specific antibody-coated Bead-Based Multiplex Assay to quantify 13 cytokines in each
sample (CCYTMG-90K-PX13, Millipore Sigma, Burlington, MA). The following cytokines
were measured: GM-CSF, [FNg- IL-2, IL-6, IL-7, IL-8, IL-15, IP-10 (CXCL10), KC-like
(CXCL1), IL-10, IL-18, MCP-1 (CCL2), and TNF-a. The assay was performed according to
the manufacturer’s directions. Samples were randomized on the plate. The samples were
incubated overnight at 4°C and a magnetic plate washer was utilized. All standards, quality
controls, and samples were analyzed in duplicate on Luminex® 200 multiplexing instruments

(Luminex Corp, Austin, TX). Sample analyte concentrations were generated utilizing standard
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curve data from each run via Belysa® curve fitting software (Millipore Sigma, Burlington,
MA).

3.2.3.4: Statistical Analysis

Cytokine analysis results were evaluated for normal distribution with the D’ Agostino’s
K-squared test. For normally distributed data, continuous variables were tested using the
repeated-measures t-test, and categorical variables were tested using the Chi Square test. For
skewed data, continuous variables were tested using either Wilcoxon test or the Cochran's Q
test. Data for serum concentrations of inflammatory cytokines were normalized using logio
transformation and then analyzed using a paired, two-tailed t-test. All p-values were 2-sided,
and p-values <0.05 were considered to be statistically significant. All cytokine statistical
analyses were performed using GraphPad Prism 9 (GraphPad Software, San Diego, CA). The
analytes pre- and/or post-treatment did not read for all patients and were excluded from
statistical testing where appropriate.

For Nanostring gene expression results, sample values were log2 transformed to a
variance plot to assess for differentially expressed (DE) genes using heteroscedastic ¢ test (p <
0.05) per manufacturers’ recommendations. DEs were analyzed using agglomerative clustering
(Euclidean distance), fold changes and p values were reported for each DE on the

ROSALIND™ goftware 3.35.40.

3.3 Results

3.3.1: Patient Population
Ten canine patients with spontaneous STS were enrolled in this study. Five female and

five male dogs from different breeds (1 Boxer, 1 Bichon Frise, 1 Border Collie, 1 Great Dane,
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1 Miniature Schnauzer, 1 Beagle, and 4 Mixed Breed Dogs) and aged 7-12 years received
histotripsy treatment before surgical excision of the tumor 4 to 6 days after treatment. The
characteristics of the canine patients, as well as, the grade, subtype, excision status, and
location of the treated tumors are summarized in Table 1.

In all dogs, the tumor was well visualized on the pretreatment CT scan and measured at
least 2 cm in diameter. The histologic diagnosis of the tumors included 3 grade I1I STS, 4
grade II STS, 2 grade I STS, and 1 malignant mesenchymoma. For the tumors in which
subtypes were included on the histopathology report, 3 perivascular wall tumors, 2
myxosarcoma, 1 malignant mesenchymoma, and 1 fibrosarcoma were diagnosed. After
histotripsy treatment, eight dogs had their tumors completely excised with <0.1 — 0.5 cm
margins where noted (margins not reported for all patients). In two dogs (Patients #1 and #2 is
Table I), complete excision of the tumor was not achievable due to the extensive invasion of
the tumor into healthy surrounding tissues and anatomic restrictions limiting the surgical
window.

Patient outcome was followed for a median of 112 days (range: 14-285 days). Six dogs
are still alive, three dogs were euthanized, and one dog was lost to follow up. All instances of
euthanasia were determined to be unrelated to the histotripsy treatment. Two dogs were
euthanized due to progressive disease typical of this disease: one had recurrence of the grade II
STS and another had evidence of lung metastasis suspected secondary to the completely
excised grade III STS. The third dog was euthanized due to development of a retrobulbar mass

and immune mediated thrombocytopenia unrelated to the STS diagnosis.
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3.3.2: Safety and Feasibility of Histotripsy Treatment

3.3.2.1: Adverse event assessment

No significant AEs impacting patient outcome were noted in any of the patients.
Anesthesia complications unrelated to histotripsy were reported in three patients, resolving
naturally or with standard intervention during treatment. Another patient experienced a vagal
response from pain that may be secondary to histotripsy treatment, although the exact cause
remains unknown. The remaining six patients had no anesthetic abnormalities. During
treatment, body temperatures were maintained between 97.1°F — 102.5°F for nine patients with
one patient experiencing moderate hypothermia at 96.4°F that resolved with external heat.
Pulse rates were maintained between 45-130 bpm for nine patients, with one patient
experiencing cardiac dysrhythmia and an asystole cardiac rhythm. The suspected cause of this
dysrhythmia is a vagal response from pain, as mentioned above, and the arrhythmia resolved
on its own without any medical intervention. Mean blood pressures were maintained between
60-165 mmHg, with one patient experiencing persistent hypotension at 40 mmHg that resolved
with fluid therapy. Oxygen saturation levels were maintained between 91-100%. End tidal
carbon dioxide levels were maintained at 26-52 mmHg, with one patient experiencing
persistent respiratory depression at 59 mmHg secondary to spontaneous breathing and resolved
after increasing isoflurane gas. No complications (lethargy, fever, hypothermia) were reported
during anesthetic recovery in any of the patients.

No clinically significant AEs associated with histotripsy treatment were reported
through bloodwork, post-treatment physical examination, or owners’ reports. On post-
treatment physical examination, swelling was noted for five patients. The mass from nine

patients were reported to be warm to the touch post-histotripsy treatment, and erythema of the
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skin overlying the mass was recorded for five patients. The only histotripsy-related
complications noted were various degrees of self-limiting cutaneous injury. Prior to treatment,
nine patients had VCOG dermatology AE scores of 1, and one patient had a score of 4.
Following histotripsy treatment, one patient (Patient #1) had an increase in VCOG
dermatology AE score from 1 to 2, suspected to be due to pre-focal cavitation damage
potential caused in part by hair left behind after shaving at the treatment site in this first patient
[Fig. 3]. VCOG dermatology AE scores did not change after histotripsy for the remaining nine
patients.

3.3.2.2: Histotripsy treatment outcomes

Automated histotripsy ablation treatments were applied to a spherical region within
each of the targeted tumors at peak negative pressures (p-) averaging 22.60 + 7.21 MPa.
Depending on the size of the tumor, an ablation volume of either 4.14 cm?, 8.18 cm?, or 14.14
cm’® was treated, corresponding to spherical diameters of 2 cm, 2.5 cm, and 3 cm, respectively.
When possible, the histotripsy treatment volume was centered in the most solid region of the
tumor (determined by pretreatment CT image analysis and physical examinations on the day of
treatment). Planned treatment volumes are presented in Table II. Generation of clearly visible
histotripsy cavitation bubble clouds on real-time ultrasound imaging was achieved in nine of
ten treatments [Fig. 3]. The treatment without bubble cloud visibility was conducted through
an intact surgical drape used to couple the patient’s amorphous, ulcerated tumor to the
degassed water bolus and the histotripsy transducer rather than the open acoustic window in
the other nine patients. To confirm the presence of histotripsy cavitation at the targeted
location in this dog, passive cavitation detection was used to measure the backscatter signal of

the therapy pulse, similar to approaches used in previous histotripsy studies 48, In all
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subjects, cavitation activity was maintained for the duration of the volumetric histotripsy
ablation. Treatment times correlated to the volume of the tumor treated, ranging from
approximately 14 minutes to 1 hour in length for treatments of 4.19 ¢cm? and 14.14 cm? in
volume, respectively. No significant changes in the echogenicity of the treated regions were
noted on ultrasound imaging post-treatment in any of the patients.

3.3.2.3: Computed tomography outcomes

Pre-treatment CT images identified clearly demarcated soft tissue tumors of at least 2
cm in diameter for all patients. All tumors had a least two regions of homogenous contrast
uptake measuring at least 1 cm in diameter with an accessible treatment window. Comparison
of pre- and post-treatment tumor sizes revealed a non-significant increase in tumor size that
persisted 4-6 days after histotripsy treatment (p = 0.191 1 day post- vs. pre-; p = 0.077 4-6 day
post- vs. pre-) [Table II]. Post-treatment CT images revealed clear, roughly spherical regions
of histotripsy ablated tissue in seven of ten patients, visible on CT images as regions of
decreased contrast uptake [Fig. 3]. In the three patients without visible ablation zones on CT,
each animal had histologically-evident extensive tumor necrosis in the region of the treated
tissue. Measurements of the ablation zone achieved by histotripsy treatment scaled according
to planned ablation zone sizes (i.e., larger planned ablation volumes correlated with larger
achieved ablation volumes), but measured ablation zones were often greater in size compared
to the intended volume. Radiographically measured ablation volumes averaged 10.20 + 18.18
cm?® and 1.60 + 10.75 ¢cm? larger than planned volumes at 1 day and 4-6 days after treatment,
respectively. Although measured volumes were larger than planned volumes when averaged
across patients, measured ablation zone volumes were smaller than planned in some patients.

Ablation zone volumes were non-significantly reduced 4 days after histotripsy relative to 1 day
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post histotripsy (p = 0.063). Patients 2, 3, and 6 were excluded from analysis because no
ablation zone could be definitively measured on CT images; patient 4 because no CT scan was
collected 1-day post-histotripsy; and patient 8 because the post-treatment CT scan was taken
on day 6. All other patients had 4-day post-histotripsy CT scans with discernable ablation
zones.

3.3.2.4: Gross and histologic findings

After histotripsy, regions of ablation were clearly identified grossly and histologically
in all samples. Grossly, treatment sites were characterized by extensive necrosis and regions of
hemorrhage [Fig. 4a]. Histologic samples taken from treated regions of the tumors exhibited a
mixture of lytic and coagulative cell death and an overall loss of viable tumor cells and cell
nuclei, as well as, hemorrhage [Fig. 4¢]. Clear boundaries were visible between untreated and
treated areas of tissue [Fig. 4d-f].

Complete ablation was observed histologically in all ten dogs within the treated regions
of the tumor. Occasionally, small foci of viable tumor cells centered near vessels and
infiltrating immune cells, including neutrophils, were observed. No signs of histotripsy-
induced damage were observed grossly or microscopically in untreated tissues, and no signs of
thermal injury were observed within the treatment volumes or overlying tissues in any of the
patients.

3.3.3: Tumor Microenvironment Following Ablation

3.3.3.1: Multiplex immunohistochemistry (mIHC) results

In more than half of all examined samples (7/10), mIHC investigating macrophage
populations showed mild to marked increases in IBA-1 and CD206 double-positive cells (red)

with macrophage morphology in sections taken from treated tumor [Fig. 5]. Moreover, in
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untreated tumor samples, these cells were generally loosely distributed throughout intact tumor
cells when present, while in treated samples, these often intensified at the interface between
necrotic and intact tumor cells. In general, IBA-1/CD206 double positive macrophages were
low within necrotic areas. All samples, both treated and untreated, were largely devoid of
iINOS positive cells.

Lymphocyte analysis identified aggregates of CD3 positive cells in one tumor, the
mesenchymoma, which were readily identifiable in treated samples but not present in untreated
samples. Otherwise, there were generally no significant differences in the lymphocyte staining
between treated and untreated sections.

3.3.3.2: Gene expression analysis

NanoString differential gene expression analysis identified 79 genes with at least a 2-
fold upregulation between treated and untreated histotripsy groups. One patient (Patient #2)
was excluded from statistical analysis because of low housekeeping gene expression. A gene
set analysis was performed to group similar pathways. Myeloid compartment, NK cell
functions, and interleukin gene sets obtained the highest significance score. Genes associated
with inflammation, immune cell migration, and immune cell interactions were the highest
upregulated [Table III]. Amongst the gene set analyses, the myeloid compartment gene sets
obtained the highest significance score. Further analysis within the myeloid compartment gene
sets showed the MARCO gene had the highest fold change. The protein encoded by this gene
is a member of the class A scavenger receptor family and is part of the innate antimicrobial
immune system. Overall, the gene set analysis indicated an immune-permissive tumor

microenvironment.
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3.3.4: Systemic Immune Response after Histotripsy

3.3.4.1: Serum cytokine analysis

Serum cytokine concentrations were compared pre-treatment and just prior to surgical
resection of the tumor, four to six days post-treatment. There were no statistically-significant
changes in the average patient serum cytokine concentrations following histotripsy treatment
for any of the analytes. Individual patient serum cytokine concentrations were widely
distributed for all analytes both pre- and post-treatment. Average serum cytokine
concentrations ranged from 0.801 pg/mL (IFNg) to 3.605 pg/mL (IL-8) before histotripsy
treatment and 1.088 pg/mL (IL-10) to 3.579 (IL-8) after histotripsy treatment for analytes IL-2,
IL-6, IL-7, IL-8, IL-10, IL-15, IL-18, GMCSF, IFNg, TNFa, and MCP1. The average serum
concentrations for analytes IP-10 and KC-like were higher in value, with values of 23.57
pg/mL and 541.3 pg/L pre-histotripsy and 21.04 pg/mL and 645.7 pg/mL after histotripsy

treatment, respectively.

3.4 Discussion

This is the first study to demonstrate the safety and feasibility of histotripsy for
superficial soft tissue sarcomas (STS). In all patients, histotripsy was successfully generated in
the targeted regions, treatments were well-tolerated, and ablation of treated regions was
observed. No significant adverse events associated with histotripsy were reported for any of
the patients. Although histotripsy has been previously studied for the ablation of multiple
tumor types 3°-61:64.66.67.70 ablation of superficial tumors, including STS, presents a unique case
for histotripsy due to the close proximity of the skin, which has the potential to be damaged by

ablative therapies 7+7>8%% In this study, skin injury due to histotripsy was noted in the first
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patient that was treated, with all subsequent treatments showing no change in the VCOG-
CTCAE score after treatment. The observed skin injury in patient 1 corresponded to extensive
pre-focal cavitation visible on real-time ultrasound imaging during treatment. During
subsequent treatments, significant pre-focal cavitation was not seen on ultrasound imaging,
suggesting that real-time imaging feedback can be used to monitor for these pre-focal
cavitation events. Future work should consider optimized methods for preventing and
monitoring pre-focal cavitation on the skin surface.

In all patients, histotripsy bubble clouds were successfully generated within the
targeted tumor regions, resulting in precise ablation. The bubble clouds remained visible at the
target location throughout the duration of the volumetric treatment and were visualized with
real-time ultrasound imaging. After treatment, no significant changes to the echogenicity of the
treated tissues were visible on as has been previously observed for histotripsy *!%2. A
comparison of pre- and post-treatment CT scans revealed clearly demarcated regions of
histotripsy ablation in 7 of the 10 treated patients. In the final three patients, the ablated region
could not be clearly visualized despite histologic confirmation of ablation. This finding
suggests that MRI may be required to more accurately assess post-treatment histotripsy
ablation in future studies, similar to prior histotripsy studies for other applications ****. MRI is
not a routine imaging modality for staging canine patients, but it is the standard imaging
modality human STS patients . In 7 of 10 patients, tumor size measured on CT images
increased after histotripsy treatment, possibly due to transient swelling induced by histotripsy
ablation. Similarly, post-treatment physical examination identified observable tumor swelling
for five patients and tangible warmth of treated masses in nine patients. These findings may be

a result of a pro-inflammatory immunogenic response locally in the treated tumor.
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Radiographically measured ablation volumes were, on average, larger than planned volumes at
1 day and 4-6 days after treatment with no clear correlation between increased tumor sizes
post-treatment and larger than planned ablation volumes. One potential explanation for this
finding is that the treatment-induced ablation zone was able to stimulate further cell death in
the tissue adjacent to the treatment zone in the 24 hours following histotripsy and before image
acquisition. This scenario might also help to explain the aberrant edges to the ablation zone in
some CT images. Four days after histotripsy, ablation zones decreased in size relative to one
day after histotripsy. Although not statistically significant, this trend is consistent with prior
histotripsy studies and suggests the ablation zone had begun to involute and be resorbed by the
body. Previous studies characterizing the chronic response to histotripsy ablation in kidney and
liver tissues have demonstrated that full resorption of the treated homogenate can take up to 1-
2 months >*85 making it likely that the ablated STS tissue would have been further resorbed if
the tumors had not been surgically removed.

After surgical resection, ablation zones were grossly visible as regions of hemorrhage
and necrosis in resected tissues, and histological analysis revealed a near complete removal of
viable neoplastic cells in the treated region, with replacement by hemorrhage and acellular
debris. In some patients, rare foci of viable tumor cells remained near blood vessels or near the
boundaries of the treated lesions, suggesting that the histotripsy dose used in this study should
be increased in future studies to ensure complete ablation of the entire targeted tumor volume.
The acute immunological effects of histotripsy showed mild to marked increases in
alternatively activated macrophages (M2) subjectively observed at the treatment interface. This
increase may be due to the normal wound healing response, or possibly represent pro-tumoral

tumor-associated macrophages. In the remodeling phase of normal wound healing, M2
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macrophages predominate, expressing TGF-3 and IL-10 to initiate resolution of inflammation
and tissue repair °°. However, tumor-associated macrophages (TAMs) of the M2 phenotype
induced by IL-4 and IL-13 also promote angiogenesis, immune suppression, fibroblast
proliferation, and stromal tissue remodeling, which are commonly observed in tumor
progression, and may promote all steps of the metastatic cascade °%°. The inflammatory phase
of wound healing peaks 24-48 hours after injury, with a significant reduction in neutrophils
after three days and an increase in macrophages that facilitate tissue repair. Macrophage
numbers remain high 2-7 days after injury, returning to steady state by day 14 '°°_ In our study,
post-treatment tumor samples were evaluated 4-6 days following histotripsy. Future studies
should be conducted to quantify increases in M2-polarized macrophages and better elucidate
their role following histotripsy at various time points after treatment.

Our results from the differential gene expression, routine H&E evaluation, and mIHC
consistently reflect a state of inflammation, hemorrhage, and tissue remodeling following
histotripsy treatment. The highest differentially expressed genes, MARCO, SERPINB2,
CXCLS, and S100A8/9/12, indicate neutrophil chemotaxis, stress signaling, fibrin and
coagulation, and anti-inflammatory (M2) macrophages. These findings are mirrored with the
common finding of hemorrhage, hyalinization, and a subjective increase in M2-polarized
macrophages. In one tumor sample, aggregates of CD3 positive cells were identified post-
treatment. Accumulation of CD3 T lymphocytes is often present in wounds and can associated
with the anti-inflammatory response and granulation tissue formation '°!. However, in the
majority of samples, the mIHC lymphocyte panel revealed significant nonspecific staining of
CD4 antibody within tumor cells, resulting in high background noise and obscuring other

chromogen identification; thus, no conclusions can be drawn regarding lymphocyte tumor
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infiltration post-treatment. Future studies may utilize other methods of immune cell
quantification, such as flow cytometry or routine single-stain IHC techniques. Although there
were no statistically significant differences between pre- and post-treatment cytokine
concentrations for any of the analytes, it is possible that changes were missed due to the timing
of cytokine data analysis in this study, which was conducted at various time points prior to
histotripsy treatment and surgical removal. Prior studies have observed transient
proinflammatory cytokine gene expression after FUS at time points ranging from 6-24 hours
post-focused ultrasound 9219 For future studies, having standardized evaluation times
obtained more frequently following histotripsy could better illustrate acute systemic immune
changes, but can be difficult to achieve using a veterinary patient population due to scheduling
constraints with owners.

These results are in line with previous investigations of histotripsy’s
immunostimulatory potential 46376271 and suggest that a single histotripsy ablation can alter
the local tumor immune microenvironment. Notably, a recent study highlighted that there may
be differences in the immune response depending on the percentage of the tumor treated with
histotripsy ', In this study, histotripsy ablations were applied to either <25% or 50-75% of the
total tumor volume in an orthotopic murine model of hepatocellular carcinoma. Decreased
immune cell infiltration and delayed homogenate resorption were observed in the <25% group,
suggesting that there may be a minimum tumor ablation volume required to generate
meaningful immune effects '%. In the current study, <25% of the total tumor volume was
targeted in all ten canine patients. As a result, stronger immune trends may be identified
following histotripsy ablation of increased volumes within patient tumors and should be

investigated in future studies.
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Overall, the results of this study suggest that histotripsy has the potential to be used as a
non-invasive therapy for ablation and immunostimulation in patients with STS. However,
future work remains to more extensively investigate histotripsy as a potential frontline therapy
for STS. While this first treat-and-resect study provides invaluable insight into histotripsy’s
feasibility, patients still underwent surgery to remove their tumors. Additional studies are
warranted to investigate whether histotripsy can ablate complete STS tumors with adequate
margins to prevent local recurrence and achieve long-term outcomes equivalent to or superior
to surgical resection. Similarly, since STS tumors can grow very large (>5 cm in diameter),
and large STS size is a poor predictive factor making surgical resection more difficult 8, future
histotripsy studies should explore methods for rapid volumetric ablation of STS tumors, such

as previously investigated electronic focal steering methods 193-107

. Using this approach rather
than mechanical steering of the focus through the treatment volume has previously been shown
to significantly reduce treatment times by multiple orders of magnitude. For instance, a
previous study by Lundt et al. showed a 40.7 = 3.1 cm? volume could be ablated in 42 minutes
at a treatment dose of 500 pulses 9. Another potential approach to ablate large STS tumors is
treating the tumor over separate, repeated sessions, similar to approaches used for fractionated

radiation therapy treatments '

. In addition to reducing the time per treatment session and
lowering risks associated with prolonged anesthesia, applying repeated treatments might offer
an added advantage of re-stimulating an already primed immune response to elicit additional
systemic benefits. Repeated, partial treatments of the primary tumor might also avoid
complications caused by ablation-related cytokine storms and/or immune cell hyperactivation,

which could result from large volume ablations and have been observed for other ablation

methods 19110, These potential methods for treating STS with histotripsy in single and
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multiple sessions should be investigated in future trials, along with more extensive
characterization of the chronic immune responses after partial and complete STS tumor

ablation.

3.5: Conclusion

The results of this study demonstrate histotripsy’s potential as a precise, non-invasive
treatment for soft tissue sarcoma. This treat-and-resect study showed histotripsy was well-
tolerated and effective in canine patients with spontaneous STS. Early immunological results
suggest that histotripsy was able to induce pro-immunogenic changes in the local tumor
microenvironment. Future trials investigating histotripsy for complete tumor ablation and

characterizing the chronic response after histotripsy treatment are warranted.
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List of Figures and Tables

Robotic
micropositioner

Fig. 1. Experimental histotripsy set-up. A robotic micro-positioner is connected to an articulating
arm supporting the therapy and imaging transducer assembly. The transducer assembly was
submerged in a water coupling bowl coupled to the patient’s tumor, and treatment was monitored

in real-time using ultrasound imaging.
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100 mm
—

Patient enrollment and
pre-treatment CT

CT, surgical resection (4-
6 d post-treatment)

Anesthesia and treatment
preparation

1 day post-treatment CT
scan

Software-assisted
treatment planning

Image-guided histotripsy
treatment

Fig. 2. Study workflow. After patient-specific treatment plan development, fur was removed and

patients were anesthetized. An automated histotripsy treatment was conducted using custom

planning software. Post-treatment images were collected before surgical resection of the tumor.

TABLE |. PATIENT DEMOGRAPHICS AND TUMOR CHARACTERISTICS

Patient # Breed Age (years) Gender Tumor Details Tumor Location
PD: Grade Il STS Right caudodorsal proximal
1 Boxer 10 F ST: Perivascular wall tumor hind limb
X PD: Grade Il STS . . . .
2 Mixed Breed 10 M ST: Myxosarcoma Right proximal hind limb
3 Bichon Frise 10 F PD: Grade Ill STS Right caudodorsal proximal
hind limb
4 Mixed Breed 7 M PD: Grade 1l STS Left lateral elbow
5 Mixed Breed 12 F PD: Grade | STS Left craniolateral elbow
6 Miniature Schnauzer 10 M PD: Grade ll STS Left dorsal shoulder
ST: Myxosarcoma
7 Great Dane 10 F P,D: Grade I STS Left plantar metatarsus
ST: Perivascular wall tumor
PD: Malignant mesenchymoma
8 Border Collie 11 M ST: 3 lines of differentiation — Left medial hock
osteoblast, fibroblast, lipoblast
9 Mixed Breed 10 M P.D: Grade | STS Right lateral stifle
ST: Perivascular wall tumor
10 Beagle 12 F PD: Grade I STS Left lateral proximal hind limb

ST: Fibrosarcoma

PD, primary diagnosis; ST, subtype.
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1 Day 4-6 Day Bubble Cloud on US Shaved Tumor Tumor 1 Day Post-
Pre-treatment CT  Post-treatment CT  Post-treatment CT During Treatment Before Treatment Treatment

50 mm

Patient #1

Patient #5

25 mm 25 mm

Patient #10

[

Fig. 3. Histotripsy treatment feasibility and safety were measured using CT and US imaging and
adverse event monitoring. Representative images from three canine patients show (from left to
right) pre-treatment CT scans of STS (circled), post-treatment CT images with clear regions of
histotripsy-ablated tissue 1 day and 4 to 6 days after treatment (arrows), bubble clouds during
treatment on real-time US imaging, and various degrees of self-limiting cutaneous injury in the

histotripsy treatment path after treatment. Darkened skin on Patient #10 is the result of unrelated

sun exposure prior to histotripsy treatment.
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TABLE Il. TUMOR AND ABLATION ZONE MEASUREMENTS PRE- AND POST-HISTOTRIPSY

Tumor Dimensions (cm)

Ablation Zone Dimensions (cm)

Patient
# Pre-treatment 1 Day Post- 4-6 Days Post- Planned 1 Day Post- 4-6 Days Post-
1 8.5x85x8.8 9.9x84x10.2 9.2x9.3x9.9 3x3x3 50x4.8x4.8 47x3.9x4.0
2 14.6x10.1x 14.1 16.1x10.7 x 15.3 16.7x11.4x16.2 25x25x25 Not visible* Not visible*
3 55x4.6x4.6 53x45x%x4.6 55x4.2x43 2x2x2 Not visible* Not visible*
4 9.2x6.5x8.4 N/A* 10.3x7.0x10.1 25x25x%x25 N/A** 1.3x2.0x2.0
5 6.7x4.3x6.9 6.7x4.2x7.0 6.9x45x7.0 25x25x%x25 3.2x27x27 3.3x3.0x28
6 16.5x6.4x9.8 N/A* 17.4x79x10.6 25x25x%x25 N/A** Not visible*
7 8.4x54x55 8.5x5.8x6.2 8.6 x6.6x6.8 25x25x25 34x32x3.1 1.7x21x18
8 8.1x3.9x23 8.1x3.6x2.6 8.0x3.3x2.6 2x2x2 20x15x18 12x08x1.1
9 3.7x3.4x3.1 3.8x34x30 3.4x33x3.1 2x2x2 18x13x13 1.0x0.9x0.9
10 53x4.1x3.8 50x39x39 54x4.1x4.1 25x25x25 3.1x3.0x28 28x2.0x22

Comparison of pre-, 1 day post-, and 4-6 day post-treatment tumor measurements and ablation zone dimensions as determined by CT imaging.
*Ablation zones were not visible on CT scans. **Patients did not receive CT due to scheduling constraints.

Fig. 4. Representative images demonstrating histotripsy ablation of STS for Patient #5. (a) Gross

visualization of lesion characterized by extensive tissue necrosis and hemorrhage (arrow). (b-f)

H&E stained sections compared (d) untreated (magnification 40x) and (e) treated (magnification
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40x) tumor tissues and (b,c,f) interface regions (¢ — magnification 2x; f — magnification 40x).

Clearly delineated boundaries between treated (+) and untreated (*) tumor tissue were observed

120 pm

50 pm

numbers of IBA-1/CD206 double positive cells (orange/red) were distributed throughout

untreated tumor samples (a) compared to treated samples (b). When captured, the interface

@)

Fig. 5. Multiplex IHC to investigate macrophage populations following histotripsy. Lower

(b)

B)

between necrotic and intact tumor cells (c) often showed slightly increased numbers of double

positive cells (* = area of necrosis; arrows = interface between necrotic and viable cells; a,b —

pajeal], ‘z juaneq

juane]

pajeanup) ‘z

magnification 40x; ¢ — magnification 20x).

60



Fig. 6. Hierarchical clustering of 79 differentially expressed immuno-oncology genes. Increasing

orange intensity indicates increased gene expression and increasing blue intensity indicates

decreased gene expression, as shown in the scale bar. According to the differential gene

expression profile, samples were clustered with patient held as a confounder and arranged with

the treated samples at the top of the figure (blue bar) and the untreated samples at the bottom of

the figure (yellow bar).

TABLE II1. DESCRIPTION AND FOLD CHANGES FOR TOP 20 DIFFERENTIALLY EXPRESSED GENES

Gene Description Fold Change Adjusted P-value
MARCO Macrophage receptor with collagenous structure 37.2986 0.00238
SERPINB2 Serpin peptidase inhibitor, clade B (ovalbumin), member 2 24.1843 0.00350
CXCL8 Interleukin 8 17.1997 0.00350
MMP1 Interstitial collagenase-like 13.2284 0.00583
LOC106557449 Alveolar macrophage chemotactic factor-like 12.5658 0.00382
S100A12 $100 calcium binding protein A12 12.3522 0.00636
PTGS2 5;2?;251,12?2;:;(10'3”0“(1e synthase 2 (prostaglandin G/H synthase and 6.73748 0.00656
IL6 Interleukin 6 (interferon, beta 2) 6.36584 0.01566
OSM Oncostatin M 6.24945 0.00350
S100A9 $100 calcium binding protein A9 5.41560 0.01772
S100A8 $100 calcium binding protein A8 5.19232 0.01440
ITGAM Integrin, alpha M (complement component 3 receptor 3 subunit) 4.85863 0.00982
CCL8 Chemokine (C-C motif) ligand 8 4.56590 0.00583
TREM1 Triggering receptor expressed on myeloid cells 1 4.12716 0.00442
CSF3R Colony stimulating factor 3 receptor (granulocyte) 4.07322 0.00715
MMP9 Matrix metallopeptidase 9 (gelatinase B, 92 kDa gelatinase, 92 kDa type IV collagense) 4.05682 0.02271
CMA1 Chymase 1, mast cell 3.88695 0.02563
GATA3 GATA binding protein 3 3.87514 0.03998
IL23R Interleukin 23 receptor 3.80119 0.00656
IL18R Interleukin 18 receptor 1 3.7024 0.01054
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